[Title] Anneal ed Wafer and Manufacturing Method of Anneal ed wafer
[Field of the Invention] 5 [0001] The present invention relates to an
anneal ed wafer and a manufacturing nethod of the anneal ed wafer.

[ BACKGROUND COF THE | NVENTI ON] [0002] 10 Sem conductor substrates,
particul arly, S|I|con single crystal wafers (hereinafter, also

si mply reflétFéglto as "substrates") are used as substrates for
fabricating highly-integrated MOS devices. Many of the silicon

singl e chRyseal edaflefs rarads Mesyigicd niiice Medhe bistfaifmer e ds1iadaiy a
15 silicon single crystal ingot manufactured by the Czochral ski (C2)
met hod. [0003] In such a silicon single crystal wafer, oxygen
introduced during single crystal production is present in a

supersaturatgdy 2@ ¢@rCeRtLatiign The oxygen is precipitated in |ater
devi ce proceSS|ng, and oxygen preC|p|tates are formed in the

substr teI O¥ﬂin a sufficient anount of the oxygen precipitates are
prese 'R substrate, the precipitates getter heavy netals,
which are introduced during the device groce33|n int e sub trate

25 and have an E@%&%@%@nww{%mﬂ@ PR~ 5ebst? A2 AT Wi iF and

is a device active layer clean. [0004]
a manufacturing methed of the annealed wafer.

[BACKGROUND OF THE INVENTION]
(: N [C002]

10 Semiconductor substrates, particularly, silicon single
crystal wafers {(hereinafter, also simply referred to as
“substrates”) are used as substrates for fabricating
highly-integrated MOS devices. Many of the silicon single
crystal wafers are substrates which are obtained by slicing a

15 silicon single crystal ingot manufactured by the Czochralski
(CZ) method.

L: ' [0603]
In such a silicon single crystal wafer, oxygen introduced
during single crystal production is present in a supersaturated

20 concentration. The éxygen is precipitated in later device
processing, and oxygen precipitates are formed in the substrate.
When a sufficient amount of the oxygen precipitates are present
in the substrate, the precipitates getter heavy metals, which
are introduced during the device processing, in the substrate

25 and have an effect of maintaining the substrate surface which



A technique to which such effect is applied is called intrinsic
gettering (1G and used for preventing 5 characteristics
deterioration due to heavy netal contam nation. Therefore, an
appropri ate degree of oxygen precipitation is required to occur
during devi ce processi silicon single crystal substrate.

[ 0005] 1Gﬁ|?(ﬂQﬁ%C?c?% gl%¥$¥e? figtability, oxygen precipitates
of a predeterm ned density or nore have to be present in the center
in the thildkiess of a silicon single crystal wafer. As a result of
past tests, it is known that when 5x108 or nore oxygen precipitates
per cnB are ens® e@dhmiiies centvaricm duveh tdiifokatesiss Idpwliad sidicahled
single crystal wafer, gettering ability for heavy netals such as Fe,

N, and Cu S iRfOM (Hf‘ékteé/@ihcj nL Teptatd egdd@Mor ipravd Qe hgnperat ure
deV|ce processing Wierein the highest tenperature is equal to or

ess than A0 d Osgcﬁllc%égtgg%%h%ma LA S/ %‘E%qu%%r‘?ﬁamin tion.

substrat es obtain enperature heat treat ment erel nafter,
referred to as annealln of sili on S|Qg¢e crystal waf
(her ei naf tfé e %dy a[ m%tn% T Hafer LY E\’/\f%@@ﬁﬁ@éﬁ"? S

fabrication of high-density highly integrated devices. 25 [0007] 2
Herei n, sireiqudrresi hgl@C@mysmmrwafd@rvg%hpéﬁcm%ngoxn %ﬁééﬁg@ﬁeﬂngie
anneal i ng before delivery are referred to as "mrror wafers", and
subst r at eg:rigefrene sundengaiang anneal i ng are

{i [0005]

10 In order to ensure gettering ability, oxygen precipitates
of a predetermined density or more have to be present in the
center in the thickness of a silicon single crystal wafer. As
a result of past tests, it is known that when 5x10®% or more oxygen
precipitates per cm’ are ensured in the center in the thickness

15 of a silicon single crystal wafer, gettering ability for heavy

metals such as Fe, Ni, and Cu is provided even in heat treatment

T

kY in a low-temperature device processing wherein the highest

temperature is equal to or less than 1100°C.
[000¢&]

20 Meanwhile, silicon semiconductor substrates obtained by
lHigh-temperature heat treatment (hereinafter, referred to as
“annealing”) of silicon single crystal wafers {(hereinafter,
referred to as “annealed wafers”) are widely used in fabrication
of high-density highly integrated devices.

25 [0007]



referred to as "substrates” so as to distinguish themfromeach 5
other. [0008] It is known that the anneal ed wafers do not have
growm-in defects such as COP (Crystal Originated Particles) on the
substrate surfaces and are good in device characteristics, for 10
exanple, in GO (gate oxide |ntegr|tf) characteristics. This is for
the reason that Baf@ighowiitl e efer eb1 &L dresetia hatfere ipathaye not
surfaces shrink or vanish through high-tenperature annealing, and,

as a resulundaefect eshnee lliayebsfare dokitee: ¥ rret hefesgednso wist Hinhrror
several mcroneters fromthe surfaces. 15 [0009] However, the

anneal ed waf@1ss gl exrid SOuKSIOMI-¢ O BaF@re undéPfSIn@ragRésBihfgare
characteristics conpared with the thus-described mrror wafers

wi thout epidiala deposiid ik e /e £ONCEI ¥ableql £29R0ufoh 18k d:or! DLy

general |y, oxygen precipitation nuclel serving s nuc of oxygen
precip ta%; n _vani sh due to annealing of 1100C or nore, and
therefore d%n preci pitation does not occur in the device
processin thereafter. [0010] 25 As nethods which conpensate for
i nsuffici d¥00ygen 3 precipitation in the anneal ed wafers, for
exanpl e, manufacturing nmethods of anneal ed wafers using
ni t rogen- doped Isubstiratves tas tstibstaratesl dthwe feeendproppbede(geewn-in
Pat ent Docunents 1 and 2 bel ow).
defects such as COP (Crystal Originated Particles) on the
(- substrate surfaces and are good in device characteristics, for
10 example, in GOI(gate oxide integrity) characteristics. This
is for the reason that the grown-in defects present bear the
substrate surfaces shrink or vanish through high-temperature
annealing, and, as a result, defect-free layers are formed in
the regions within several micrometers from the surfaces.
15 (0009]
However, the annealed wafers are alsc known to have
L inferior gettering characteristics compared with the
thus-described mirror wafers without epitaxial deposition. A
conceivable reason for that is that, generally, oxygen
20 precipitation nuclel serving as nuclei of oxygen precipitation
vanish due to annealing of 1100°C or more, and therefore oxygen
precipitation does not occur in the device processing
thereafter.

[0010]

25 As methods which compensate for insufficient oxygen



5 [0011] This is for the reason that, when nitrogen is doped,
thermal |y stabl e oxygen precipitation nuclei are formed during
crystal growth, and they do not shrink or vanish even during an
anneal i ng step; thus, oxygen precipitates are generated 10 based on

such oxygen pr.eci.pi.t.atian clei_in device heat ~tre Hﬁ? after

anneal i ngpr\%elﬁlstgac T Subst Pca eesa%r%%alu%&éd"aafseress’ubfsc#r a%as, %?(S/gen

precipitation after,annealin% can be ensured. [0012] 15 However, a
€

t he di aneff@PUSRGEEEMT BRLERPEIChaAEIE 18 WAt Ease 4 e rivht DOPC T ¢RE

300 mm a new requirenent about oxygen precipitation characteristics
has ener gedbsThe tesquis et Hates dasontirasin thwmmneasen( greechpienlt e
density to be uniformin a substrate plane. The reason for that is

that, if Dbelugentsa 12@rndcatbiadrowyher e the oxygen precipitate density
is lowin the substrate plane, gettering ability at that part
becomes weal;jjwhich leads to deterioration in device yield. In order
to manufacturé an anneal ed wafer in which the oxygen precipitate

density is unifgrm.in_the plane, growth,conditions.qf njtrage
doped orystals RGO 05 Beprol zet R ApRarT S T <y Boked.
t echni ques, the gromﬁh conditions of the nitrogen doped cr%stals are
not takentPREB2&SHST HRP-AE BV IThBrEFSPé tataRRAT Gt haftdr §ormed during

manuf act ured by such techni ques cannot solve this problem since
| ocat i onscwhetelogygwihpr ecdpihayi da Botdedlsiitlesomrean o sgeen during
generated in the substrate plane therein
{ an annealing step; thus, oxygen precipitates are generated
10 based on such oxygen precipitation nuclei in device heat
treatment after annealing. When such substrates are used as
substrates, oxygen precipitation after annealing can be
ensured.
[0012]
15 However, as the diameter of recent annealed wafers is
increased from 200 mm to 30C mm, a new requirement about oxygen
(: precipitation characteristics has emerged. The requirement is
to control the oxygen precipitate density to be uniform in a
substrate plane. The reason for that is that, if there is a
20 location where the oxygen precipitate density is low in the
substrate plane, gettering ability at that part becomes weak,
which leads to deterioration in device yield. In order to
manufacture an annealed wafer in which the oxygen precipitate
density is uniform in the plane, growth conditions of nitrogen

25 doped crystals have to be precisely controlled. 1In

4



(see Patent Docunents 3 and 4 below). [0013] Al so, nmanufacturing

met hods of anneal ed wafers in which the oxygen precipitation
densities are uniformin the plane 10 (Patent Docunents 5 and 6

bel ow) . Japanese Patent Application Laid-Open (kokai) No. 2003-59932
di scl oses a nmethod in which V/ G which is one of crystal pullin

par anet er SAn e} iudtal teghniiqugsn aheartaith cangétdenehat ttl'}?enégtfp@@n
substrate becones a special region called an OSF region. Al so,
Japanese Ratpent iy sApdld catd oot alake@amtk ckas) dNoat2003- 24B4041iore,
di scl oses a manufacturing nethod in which the crystal pulling

par amet er J¥faaliey SHERHES G URd8iddd &y ange WakBRise@ &4Bn6E BBIGe
and 0.225 or |ess. However, in such nethods, since the crystal

pul i ng 2%%@%”?&%};12%&5&%@4 rﬁc%@éjtf&qé%kf%(fé e@é’%ﬁﬁéﬁ&&ﬁ%%@ion

control ryst I nhg becones difficu iIs a factor of
| owered yield. Particularly, there are problens that, since t X
Upper st T IGE PRE LPYAL SRR ATebhRad T S Wk H L aneraterein
pul I i ng speed cannot be sufficiently increased, and productivity is
| oner ed. 2Be0FE4]ersS AP PRI et AbdVe,P¢toWas been difficult to
manuf acture an anneal ed wafer in which the oxygen precipitate
density iq00hi3gh and oxygen precipitates are uniformy distributed in
the substrate plane. 5 [Patent Docunment 1] Japanese Patent

Application Lai d198enmbékakabruNeng2@00n884%r annealed wafers in which
('I the oxygen precipitation densities are uniform in the plane
10 (Patent Documents 5 and 6 below). Japanese Patent Application
Laid-Open (kokai) No. 2003-59932 discloses a method in which
V/G which is one of crystal pulling parameters is adjusted to
within a certain range so that the entire substrate becomes a
special region called an OSF region. Also, Japanese Patent
15 Application Laid-Open (kokai) No. 2003-243404 discloses a
manufacturing method in which the crystal pulling parameter V/G
(j is suppressed to be in a range which is 0.175 or more and 0.225
or less. However, in such methods, since the crystal pulling
parameter V/G 1s limited to an extremely narrow range, control
20 of crystal pulling becomes difficult, which is a factor of
lowered yield. Particularly, there are problems that, since
the uppermost limit of the crystal pulling speed is regulated,
the pulling speed cannot be sufficiently increased, and

productivity is lowered.

25 [(0014]



[ Patent Docunent 2] Japanese Patent Application Laid-Open (kokai) No.
10-98047 ~- [Patent Docunent 3] 10 Japanese Patent Application
Lai d- Open (kokai) No. 2000-26196 [Patent Docunent 4] Japanese Patent
Application Laid-COpen (kokai) No. 10-98047 [Patent Docunent 5]

Japanese Pat ent Ap | i cat kal 99

Patent  Docurenf oot A PARGTE R bt CABBF | RaT ol HEddpd f?i%& PSR
2003- 243404 [DISCLCSURE OF THE_ | NVENTI ON] [PRCBLE 20 [0Q15] It is
an obj ect 38 2RE3PLEs AT FndEnKhSRDL bpr BYV BN ARTCGRAGARER GAREF ¥ NS
whi ch oxygen precipitation after annealing is sufficiently high and

radi al di $stighbahdonxpfenxyyenipprecepidm enddregitly B4 stmitbotmdand &he
manuf acturing nmethod of 25 the annealed wafer. 6 [ MEANS FOR SCOLVI NG

THE PROBLEMbst[@@E6)>1ER& present inventors have carried out extensive
studies for the manufacturing nmethod of the anneal ed wafer which is

free 5 fromthe ahave.dgsgri bed problenms of conventional techniques,
wherei n oxygen precipitation after annealing is sufficiently high

e et A SRR BB R FPTEAY. 2o0-200

[Patent Document 2]
Japanese Patent Application Laid-Open (kokai) No. 10-98047
(t [Patent Document 3]
10 Japanese Patent Application Laid-Open (kokai) No. 2000-26196
IPatent Document 4]
Japanese Patent Application Laid-Open (kokai) No. 10-98047
[Eatent Document 5]
Japanese Patent Application Laid-Open (kokai) No. 2003-59932
15 [Patent Document 6]

Japanese Patent Application Laid-Open (kokai) No. 2003-243404

[DISCLOSURE OF THE INVENTION]
[PROBLEM]
20 [0015]

It is an object of the present invention to provide an
annealed wafer in which oxygen precipitation after annealing
is sufficiently high and radial distribution of oxygen
precipitate density is uniform and a manufacturing method of

25 the annealed wafer.



di stribution of oxygen precipitates is closely related to 10 defect
regions of the substrate wherein growth conditions of a

ni trogen-doped crystal are to be controlled, the present inventors
have found out that the radial distribution of oxygen precipitates

can be ma nj f ' ralling crystal growth
conditiongﬁgﬂ%k;ggﬂ{;%éﬁﬁﬁﬂéiﬂég&égggL e 15 nitrogen-doped crystal
and acconplished the present invention. [0017] Specifically, the
present i rMPédtlon relates to (1) an anneal ed wafer having a surface
defect-free | ayer and excellent gettering ability in the entire

waf er surface, Z8ewbessént dnmiaritmum haveecafried @utgerntpnedivpi stirdies
density in the annealed wafer plane is 5x108/cnB or nore, and an

oxygen preegi phé aleudersidsi d@deahodict £hBWrmn vad vateenwh 5ci i% Dree
| ess. [0018] 25 The present 1nvention also relates to 7 (2) a

met hods f ore | n%é}%&f@% ﬁ%@@{gh%gg‘g%g@;of%&'ﬂ?&éﬁiﬂ&a@%ﬂf@u@s,

silicon single crystal substrate s not 1nclude a V region
(region in _which volune densit

o e s | RGBFLNEO8Y IOy B CRARLARLO8 FEGRD EERERTbRY | e v o TeHe 1Y
of dislocation pits having a size of 1 mor nore is 10/¢cn2 or nore)
as def ect hiegi and thendaddedsdhstripetige &f PEyioeR PReGRPERCERART Y
of voids is 50 nm to 150 nm and the density of the voids is 104/cn8
or nore and ud®bbenB okslaesszsult, in view of the fact that the radial
(; distribution of oxygen precipitates is closely related to

10 defect regions of the substrate wherein growth conditions of
a nitrogen-doped crystal are to be controlled, the present
inventors have found out that the radial distribution of oxygen
precipitates can be made uniform by optimally controlling
crystal growth conditions such as V/G upon growth of the

15 nitrogen-doped crystal and accomplished the present invention.
[0017]

(; Specifically, the present invention relates to
(1) an annealed wafer having a surface defect-free layer and
excellent gettering ability in the entire wafer surface,

20 wherein a minimum value of an oxygen precipitate density in the
annealed wafer plane is 5x10%/cm® or more, and an oxygen
precipitate density radial distribution variation is 0.5 or
less.

[0018]

25 The present invention also relates to

7



10 [0019] Furthernore, the present invention relates to (3) the

met hod for manufacturing an anneal ed wafer described in (2), wherein
a silicon single crystal is grown in the follow ng range as.crystal
growth conditions at manufacturing 15 a silicon single crystal by t he

Czochral ski_ method:; a V/ G upper. limt val ue ém ZI%M% is 1.
exp(1.0 x '¥o- mee%hﬁidt F@éeﬁ‘aBBﬁééﬁPFét‘Hoﬁn(% BRE/ BHBY (\/f‘é)‘%ﬁflng
and a V/IGlower Iimt value (nm2/Cmn) is exp (-7. 1 x 10-16 X

ni trogen acowedritatd oni (laansyions)y scyswad) crihs e etieretn, dees snet
pulling speed (mimn) , Gis a nean tenperature gradient (Cnm in
a crystal igrowide axivalredjireact j g foromm winedht iviglymos el 9B850C, voids
(MQcrit is a lower Iimt value of V/G which does not include the |

e onea HIEeE e gg' %q ohfloENRoPL! 1 £ON NP SLYVAbEL)  nithighr

nltrogen I'S not ereint regl on I's a region

excessive jnter St{lrtl al P‘WEHaEEBSl _ ]%Icggl igggﬂus_gh}g JC_L,CIH};IQM

mterfacer&gnng cr stéll growt ocation generate )
a substrate is sliced fromthe nitrogen- dope grown silicon  single

crystal i fAiwki ef HEN MR Fegén 16oREERTT AL &9TEd 2R18%5eCh Jé%hﬁlil%nﬂa%%
nmore and 5x1075 atons/cnB or less and serves as a substrate; and the
subst r at edigssubfetnedutle hevtgioraimerticlt thes6dzer oforeidgnds 1260w
or less for 10 minutes or nmore and two hours or less in a rare gas
havi ng antbnpBi iy ShdStppniensiegsodrshd o ik nien-1a¥i/din?i g more and
(at nmosphere in which an oxide filmthickness after
10°/cm® or less.
10 [0019]
Furthermore, the present invention relates to
(3) the method for manufacturing an annealed wafer described
in (2), wherein a silicon single crystal is grown in the
following range as . crystal growth conditions at manufacturing
15 a silicon single crystal by the Czochralski method:
a V/G upper limit value (mm?/°C min) is 1.6 x exp(l.0 x 107"
&_ x nitrogen concentration (atoms/cm®)) x (V/G)crit and
aVv/G lower limit'valué (mm?/°C min)is exp(-7.1 x 10718 x nitrogen
concentration (atoms/cm®)) x (V/G)crit
20 (wherein, Vis a pulling speed (mm/min), G is a mean temperature
gradient (°C/mm) in a crystal growth axial direction from a
melting point to 1350°C, (V/G)crit is a lower limit value of
V/G which does not include the I region as a defective region

in the silicon single crystal to which nitrogen is not doped,

25 wherein the I regicn is a region to which excessive interstitial

8



the heat treatment is suppressed to 2 nmor |less. [0020] The present
invention also relates to (4) the nethod for manufacturing an
anneal ed wafer described 15 in (3), wherein as the crystal growh
conditions at nmanufacturing the silicon single crystal by the
Czochral ski_, nmethod, .a cooli rate aof . 1100 .tp. 1000C is 4C/.m nute or
more, [ EREEET TS T TR CRP O GUR T2 Aebor o aoe & pg St vs £a1
manuf act uri ng met hod of the present  invention, conventional silicon
si ngl e cr @swealthname dctdirs inFateppartuses IwReDFR$Y 1o the CZ net hod
can be used without nodification, and conpl ex manufacturing

pr ocesses aars@bsdira tgeriforateid;ed heret orles i gheagpratddgedi¢icom silicon
sem conduct or 25 substrates can be stably supplied without |argely

i ncreasi ng; n31the Rl 1IH00AlcH ntraddiitd Qe rACE NG 410 e HPrvgent

invention, the annealed wafer which has no ununiformty of oxygen

precipitates and_is excel | I nsdeyi roper an_he Lded.
I n add%tiganFEgnbn%ﬁa %ﬁgW%?§p£f§péna%%§§G§P §§b§¥ﬁgtgnao?899¥% 59 8

nanufacturigg a %ubstr te for MOS device which requires high degree
of integr&EPEHTE &'hiaéﬁ reliability. [BEST EMBODI MENTS FOR CARRYI NG

OUT THE I NVENTION] 10 [0023] Hereinafter, best nodes for carrying
out the i fmhensilbptrate is subjected to heat treatment at 1150°C or more

and 1250°C or less for 10 minutes or more and two hours or less
(. - in a rare gas having an impurity of 5 ppm or less or in a
10 non-oxidizing atmosphere in which an oxide film thickness after
the heat treatment is suppressed to 2 nm or less.
[0020]
The present.invention also relates to
(4) the method for manufacturing an annealed wafer described

15 in (3), wherein as the crystal growth conditions at

manufacturing the silicon single crystal by the Czochralski
(- method, a coocling rate of 1100 to 1000°C is 4°C/minute or more.

[EFFECT OF THE INVENTICON]

[0021}

20 According to the manufacturing method of the present
invention, conventiocnal silicon single crystal manufacturing
apparatuses according to the CZ method can be used without
modification, and complex manufacturing processes are not
performed; therefore, high-quality silicon semiconductor

25 substrates can be stably supplied without largely increasing

9



wi |l be described. [0024] At first, a crystal nmanufacturing nethod
for achieving 15 oxygen precipitates radial uniformty wll be
descri bed. [0025] The oxygen precipitate density of an anneal ed
waf er using a nitrogen-doped substrate depends on the nitrogen
concentrati.on; aqg t he hi gher the nitrogen concentration, the 20

hi gher theé kY& precipitate density. This is for the reason that,
when nitrﬂﬁfn i s doped, oxygen precipitation nuclei which are stable
even at a H%A¥t enperature are forned in the substrate, and they do
not vani sh and remain also after annealing. In the annealed wafer in
whi ch oxygen pr &ai pidddttiicm nucteirdionnity 2 pogemprietipit kes the
formed in the heat treatnment of the 10 follow ng device step. The

nunber of die0e0RAfErea ti akisoio uRueligo MAteTo Abs yateabbeeeVpNtated
hi gh tenperature is dependent on the nitrogen concentration.

Ther ef or e o e, the ditg AN SANCENIEALLON | Scdioseasedy; sbe. oxpgen

precipitate density 1s 5 also I ncreased. the nitrogen
concentration..s 5x1014 atons/cnB or npbre, the oxygen.precipitate
densi Ly bECOTHE O TO8 IS Sl Gbcibr TR 1T 150 § 57 Chebts
nmetals such as Fe, Ni, and Cu is ensured even in | owtenperature
devi ce presedchygHast & sedseRt avlereMRSt ReVAFgheRichehpararaFeligh

10 1100C or less. [0026] As a result of detailed research, the
f ol | owi ngdiendex wds integration and high reliability.

C [BEST EMBODIMENTS FOR CARRYING CUT THE INVENTION]
10 [0023]
Hereinafter, best modes for carrying out the invention
will be described.
[0024]
At first, a crystal manufacturing method for achieving
15 oxygen precipitates radial uniformity will be described.
[0025]

(,- The oxygen precipitate density of an annealed wafer using
a nitrogen-doped substrate depends on the nitrogen
concentration; and the higher the nitrogen concentration, the

20 higher the oxygen precipitate density. This is for the reason
that, when nitrogen is doped, oxygen precipitation nuclei which
are stable even at a high temperature are formed in the substrate,
and they do not vanish and remain also after annealing. In the
annealed wafer in which oxygen precipitation nuclei remain,

25 oxygen precipitates are formed in the heat fTreatment of the

10



obtained for radial distribution of oxygen precipitates.
Specifically, when the oxygen precipitate density is measured 15 in
the radial direction of an anneal ed wafer, and when an oxygen
precipitate density radial distribution variation expressed by the
fol |l ow ng ressio ha r i

to |nsuffF§ﬁgﬁ?”J1 pg??ﬁgq%gg%negjﬁ% ugﬁggtiﬁ%%eo§§ §¥h§§e%?i % EE%%
densrty radi al drstrrbutron variation can 20 be obtained b d%

fol | owi ng&epresEi ofl 2 DEEPPIexyYeh Hr 8ct Pl AEPFEAL P rl)aér gpendent
distribution variation (oxygen precipitate density maxi mum val ue -
oxygen peacitpet al.érdgrsi rynrenitramival-ueThe oxygea, preen pihatri trogen
density 25 maxi num val ue 11 Wen the oxygen precipitate radial

di stri but concahterntileat st t eataesédpftlon cxyeal pdevwapetatwhdesshta is
ni trogen-doped substrate is used as a substrate, was researched in

detalls ibiswasploundqaut khah Lacahiens uheLe tha-oxygeq pieciatal e

5 density is | ower than surroundi ng areas were present | ooki ng
at an oxyge recep en Yo I t g p
li ke a va%le?g/$%er%%gigrghe?%%nagpggh %Qﬁ%t?g% 8rg§t%§%§§%§en

precipitate dgnsr}y is lowwll be referred to as a precipitation
val | ey re§kdR./sen Therpfecepi vatrenring alldyy feg BRavy peeakatsuch

the oxygen precipitate radial variation degree becones 0.5 or nore.
[0028] |tawmafefolind ent, Cuhdts, ensuies case of Ad@varhedwesd Wwafeerdevice

(k processing heat treatment wherein the highest temperature is

10 1100°C or less.
[0026]

As a result of detailed research, the following index was
obtained for radial distribution of oxygen precipitates.
Specifically, when the oxygen precipitate density is measured

15 in the radial direction of an annealed wafer, and when an oxygen
precipitate density radial distribution variation expressed by
Qt the following expression is more than 0.5, decrease in device
yield due to insufficient gettering becomes notable. The
oxygen precipitate density radial distribution variation can
20 Dbe obtained by the following expression.
[0027]

Oxygen precipitate density radial distribution variation
= (oxygen precipitate density maximum value - oxygen
precipitate density minimum value) /oxygen precipitate density

25 maximum value

11



usi ng nitrogen-doped crystal, the precipitation valley region 15 is
closely corresponding to a defect region. This neans that when the
crystal dianeter is increased to 300 mm controlling ~.. defect
regions in the crystal plane becones difficult, and the radial

di stribution of the oxygen precipitate density also  becones, uneven
since the cool i H§erattsed @rviEg e MEa P idrad rraidslalzailcﬁmﬂé?%ﬂorbuﬁ%ﬁecre
and inside of the crystal. [0029] Hereinafter, after describing the
rel ati on hetweenebhmenni o ogperercorecierd matfiean ahdrVﬁG|andiue¢@@m+d@ped
regions in a substrate, how the precipitate valley region of the

anneal ed 2%peafrefcd ssresaded ostbetrdatestws g nfcde isubstrale it
will be 12 described. [0030] Figs. 1(a) and 1(b) are explanatory

drawi ngs {,g5 SRIAINNE Re IRIALANL Relueen f&géﬁg}%ﬁizﬁﬂé’a@e

ni trogen concentratlon in-a silicon Ingot S p
accord nc% w th the ﬁ; |, ski g%%FEE{hOd Eﬁ%ﬁ IS a_gra@ge
showi ng fEStéMattiSo élr?r’t I GG it ceh paﬁeesepr? sent oin
a substrate used as a substrate before annealing and nitrogen
concent r atPekirgndt ARy OXYAER PEeaipéhekat fen Ut BRI Show f§atheald 1s
defect regions and nitrogen concentration distribution in the
silicon cogstraksiengdi k200 whirliaw. pdhleiregore00Békeinatfhe rCZsueh hosias
is publicly known, the single crystal. ingot 200 is growmn while it is
gradual | yypekkedndpokiygannptteipitate density is low will be referred
(m to as a precipitation valley region. When the precipitation
10 valley region is present, the oxygen precipitate radial
variation degree becomes 0.5 or more.
[0028]
It was found out that, in the case of an annealed wafer
using nitrogen-doped crystal, the precipitation valley region
15 1is closely corresponding to a defect region. This means that
when the crystal diameter is increased to 300 mm, controlling
(h defect regions in the crystal plane becomes difficult, and the
radial distribution of the oxygen precipitate density also
becomes uneven since the cocling rate during crystal growth is
20 different outside and inside of the crystal.
[0029]
Hereinafter, after describing the relation between the
nitrogen concentration and V/G and defective regions in a
substrate, how the precipitate valley region of the annealed

25 wafer is related to the defect region of the substrate will be
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15 silicon 201. Then, in a substrate obtained by slicing the ingot
200, as shown in Fig. 1(a), three types of defect regions (V t
region, OSF region, and | region) are present. [0032] The V region is
a region to which excessive vacancies are 20 introduced froma
solid-1iqujd interface during crystal growth, and voids fornmed by
aggregations of 'the atom c vacancies are present therein. [0033] The
CSF regio i;ﬁ% region in which OSF is generated when 25 a silicon
single crggyj(Jmafer is subjected to oxidation heat 13 treatnent.
Herein, the OSF is disk-like stacking fault having a dianmeter of
about several mEMISreiln adxpgeh pracignia fesl yraserhutiaiings ef 9F esent
at the center thereof. The OSF is formed when interstitial atons,

whi ch ar e eggrieriatied) fthemrahaaxbdebstvebnl e feconrdgiterd acel whentrogen
oxi dation heat treatnment is carried out, aggregate around the OSF

nucl ei 5 TheCG8h tHali®in ahta AN ARY@RNYRL BRI i tRl1ESd Paridtedtaince
oxygen precipitates that have property of collecting interstitial
atons, and.i.t | i .t re e p i -
aubsty at o 4t e AR EhA B8R haPto B F P TIPS bR g
the size of the OSF nuclei is small (conceivably, 10 nmor |ess).,.
they are CHi6t TAIPECOBIR) MeRrat g Ces b bat FOHORE! HBUSHSIER BESFOre) i
matter neasurenment and infrared. toanraEhy. Therefore, the presence
of the OSE gahsbeagenpsefieds forsWfEfatsPetiore aReA2lisJorndatibregen

heat treatment is carried out.
L concentration, and Fig. 1(b) is a schematic drawing showing the

10 defect regions and nitrogen concentration distribution in the
silicon crystal ingot 200 during pulling.
[0031]
In the CZ methed, as is publicly known, the single crystal
ingot 200 is grown while it is gradually pulled up from molten
15 silicon 201. Then, in a substrate obtained by slicing the ingot
200, as shown in Fig. 1l({a), three types of defect regions (V
(: region, OSF region, and I region) are present.
[0032]
The V reglon is a region to which excessive vacancies are
20 introduced froma solid-liquid interface during crystal growth,
and veids formed by aggregations of the atomic vacancies are
present therein.
[0033]
The OSF region is a region in which OSF is generated when

25 a silicon single crystal wafer is subjected to oxidation heat

13



[0034] The | region is a region to which excessive interstitial

atons are introduced fromthe solid-liquid interface during crystal
grow h, and dislocation | oops fornmed by gathering of 20 the
interstitial atons are present therein. In the |I region, oxygen
precipitation do not readily occur; therefore, in an_anneal ed wafer
usi ng a suiBSF@E tcontigitsiing BRSIOTRJiSoR! s 1+ 6 Tri Her® feke tok§yeRg
precipitate density is lowis generated. [0035] 25 According to
convent i oralliknewkedge abdeftestreeal agi ehsreid mfygersphsiiatieadtes (OSF
determ ned by the nitrogen concentration and crystal growth

condi ti ons@fleV)GalehpiekantVatpthéi tgh sPeathe {61 N The GSFMRENformed
tenperature gradient 1n crystal growh axis direction froma nelting

point to %fﬁ%glﬁd(n%e@lglt ;El(av\iv aVcoré/ 'ir QIHKJ/I% &&g%&é’{s&%d %P&% han5<9>_cide

(1382) 62 a Kusaki , Tamatsu . ltno, M Kinura
S. .M , .Defect.in Sili - ed, T .Abe, M | Lj | .
(Ecs. 5 pemiigian omyinaBeySair %1 gty o e aals” bp cxcsrried

substrate sliced fromsingle silicon 10 crystal to which nitrogen is
not dopedCukhedd W eI ke |3gyeYd ERaPSBrpat et cul Bie PafuiCat bFire, among
vacanci es are excessively introduced, and the V region or the OSF
regi on i sokggeedpiracihétstbst radeticihen o¥y@drs psrelipdrtatizanthat have
particular value, interstitial atons are excessively introduced, and
the | regEQ@p@&t&Obrfe@dlrletdtangS isthstg @t .a Veasnm | esndi 1 ogen

gffects t he ambunt of the atomc vacancies and interstitial atons
'ﬂtrOducegoBE%EElee that they are already present in the substrate at
10 the point immediately after crystal growth. Since the size of
the OSF nuclei is small (conceivably, 10 nm or less), they are
not detected by existing evaluation methods such as foreign
matter measurement and infraredltomography. Therefore, the
presence of the OSF can be confirmed for the first time when
15 oxidation heat treatment is carried out.
[0034]

The I region is a region to which excessive interstitial
atoms are introduced from the solid-liguid interface during
crystal growth, and dislocation loops formed by gathering of

20 the interstitial atoms are present therein. In the I region,
oxygen precipitation do not readily occur; therefore, in an
annealed wafer using a substrate containing an I region, a
region where the oxygen precipitate density is low is generated.
[0035]

25 According to conventional knowledge, defective regions
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solid-liquid interface. Therefore, the defective regions of a
substrate sliced fromnitrogen-doped silicon single crystal can be
shown in a two-di nensional defective region map wherein 20 the
nitrogen concentration and V/G are servi ng,as two axes as shown in
Fig.l(a). [0037] As shown in Fig. ?2 one ni trogen-doped-crystal
ingot  ha®Taacerbal AW dtth cﬁ%et%qﬁdt It é’dﬁdfé’rﬂerthPaﬁeéﬁdfa\?/léna%d

25 shown by a rectangular region (referred to as "growh condition
15 regi on"gryistalhemuirogemeiontens ref i 66 V'@ aiagr any : Thits1isg $peed
the reason that, as shown in Fig. 1(b), the lower the part in the

i ngot 200 (a{m/&rttel)r;i tr:ogeandoprpeesystal gradicehti ghee ez lngtoaganaxis
concentration, and VVGis lowin the crystal outer 5 periphery

portion commaed i &Poysg[ nERLRE RO 081 IBB8eHink) 90PH. FAdyLLOML?,

a CZ-silicon S|ng e cry y use

n|trogg %pp%%gg “@XFrgghélﬁ%gb gﬁﬁ 16n8t i Ng, RETCENLRGE ki, M.

(segregation contentrati on
|ncorporated fromthe rrelt to the crystal upon solidification

very smal fampiéidror€; Tigkt, B HHRIM apdgenUractRe PrbECT ér‘?a?hjsl??P'

the melt, and the nitrogen concentration in the nelt is increased as
crystal gled\AItT'l. pbegriéssesBulibi seta bSEHCS,. t Penming oged -.conc &itIdt 4 H9) -
becomes high in the |ower 15 portion of the crystal. Meanwhile, the
mean tenpgnaBgne gradient G (C/mm in the crystal growth axis
gi'recFi on from the nelting point to 1350C depends on crystal cooling
ower, In the case of a substrate sliced from single silicon
10 crystal to which nitrogen is not doped, when V/G is larger than
a particular value, atomic vacancies are excessively introduced,
and the V region or the OSF region is formed in the substrate.
When V/G is smaller than a particular value, interstitial atoms
are excessively introduced, and the I region is formed in the
15 substrate. Meanwhile, nitrogen affects the amount of the
atomic vacancies and interstitial atoms introduced from a
solid-liquid interface. Therefore, the defective regions of
a substrate sliced from nitrogen-doped silicon single crystal
can be shown in a two-dimensional defective region map wherein
20 the nitrogen concentration and V/G are serving as two axes as
shown in Fig.l(a).
[0037]
As shown in Fig. 1l(a), one nitrogen-doped-crystal ingot
has a certain width in the nitrogen concentration and V/G and

25 shown by a rectangular region {referred to as “growth condition
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however, Gis larger in the crystal outer peripheral portion since
the crystal outer peripheral portion is generally readily 20 cool ed.
As a result, V/Gis |lower in the crystal outer peripheral portion

[ 0039] When the range of growth conditions of one nitrogen-doped
crystal ingot is overlapped with the tmo-dinensiogal defective_ 25 .
regi on napC@RENelnithé R PLEGOFSRoREBREPELAOACRFY/ T/ &18PE3T6 SERVF nif
as two axes, the defective regions of the crystal can be described.
For exanplfer theareagsnathaf, growhiewoohadi Fions (angéeshowsri hhEigprl
(a) , the Vregion is present in the crystal center side, and the
OSF regi ofini Bheraseht A00 biEethe ysi ot o -edope perdypiterlal ther hi gher Wian
the nitrogen concentration range is fixed, and V/Gis increased, the
voi d 1 egi gk Shr ead el dion Cnldd & AN nake sHdRc G yhen Miid:s
reduced, the Vgl region shrinks to the substrate center,” and the |
region.is_spread over . C the entire subhstrate surface. \Wen V/Gis
fixed,” anBSChB CTH ROEFO58n CEORERTT Stidh 1€ (Rereaser T OsF
region is 8enerated froman outer peripheral portion and spread to
the entifBUSBbstrate surface. [0040] The relation between
precipitation valley regions in an 15 anneal ed wafer and def ect
regions in a sulstragenwerditiesesrche@Z-andicas aingdel cryvisttadad s
found out that, as shown in Fig. 2(a) and 2(b), the precipitation
val l ey reghepriBasow by use of a nitrogen-doped melt; however, it is known

-

(

that the percentage (segregation coefficient) of the nitrogen
10 concentration incorporated from the melt to the crystal upon

solidification is very small. Therefore, most of the nitrogen

in the melt remains in the melt, and the nitrogen concentration

in the melt is increased as crystal growth progresses. As a

result, the nitrogen concentration becomes high in the lower
15 portion of the crystal. Meanwhile, the mean temperature

gradient G (°C/mm) in the crystal growth axis direction from

N

- the melting point to 1350°C depends on crystal coecling power;
however, G kis larger in the crystal outer peripheral portion
since the crystal outer peripheral portion is generally readily

20 cooled. As a result, V/G is lower in the crystal outer
peripheral portion.

[0039] |
When the range of growth conditions of one nitrogen-doped
crystal ingot is overlapped with the two-dimensional defective

25 region map wherein the nitrogen concentration and V/G are
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close relation with the defect regions in the substrate.
Specifically, a precipitation valley region of the anneal ed 20 wafer
is generated in the location corresponding to the V region boundary
of the substrate, and the region is slightly expanded to the V
region side and the OSF region side. [0042] Fig. 2(a) is a %ra h
showi ng t BE&LVEINst i@Snthet s8R t Hee L 3F t 16yt Lot Mt &0Fof Xﬁga%’/@n
In the graph, in a gromh 17 condition region 1, the nitrogen
concent r abdieodessr3peQll3 For dxdlple at omsy cn¥sand VEG teetht fvrdihl erey
is 1.3 to 2.1; ina growcondition region 2, the nitrogen

concent r atria@lyel Shdwdlild Filga Hxd 014 ad Unsd £1n drdp ¥é &1t elratheecyas L)
is 1.3to 2.1; in5 agrowh condition region 3, the nitrogen

concent r afcie%eilss}zﬁé%énd 9 S¥5P 1P /M OB/ CHBaRd e twchﬁsgﬁ,ltatli Sfcer

value) is 1. 3to 2. 1; and, in a growmh condition region 4, th

ni trogen caoncentration is _|x 5 t.ag 5x1015 ato VLG ;
(rel attveSParaer=rd B35tasn ¢ B0 O ogRsp or g Carhy o 4 o8 ERAdE 29
show ng oxygen preci\Ei tate radial distribytion in substrate plane,
whet her t ke X6%y geRdpfeilsi L BEES2a8Asi 1R iVOIEqHEP1PE b7 ShFed G RYRT the
5x108/cnB8 or not ("0" nmeans it is equal to or nore than 5xl 08/ cnB

and "X' meangrietsilssteate Bitfrre S5x ¥OSOLcVilG (serednatdershesgpddi pegion
simlar draw ngs)), and whether the oxygen precipitate density
radi al di shickbusi 88 theashiBbteateScatied, kadothd gssegban i& Speeadaiver
"0" nmeans it
- the entire substrate surface. When V/G is fixed, and the
10 nitrogen concentration is increased, the OSF region is
generated from an outer peripheral portion and spread to the
entire substrate surface.
[0040]
The relation between precipitation valley regions in an

15 annealed wafer and defect regions in a substrate were

researched; and, as a result, it was found out that, as shown

a

in Fig. 2(a) and 2(b), the precipitation valley region has a

close relation with the defect regions in the substrate.

Specifically, a precipitation valley region of the annealed
20 wafer is generated in the location corresponding to the V region

boundary of the substrate, and the region is slightly exﬁanded

to the V region side and the OSF region side.

[0042]

Fig. 2(a) is a graph showing the relation between the

25 nitrogen concentration and V/G. In the graph, in a growth
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is equal to or less than 0.5, and "X" neans it is larger than 0.5
(hereinafter, sane in simlar drawings)). As shown in the 20 chart,
when the growth condition region includes the precipitate valley
region, the oxygen precipitate density radial distribution variation
exceeds 0.5. [0043] In the case of the growth condition region 4.in
Fig. 2 (arorghisiaeerehicchreciPie atloroven | eyneayioatiarnds prePudéa
in 18 substrates, the oxygen precipitate density radial distribution
vari at i on 1of100* iosms Asis® canl be Gadhiedwed . veHowdwen, iisnloBdép 2td; in a
satisfy these conditions, V/ G has to be reduced, in other words, the

crystal pyddwngcsraed oy hagile be cpdusedrofefucbn@edttheiehyssalx10
pulling speed Vis not preferred in terns o manuf acturing since

producti vity:iste 0 d i v i.n. gonvent Lhonal
nanufactuFF%Skﬁgon ﬁ%ﬁ%ﬁg%pt%éhvy%?rgﬁ%%égﬁﬁ%ﬁggﬁﬁﬂa@%igvg T RRRF in
precipitate density 10 ,radial,uniformty was extrenely narrow, i.gh
e | Eon e SRt FRMAdTCESS TR rer dre Tt AOBP BRI s Lo 1o Y
manuf acturin cqndi tions which can expand the V/ G range whi ch_can
achi eve prezt Bt ateorren@mnt §nd ddicaf / @riedatime ve basehdehl f ddesedl oind,
crystal growh paraneters other than the nitrogen concentration 15
and V/ G was sagroethowendisieon resyian 4,t thesnfbuadeouconhantraed onngs
the cooling rate of the crystal which is 1100C to 1000C during
crystal gnewphs tQ, 4G{1'Aul ek / BRP eardd Fead s(Ades Oxygern1 pEeci it ad eco

(adial di stribution.
0.6.
10 [0042]

Fig. 2{(b) is a chart showing oxygen precipitate radial
distribution in substrate plane, whether the oxygen precipitate
density is equal to or more than 5x10%/cm® or not (“O” means
it 1s equal to or more than 5x10%/cm® and “X” means it is less

15 than 5x10%/cm® (hereinafter, same in similar drawings)), and
whether the oxygen precipitate density radial distribution
variation is equal to or less than 0.5 or not (“O” means it
is equal to or less than 0.5, and “X*” means it is larger than
0.5 (hereinafter, same in similar drawings)). As shown in the

20 chart, when the growth condition region includes the
precipitate valley region, the oxygen precipitate density
radial distribution variation exceeds 0.5.

00437
In the case of the growth condition region 4 in Fig. 2(a),

25 since the precipitation valley region is not included in
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[0045] 20 Figs. 3(a) and 3(b) are explanatory draw ngs for

expl aining conditions for manufacturing anneal ed wafers in which
oxygen precipitates are uniform Fig. 3(a) is a graph show ng the
relati on between the nitrogen concentration and V/G and Fig. 3(b)
is a chart show ng defect distribution, whether 25 the oxygen

preci pi t at@bdensittes i Ehemgamp@ecmpneatthaiﬁrsswy r9died/Enst vibwbion
and whet her the oxygen precipitate density radial variation is equal
to or | essat-hariGmd o NGt orl Nnedsshawnbegeent Bveandi idwaveegi DN &rder
the nitrogen concentration is 1x1014 to 5x1014 atonms/cnB and V/ G

(relativeg%agg%lsE§ %h%s%oc$n51t§oH%rEV?G ARsNECTr 881 PEGH R Oin Sofr@dr

is a new defective reglon ound between a V reglon boundary and an
OSF b d f f t
Che £ RERITCELY el o AR R AL il LSl gt

crystal gromh is 4C/ m_nute or and it is aregion in mhlch OSF
and voi dstheocawe tadt Dprldd@st SHER4 é'] s Nt QTS 56 SOt S

between Fig. 2 and Fig. 3, when the cooling rate of a crystal at
1100 to 1meﬁ@fbstm®ﬁmmnwﬁaceomnﬂﬂugtimﬁﬂxahﬂm;&%mmm%ﬁy posi ti ons of
the OSF region does 15 not change, the boundary of the V region is
shifted toophe] | ower-nitrogen and hi gh-V/ G side. Accordingly, the
precipitate valley region is also shifted to the |ownitrogen and

high-V/ G side. A§ 8c5884bka hbolas fQU%n%httﬂa%talt lﬂl%nru%%urqf d he
@rtrogen concentration and VG to be enployed in order

conditions, the V/G range which can achieve precipitate density

10 radial uniformity was extremely narrow, which was inconvenient
in practice. Therefore, in order to find manufacturing
conditions which can expand the V/G range which can achieve
precipitate density radial uniformity, research focused on
crystal growth parameters other than the nitrogen concentration

15 and V/G was carried out. As a result, it was found out that
setting the cooling rate of the crystal which is 1100°C to 1000°C
during crystal growth to 4°C/minute or more affects the oxygen
precipitate radial distribution.

[0045]

20 Figs. 3(a) and 3(b) are explanatory drawings for
explaining conditions for manufacturing annealed wafers in
which oxygen precipitates are uniform. Figt 3(a) is & graph
showingthexelationbetweentherﬁtrogenconcentratianandV/G,
and Fig. 3(b) is a chart showing defect distribution, whether

25 the oxygen precipitate density is equal to or more than 5 x
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20 to uniformthe oxygen precipitate radial distributionis enlarged
to the lownitrogen and high-V/G side. [0047] In the growmh condition
regions 3 and 5 of Fig. 3(a), although the part out of the OSF

region is present, the radial 25 distribution of oxygen precipitates

is unlforn1 si,nce the 20 precipj on aIIe regi on no cl
Lherat no IO SERe, SPepphs cEAcR bR BER bhecPRYORt P aaLEr tatst PRBFLrn

i's not relaped to the distribution of the OSF region. In the case of
t he growt Fashridi VReAatégnons Baugrets it e es riddiml - Grit¥ 8ef-t yIB acahove
achi eved by a substrate not including the OSF region. [0048]

Accor di ng frowaanventienan kegibedge thbofi €xageh eonidentlapanes ¢sPatiait
Application Laid-Open (kokai) No. 2003-59932, the relation between

the defect. 4 egion: aa‘%nfﬁ%gr?n SREEGI/Rl t3leg 210 eRsitL +dll%t i butdpn was
di scussed nerely in relation with the OSF region. Therefore, there
has begn rel.y t t f g |
for oxggeﬁﬁb§%¥}p?ﬁgpgggggggfj¥gggt Eut?%ﬁgggﬁﬁi% gcﬁgﬂeve infgund
result of this research,, it has been f$und Q as .new_kno ed e
what is tPEYER Ianb’oi‘?%f’nf]%?u%%ﬂ’oﬂ R e Fagian grse iaEé{tl 0 Jo?
oxygen precipitates is not the OSF region, but control of the
preci pi t ar@ovan é¢ Feghdrfassbei bt vdtviiine Wﬂ?@nvth@gFlelW s@tenafi ge
[0049] 20 As a result of expansion of the nitrogen concentration

) crystal which is at 1100 to 1000°C during crystal growth is
¢

- 4°C/minute or more, and it is a region in which OSF and voids

10 are not present.

[0046]

As is clear from comparison between Fig. 2 and Fig. 3,
when the cooling rate of a crystal at 1100 to 1000°C is 4°C/minute
or more, while the boundary positions of the OSF region does

15 not change, the boundary of the V region is shifted to the

lower-nitrogen and high-V/G side. Accordingly, the

4,,-‘\

precipitate valley region is also shifted to the low-nitrogen

and high-V/G side. As a result, it was found out that the range

of the nitrogen concentration and V/G to be employed in order
20 to uniform the oxygen precipitate radial distribution is

enlarged to the low-nitrogen and high-v/G side.

[0C47]

In the growth condition regiens 3 and 5 cf Fig. 3(a),

although the part out of the OSF region is present, the radial

25 distribution of oxygen precipitates is uniform since the
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range to the I ownitrogen side, the nitrogen concentration range is
expanded. Consequently, the oxygen precipitate density can be w dely
controlled in accordance with requirenents from device users. As a
result of expansion of 25 VG to the high-V/ G side, productivity of
silicon single crystal 21 can be inproved since the pulling speed V
can be fuprtkedpiitedricasedl lposoyiand s anfelnpluga! whereitthe éRyQeher
precipitate density 5 radial distribution variation is equal to or

| ess t hanw@rlsi,s theetosgeert herdcweirt dteundatiya lofd tdter idreci gui tiag enot
vall ey region and the | region boundary as shown in Fig. 3(a). Wen

various experkEenbatns &M LS e MVl eget HF, rddogbove, dascekbed s
V/ G range can be expressed as a function of the nitrogen 10

concentratian, Specifical t VI PR | m I ] 4
o oe y khAl arERER fofRL Y kp) PEYRR SpREec LT Lo bl el Bhiso by
(MGQcrit, and the VVGlower limt value (rm2/C mn) is exp(-7.1 x
10- 16x° ni FRBgER BEREEKEHPYOR %%P%H%?Eﬁs’?ét G eyithe (%ﬁﬁ%ﬁ%on-
(MG crit is the VG value of the part 15 corresponding to the
boundary &fO#Hé V region and the | region in a silicon single
crystal to which nitrogen is not added.) C [0051] The oxygen
precipitation radcakddhst EbbubnoBnafi caalskhstilatgeandoroicttamadicgl in
distribution of a substrate are in 20 the following relation. Figs.

4(a) and 4(b)nate 9LaRNE AP At Nh TadiAloglst kbRt ol 0f2 atrd-dso gu3d
(adlal di stribution |
N the relation between the defect region and oxygen precipitate
10 density distribution was discussed merely in relation with the
OSF region. Therefore, there has been merely the idea that the
OSF region has to be controlled for oxygen precipitate radial
distribution control. However, as a result of this research,
it has been found out as new knowledge that what is truly
15 important for controlling the radial distribution of oxygen
precipitates is not the OSF region, but contrcl of the
precipitate valley region associated with the V region

distribution.

[(0049]

20 As a result of expansion of the nitrogen concentration
range to the low-nitrogen side, the nitrogen concentration
range 1s expanded. Consequently, the oxygen precipitate
density can be widely controlled in accordance with
requirements from aevice users. As a result of expansion of

25 V/Gtothe high-V/Gside, productivity of silicon single crystal
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of oxygen precipitates. Fig. 4(a) is a graph showing the relation
bet ween the nitrogen concentration and V/G and Fig. 4(b) includes
graphs showi ng results of densities of voids, 25 which have a size of
50 to 150 nmin respective regions of A, 22 B, and C, neasured in
the substrate radial direction. [0052] Inthe Aregionin Fig. 4 (a)
. the nitcegeecdmpainiad iomes stf@m HMDmTeB \érfém//@(ﬁﬂ%@%e
value) is 1.3 to 2.1; in 5 the Bregion therein, the nitrogen
concent r atinardaseak1014 atons/ cnB and V/I G (relative value) is 1.3 to
2.1;and, in the Cregion therein, the nitrogen concentration is
5x1015 at qu@spr8 and VI G (relatlve value) is 1.3 to 2.1. C [0053]

10 As shomn in the graphs it has been found out that the

preci pi tation vabley reai o icl i 0i Ik Ml aolids i ngbndi oy

size of 50 to 1 nm a e present in e Substrat e range
of the_densities of 104 tq 2x105/cnB. Herein
epr ocant 4y daﬁaﬁépél?laﬁgagbﬁéﬁsnhae.%@ﬁ%ﬂ%%%fé EBrling- 3ss

the mean volune of the voids. Inside the precipitation valley region
i s the rebetieen Whe diPnsiebarAmEm of ahgePbeCiPbl b ¥ asilAY r§9150 Fi
or nore, or the density of the voids having a size of 50 to 150 nm
exceeds 2xh@5/fcmBgiOmt dcdemdatrhve gar exdiguirt dtri digrald @) r effhen vsrtilbas
region in which the void 20 size is equal to or less than 50 nm or
the void Q%B%lrtﬂﬁeh%ah.e§ésulh@rhﬂ@%/u%ngogéﬂhbﬂ heHdhaboRe desantlbed v/G

Put5|de the precipitation
range can be expressed as a function of the nitrogen
10 concentration. Specifically, the V/Gupper limit value (mm®/°C
min) is 1.6 x exp(l.0 x 107" x nitrogen concentration
(atoms/cm®)) x (V/G)crit, and the V/G lower limit value (mm®/°C
min} is exp(-7.1 x 1076 x nitrogen concentration (atoms/cm®) )
x (V/G)crit, (wherein {(V/G)crit is the V/G value of the part
15 corresponding to the boundary of the V region and the I region
in a silicon single crystal to which nitrogen is not added.)
[0051]
The oxygen precipitation radial distributien of a
substrate and void radial distribution of a substrate are in
20 the following relation. Figs. 4(a) and 4(b) are graphs
explaining radial distribution of voids and radial distribution
of oxygen precipitates. Fig. 4{a) is a graph showing the
relation between the nitrogen concentration and V/G, and Fig;
4 (b) includes graphs showing results of densities of voids,

25 which have a size of 50 to 150 nm in respective regions of A,
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val |l ey region, the oxygen precipitate density is larger than the
precipitation valley region. [0054] 25 The reason why the oxygen
precipitate density of the 23 region in which the voids having a
size of 50 to 150 nmare present in the density range of 109 to
2x105/cnB is snaller than the surrounding area i s not, known. The

voi ds ar e Brordfst SrhdiP iRt 1 dddhci Es fregit @3 h AL TenpErt ur e
zone around 1100C during 5 crystal growth; however, the remnaining
atom ¢ vadé@iidizds not aggregated as voids conceivably serve as nucl ei
of oxygen precipitates in a |lower tenperature zone (around 1000C)
during crystal 1gremkn dgyitdieineni@n 4 mwhicele hberygedscdeyemgrheon
size of 50 to 150 nmare present in the range of the density 10 of

109 t0 2x3054¢iBud 5 xpecked, b {he plate WIETEINdNe J e8I BLg 1, i

vacancy concentration I's the snal ~according to ‘other mechanisns.
o SibSENET B FBS by TARa dsi T CH K9/ ARSI T Fate o< Ia00
to 1000C is concei,vably that the radial F distrjbution of the void
density | $teHEAGEd BYSr¥pEd (EBbRERES BR1YTD0I% ol 19062 {bUBRY, 0 FHe
crystal cooling rate in the tenperature zone of 1100 to 1000C upon
crystal growédr om thireeGh ,nehbaod taaugascbheeshichtion is 5x10*° atoms/cm?’
and V/G (relative wvalue) is 1.3 to 2.1.
[0053]
10 As shoﬁn in the graphs, it has been found out that the
precipitation valley region is the region in which voids having
a size of 50 to 150 nm are present in the substrate within the
range of the densities of 10! to 2x10°/cm®. Herein, the void
size is represented by a diameter of a sphere having the same
15 wvolume as the mean volume of the voids. Inside the
precipitation valley region is the region in which the maximum
K* value of the void size is 150 nm or more, or the density of the
voids having a size of 50 to 150 nm exceeds 2x10°/cm®. Outside
the precipitation valley region is the region in which the void
20 size is equal to or less than 50 nm, or the void density is less
than 10%/cm®. In both the inside and outside the precipitation
valley region, the oxygen precipitate density is larger than
the precipitation valley region.
[0054]

25 The reason why the oxygen precipitate density of the
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of the precipitation valley region shown in Fig. 4 conceivably for

t he bel ow reason. [0057] 25 Supersaturated atom c vacanci es
introduced froma 24 solid-liquid interface upon crystal growth
aggregate at around 1100C, thereby form ng voids. Wen the crystal
cooling rate. of 11 Q 0, 1000C js high, the ti t?at td;e at.om

vacanci es FeEdGFetR i@ icd Hiag Vo %?Eﬁ?g aa*?fdz?ﬁ 5 ’émlf‘&?o}f’rjégsent
small. 5 As a result, the region in which the vojds having a size of
50 to 15@nnrphar @lqmsesrentrarrgetmafrlahg@oofzﬁlﬁé/@enﬂa TR L 117 tigan the
2x105/ cnBshown in the nitrogen concentration V/Gmap is shifted. 1In
t he NF r egiuanrdoeidieenatbe I\ negilkorovand CBE vepdoa rehbDowmed whigingat &aj ¢
voi ds having a size of 50 nmor |ess are conceivably 10 present

[ 0058] Sp%ic%h%i%aggé@éggfte% I £0R$RGl e r&r YSha!ar AW AT g B
anneal ed wafer manu turing wll next be described. 15 [0059] As a

silico s I r na i hod, . thod. i

a crys%]al S%aﬁ é%%grtglm gl%r%q{eq{ nncglég%m CEl Aaihqlzoénlgr?ow ngﬂ&hg\é] ek
crystal is vvlde performed. In such silicon sin cry

it act URPRGSHEERBAAS TR [ HIRUe, S0 o b AT (e SFTEbn
is put in a crucible made of quartz as a raw material, and the raw

mat eri al psepebtiédtiey ankedtwer Yénpdanace zoneuti veesd SWEH 8 duveing

heater and a heat insul ating
crystal growth. In the region in which the voids having the

(' gsize of 50 to 150 nm are present in the range of the density
10 of 10" to 2x10%/cm® is expected in the state wherein the remaining
vacancy concentration is the smallest according to other
mechanisms.
[0055]
The reason that the precipitation valley region is

15 changed in a substrate plane by increasing the crystal cooling

rate of 1100 to 1000°C is conceivably that the radial

N

distribution of the void density is changed by rapid cooling

of 1100 to 100GC°C.
[0056]

20 The crystal cooling rate in the temperature zone of 1100
to 1000°C upon crystal growth in the CZ method causes the shift
of the precipitation valley region shown in Fig. 4 conceivably
for the below reason.

[0057]

25 Supersaturated atomic vacancies introduced from a
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material are collectively referred to as a hot zone) surrounding it.
Then, a seed crystal is lowered fromabove the nelt in the 25
cruci bl e and brought into contact wwth the nelt surface. A 25 single
crystal having a predeternm ned dianeter is fabricated by upwardly
pulling up the seed crystal while rotating the seed crystal and
control | i Fplidee Jpuadichgngpgaddog. UpSN tHe hdls DEPWEHr BT EFRhEeS T pEGARRS
nelt decreases; and, in accordance with this, 5 crystal growh .
envi ronnentl® wu¢htasrbpat feendngt vondand WHawthenctrygtsill coonimel tats
varied. In order to stabilize crystal growh by maintaining these

envi r onnentss 16@RSEaNG @8 AULH S h PAS Blidhe FALIOUBcAREBRYEMPAEaABSEe S
been made in actual crystal manufacturing steps. For exanple,

e orystal fmanac | O .
general |y Sgtcg{}%&%;%cag ol SQ@fag%ggt' Sahy 418d 0 d @l%c%g?ﬂ%ﬁ Wb {1 .

the pulle wel ght 1n or fo keep the position o i con
melt surface constant_ with respect taq the heater during crystal

pul Ling. THe? Eﬁ?F;FidEh?rF?%HD éﬁfwbﬁéﬁﬁgpﬁoﬁoﬁ%ﬁ ?Y%#EE%F”fﬁ%Of >0
crystal side in the process in which the crystal is grown is .
extrenel y tomdiSl0 19 @dipareas st hin Herereranags et the gésrtaiyyof 10 to

determ ned by the furnace structure and the hot zone structure in

t he furnacel0®and® kRowhow yhearietbddn tbecentascoodancemaptils shefted.
crystal length. [0060] 20 Cenerally, the tenperature gradient Gin

the crystal tgeonthréfl 6hfBEEwESnNOe UNiHQ i And OBYStaliphasBowdhen
ffystal-5|de tenperature gradient in the crystal growh interface is

arger inF&B@ §5¥5%8£d8“£§5198r£pri@thQﬁfkﬁﬁokhfgss are conceivably
10 present.
[0058]
" Specific examples of silicon single crystal
manufacturing and annealed wafer manufacturing will next be
described.

15 [0058]

As a silicon single crystal.manufacturingxnethod, the CZ
( method in which a crystal is pulled from a melt in a crucible
while growing the crystal is widely performed. In such a
silicon single crystal manufacturing method, in the first place,
20 polycrystalline silicon is put in a crucible made of quartz as
a raw material, and the raw material is melted by a heater
(in-furnace structures such as the heater and a heat insulating
materialarecollectivelyreférredtoasaahotzone)surrounding
it. Then, a seed crystal is lowered from above the melt in the
25 crucible and brought into contact with the melt surface. A
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the crystal center portion. This is for the reason that the 25
crystal side surface is nore readily cool ed by radiation cooling 26
fromthe crystal side surface. Therefore, even at a sanme pulling
speed V, V/ G becones lower in the crystal outer peripheral portion,
and the OSF regi on which causes epilayer defect generation is |

readi | y geradaeedrivs tele hejiddak Buedrtsrpeérpphdtalfepsrt i dnfaghecated
crystal-side tenperature gradient G in the crystal pulling direction
in the crpstabwgrowwhuint ed agethe sestd icetylsy atealsilt @ d diya triepe dhengeed
experinments in which, for exanple, crystal growh is actually

carried odt-yaysinset kbet b 1tiher MeCouphenign speety st al as 10n¢ 0964 tal
The VI G of the crystal growh interface and the crystal cooling rate

at 1100 14,1000 fliching Ghysl oL rouhcanbe. GONLolbatbOysth tnis,

respecti vély changi ng in the soli iqui ace and Glln t he
tenperature zone of 1100 to,1000C;, /15 however, in order to -

i ndepe deHFVﬁgégngFBV%gh8H¥lfﬁgm§PF3cFBF aafh?ﬁg %%T&?%%l?ﬁr%%%éﬂﬁgg
to be changed. C [0062] In order to reduce V/G the pulling speed has
to be redbctde mbhbver maktaly smpied + hdncpydeal teovtill Fatecmrstal
1100 20 to 1000C during crystal growmh is also reduced. Therefore,
in order toowetdube NMAGnobinhegctiistal egrvdwbhmenter facetsht| #s much as
i ncreasing the crystal cooling rate at 1100 to 1000C during crystal

growt h, spgskabitl eqh FEBLsSYEPRaAGehBET Gasd M @adeoohi Agc poVetrvitaa

peat shielding plate which is placed so as

) manufacturing steps. For example, generally, the crucible

10 position is pulled up in accordance with the pulled crystal
weight in order to keep the position of silicon melt surface
constant with respect to the heater during crystal pulling. The
variation in the heat transition conditions of the crystal side
in the process in which the crystal is grown is extremely small

15 compared with the melt side, is generally determined by the
furnace structure and the hot zone structure in the furnace,
and is slowly varied little in accordance with the crystal
length.

[0060]

20 Generally, the temperature gradient G in the crystal
growth interface is not uniform in a crystal plane. The
crystal-side temperature gradient in the crystal growth
interface is larger in the crystal outer peripheral portion than

" the crystal center portion. This is for the reason that the

25 crystal side surface ismore readily cooled by radiation cooling

26



25 to surround the crystal is required. 27 [0063] In order to

manuf acture a nitrogen-doped CZ-silicon single crystal, for exanple,
there are a nethod in which a nitrogen gas is introduced during
raw-nmaterial nelting or a 5 nmethod in which a nitride is incorporated
into a deposited silicon substrate by the CVD nethod or the like
during rawromattdrs alrvedial ey dermuskapegallier edoetkef.i civem & vhiseins s
arate of an inpurity incorporated in a crystal after solidification
( wWith regpadtinko sihedoncanta addnd tdermeld dise 7xdPsidal nowbher 10
case of nitrogen (W Zul ehner and D. Huber, Crystal G owh,

Propertie eéaghé%'y 2LAtaRsy, R28, +HRr b@@egegﬁghaghléeweggggs eﬂ-:?ﬁa? ar

[ 0064] Th rogen oncentratlon introduced fromthe nelt to he
crystal n expresse d as .the f Iomnn expre sji on.by u éi $@
sol i difi cgﬁfgﬁt Qegra l(Ov{}algs‘ntreoaf r%/s‘?{éhﬁ‘ iZea il |hcélon ]?}?I mtial o
melt wei ght) of the crystal at that point. _(nitrogen concentration
in cry%taP?rlpﬁe%aélHPFW&PnneI?hﬁlFFﬁﬁéﬁlcﬁhé%nF? SHAYUKS (ITTREAT G
20 This relation is generally maintained constant regardless of
condi t i onsnsuchcaysthé mttltrudé rectiiive puthermpyftiahacevahdinrrface
pul l'ing speed,; therefore, nitrogen concentration control in the
crystal cam bergemeraklssuiticguely rageniviold eskdey inken gy tirogenich, for
concentration of the initial nelt.

example, crystal growth is actually carried out by inserting

a thermo couple in a crystal.

10 [0061]

The V/G of the crystal growth interface and the crystal
cooling rate at 1100 to 1000°C during crystal growth can be
controlled by respectively changing G in the solid-liquid
interface and G in the temperature zone of 1100 to 1000°C;

15 however, in order to independently control them, the structure
of the pulling furnace has to be changed.
Q- [0062]
In orxder to reduce V/G, the pulling speed has to be
reduced; however, as a result, the crystal cooling rate at 1100
20 to 1000°C during crystal growth is alsc reduced. Therefore,
in order to reduce V/G of the crystal growth interface while
increasing the crystal cooling rate at 1100 to 1000°C during
crystal growth, special treatment such as increasing the
cooling power of a heat shielding plate which is placed so as

25 to surround the crystal is required.
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25 [0065] 28 In the manufacturing of a silicon single crystal
according to the CZ method, quartz is used as the crucible. The
quartz crucible nelts into the silicon nelt little by little during
crystal pulling; therefore, oxygen is present in the 5 silicon nelt.
The oxygen nelted fromthe quartz cruci ble noves due to flow and

di ffusion [¢f06&Xe silicon nelt, and the nost part thereof evaporates
fromthe nelt surface in the formof an SiO gas. However, a part
thereof is introdueedidmtd thenctyshale a The mggeridpdd aieed] atora
hi gh tenperature is supersaturated 10 in the process that the crystal

i's cool edg;tRgreby GAUSI NG A00ragatd Ok fOrdN Nandi MK 1 XYEEEh a
clusters duri'ng crystal cooling. These clusters serve as

precipitati.on nuclei, are . precipitated as SiOx in the pr f
devi ce hegtl%fflpggflrrgr?ts ot tlerfrlm‘i C:l“‘lp%eC?ra i o d sr?afr#%%lnagilﬁééf%f%?y%lf at

waf er, and becone 15.oxygen,precipi1atﬁs.J£0066 Substrates for,
anneal ®d W&FEPS afe "Yeridt at ddl ¥5i6H a5 rdntRanatsd i oiP o7 rigfResited

crystal ingot. Generally, the silicon single crystal is sliced by
use of a wiiéceawsebsd HattebR0s 08 stdtderd and-ribstyatdsrare raw
fabricated through steps of chanfering, etching, and mrror

pol i shi ngmaYen aameueihdgonathe Begretheabnenie e drar kaxkyigdnis a rate
precipitation acceleration or defect elimnation is to be added,

general 'y, ¢a;heaho b f BN o r S OCESS 1S aCRLyLed 1ot L PeseRfd Bfication
wever, 1 n the case of the 25 substrate described in the present

|nventlOnwgghm@éggeg%tggggﬁg concentration in the melt is 7x107* in the

10 case of nitrogen (W. Zulehner and D. Huber, Crystal Growth,
Properties and Applications, p28, Springer-Verlag, New York,
1982).

[0064]
The nitrogen concentration introduced from the melit to
15 the crystal can be expressed as the following expression by use
of the solidificatiocn rate g = (weight of crystallized
silicon)/{initial melt weight) of the czrystal at Fhat point.
(nitrogen concentration in crystal} =
k x {initial melt nitrogen concentration) x (l-g)k'1
20 This relation is generally maintained constant
regardless of conditions such as the structure of the pulling
furnace and the pulling speed; therefore, nitrogen
concentration contrel in the crystal can be generally uniquely
controlled by the nitrogen concentration of the initial melt.
25  [0065]
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29 is added, such step is not required, and it can be fabricated in
the steps sane as a general silicon substrate. [0067] The
heat-treating furnace which carries out annealing may 5 be a
comercially avail able furnace, and no particular regulation is

i nposed thereon. However, it has to be arranged that an oxide film
does not grow ed@althe WINWHRE B HEH 2hd dirliPn netg e etnehil This
is for the reason that, when the oxide (. film adheres on the
surface, eeutomitrigohbetheiCianeoncdf qefrct §s Uk desi e arnedbilreg | She
i nhi bited. Specifically, an arrangenent such as reducing the anount

of i mpuri yueS tzNeanRANAlLGhd It Al nta) FBEPRENiecogamedyr ingeheaby little
treatnment as nmuch as possible or reducing inclusion of air fromthe

sur roundi r h Si [ i.on; of rsd

't Urnace e el PRAARE Lo RS B I
rare gas sych as argon n which, for e | e, inpurities ar

suppr essed &Cé’b’plﬂﬁggr ‘Fé’@g%@%éfeéﬁ%tg??ww I?éuicsl%&ferﬂo‘é%s
the menbers which retain 20 a wafer. These nenbers are signifi cantI%/
det eri or af#g Wheh Qvhandafh&hrs Agntanbirat Lk 9B Meddred8ed- OB OFFCPA T
Therefore, they have to be frequently replaced, which is a factor of
i ncr eased thempoffactrapong tess £ roMhehamedal ismg feempénatue efagn of an 5i0

preferably 1250C or |ess. Wien the annealing tenperature is |owered
too 25 nughs.t hgoR@BEEACH P SRaRtk&i r def eelkscleeenriskewthéher péoip,

(' The oxygen introduced at a high temperature is supersaturated
10 in the process that the crystal is ccooled, thereby causing
aggregation and forming minute oxygen clusters during crystal
cooling. These clusters serve as precipitation nuclei, are
precipitated as SiCx in the p£ocess of device heat treatment
after it is made into a silicon single crystal wafer, and become
1S5 oxygen precipitates.
[0066]

(' Substrates for annealed wafers are generated from a
resultant silicon single crystal ingot. Generally, the
silicon single crystal is sliced by use of a wire saw or a inner

20 blade slicer, and substrates are fabricated through steps of
chamfering, etching, and mirror polishing. When an additional
heat treatment step for oxygen precipitation acceleration or
defect elimination is to be added, generally, a heat treatment
process is carried out thereafter. However, in the case of the

25 substrate described in the present invention to which nitrogen
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30 elimnpation takes tinme, and productivity is |owered. The

anneal ing tenperature is preferably 1150C or nore. Wen the

annealing tine is short, defects remain in the substrate surface
since the defects are not sufficiently elimnated when the 5
annealing tine is short. Wen the annealing tine is |ong,

product i viitsy aidsleicowsiied stapelsheotipedtietrdlr etnd ot 6A& bgnkehrifgted
| engt hened. Therefore, the annealing tine is desirably 10 m nutes or
nore and tiwo theurstags | este §906YendOaThel bkygenspvectrpteat i on
nuclei formed in a nitrogen-doped substrate which is used as a
substrate [@g7jthermally stable by virtue of the effect of nitrogen
and are not ellnlnated even during rapid tenperature increase during

the annealing skeR., o0 20dLLL oRg e ISRl LRALIRIL SRPOh O nte AUy

precipitation accel era i 6Ror imnationis

carried out during the annealin In that case, before
anneal P ngP&t ép © r%%ﬁ%ﬁ%ﬁﬂﬁagi??%é%f%ﬁP?ﬁﬁ i n?é%%%?%f%i%rlomer

than that of the annealing step. However, when such additional step
i s added rRguUA&t isenAsrimpheedithergon) Heseaet r &t dmedld hg atepryed
| engt hened; thus, productivity is |owered, and nmanufacturing cost is

i ncreasedthkh aiﬂilioS(il’c&.gﬁﬁ_dm ddek hbe gf‘,;t&ﬁ/eeqﬁaﬂhﬁ:) birtriege nhdep2tm during
substrate described in the present invention, such step is not

n?qUired-hEE%AWE%gkme%Q.[OQKQL 33 for the reason that, when the oxide
(" film adheres on the surface, contraction/elimination of defects
10 during annealing is inhibited. Specifically, an arrangement
such as reducing the amount of impurities incorporated in an
atmospheric gas during heai treatment as much as possible or
reducing inclusion of air from the surrounding area as much as
possible upon insertion of a wafér into a furnace is required.
I5 The used atmospheric gas is desirabiy a rare gas such as argon
in which, for example, impurities are suppressed to 5Sppma or

less.

[0068]

Quartz or the like is used as the members which retéin

20 awafer. These members are significantly deteriorated when the
annealing temperature is increased too much. Therefore, they
have to be frequently replaced, which is a factor of increased
manufacturing cost. The annealing temperature is preferably
1250°C or less. When the annealing temperature is lowered too

25 much, the contraction speed of defects become slow; therefore,
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Silicon single crystal manufacturing apparatuses used in this
exanple are those used in general silicon single crystal

manuf acturing according to the CZ nethod. The apparatuses are a
first pulling furnace in which a heat shielding plate is cooled 5 in
a particular nmethod in order to increase the cooling speed of 1100
to 1000C grdmaneddend FakatacelMaviaity £ grediettal vidsol gl owperd:

the present invention is to be carried out, no particular

| imtatioasnake ingpesadean tilte pul pragetabhaces5a% dromgras tHben the
grow h conditions of the present invention can be 10 carried out.

[0071] A shhik@anng POhe i& ¥sbat, dePer Ry rabhLh 2innghé Reb sappakad usLsce
has a conduction type: p-type (boron doped) and a crystal dianeter:

8 tnehes (20fcmie Lo ALQ2L N LA0en, Qiirgwy]agsa%{ Loy D LG

substrat es aving nitride s 1n silicon nme Rel ative
VI G values are _defined in the fqgllown nner. 0 _In._a_pull
furnac% haPPRGLLRE SMme §F¥G§Fﬁ? agh?ﬂeggﬁrﬁggga%ﬁﬁgWﬁﬁ ﬁﬁeT%ng’
nitrogen added crystal was pulled, crystals to which nitrogen and
carbon weP&OABELATEEY viesr d opifinest sdtnGaarihsus 1nsulqG Y Speear \pne
radial distribution of distribution pits was checked by the nethod

descri bedahatei i ngnd st enyaivedardy. pBeetrednrab tchet henkadegigorn iwes is
obt ai ned. For exanple, when the pulling 32 speed is |ow, the wafer

que sideqgkbgikBptihe il KEG@Rs ¥Mdmore and two hours or less.

(.

(00691

10 The oxygen precipitation nuclei formed in a
nitrogen-doped substrate which is used as a substrate are
thermally stable by virtue of the effect of nitrogen and are
not eliminated even during rapid temperature increése during
the annealing step. An additional heat treatment step for

15 oxygen precipitation acceleration or defect elimination is
sometimes carried out during the annealing step. In that case,

(“ before the annealing step, heat treatment 1s carried out at a

temperature lower than that of the annealing step. However,
when such additional step is added in that manner, the time of

20 the entire annealing step is lengthened; thus, productivity is
lowered, aﬁdxnanufacturing cost is increased. In this regard,
in the case of the nitrogen-doped substrate described in the
present invention, such step is not reguired.
[EXAMPLE]

25 [0070]
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di sl ocation pits are generated therein. In that case, the in-plane
di stribution of the dislocation pits was checked, and the position
where the dislocation pit density is lower than 5 10/cn2 was set as

t he boundary of the |I region. The VG value at that position is set
as (V/Qcrit, and a relative V/G value of the nitrogen-added crysta
pul led in the p&ililseTs aiRaée CW%H}@ﬁéfﬁﬁﬁr@@ﬂu%@ra%aw%%tu%sd in
(MQ/(VIQcrit. In other words, when the relative VG value is 1,

VI G is equdlist exkOpl¥ &rer i:hose[@s)éd]in Qoyrstralls Stidi\mlwmchingﬂr%ogemst@l
not added are pulled fromthe first pulling furnace and the second

pul ling f wapacectihe nd elabirdg ny Covaldies aeehodt aimed apgadaguses are
nitrogen 15 concentration-V/ G map is generated. [0075] As a cooling

rate from, %PPS%%@Q%?I? 9 hQQe(irrY\%ﬁ?!:hgir RY4 B.sh1WAGN 81 B BIM o1 ed

val ue anong crys ax1 al dlrectlon tenperature gradlents in

the rapge of 1100 to 1000C cal cy | at ed

it masgenﬁpoﬁeﬁaﬁglguigﬁr%ggﬁ?gt}Qélﬁ%éﬁj lFﬁ&?@f mﬁggtra &1y 5P 04

(silicon wafers) were sliced fromthe sane part in the single

crystal s, o&ndl @ het s JPHKG°8t @8d & Becomicr Fernags s si agnespe cooling

subjected to anneal i ng, thereby producing 33 anneal ed wafers. [0077]
speed. When the present invention is to be carried out, no

particular limitations are imposed on the pulling furnaces as

long as the growth conditions of the present invention can be
10 carried out.

[0071]

A silicon single crystal grown by utilizing the
apparatuses has a conduction type: p-type (boron doped) and a
crystal diameter: 8 inches (200 mm) .

15 [0072]
Nitrogen doping was performed by putting substrates
(-‘ having nitride films in silicon melts.
[C073]
Relative V/G values are defined in the fcllowing manner.
20 In a pulling furnace having the same structure as the furnace
in which the nitrogen added crystal was pulled, crystals to
which nitrogen and carbon were not added were pulled at various
pulling speeds V, radial distribution of distribution pits was
checked by the method described later, and the boundary position

25 of the I region was obtained. For example, when the pulling
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The nitrogen concentrations were neasured by using a secondary ion
mass spectroneter (SIMS) after sanpling sanples 5 fromthe anneal ed
waf ers and perform ng polishing of 20 min order to renove nitrogen
out diffusion |ayers of the surfaces thereof. [0078] In the V region
of the substrates, excessive atomc 10 vacancies were introduced
from | i quisthessl il i kawer fHleeswalie T negdoerysdal 1 gr o Bhe ahdregson, and
result, voids are generated. Therefore, the V region of the

subst r at eslicAmdaet ispegpitcadty geledtaeed byh4 heidendlt ywioft tdesaoitts
[0079] 15 Regarding the voids in the substrates, void radial

di stributienfaddgisehstiaties sreaneasunedady osgi 0 sl Bhest@a)eing
(M>6) produced by Mtsui Mning and Snelting Co., Ltd., whichis a

comer ci al vai.l.abl e fec vail. i .appar. at . Thi j
R e e R Y S RS
scattered_image of p-polarization as a defect _inmage by caner.a

di spos@d ilﬁ/tc‘%é Yart? Bla%itﬁﬁc P&ﬁ%a§iyn8g ChRel 15 Onp'er%&t gz&n%?Jelll?/
up to 5 mfromthe substrate surface, defects in the depth of 5 m
fromthe sgbshpiteositianelzfttbas hEASUFEHT, pod dEgda@idient/ Gt helue
detection sensitivity was 25 adjusted so that a void having a size of
50 nm or mur e hwhen t ri3dyeaorakidde i yndta la mphlesee tantie prehsinedfuiimece
vol une density of the voids was calculated fromthe area density of
the measuhgdinkotds iide the-umasiy erestt deptiv /&)m (viigrritthe tTaghemer

Wner e

10 (V/G)crit.

words, when the relative V/G value is 1, V/G is equal to

[C074]

Crystals to which nitrogen is not added are pulled from
the first pulling furnace and the second pulling furnace. The
relative V/G values are obtained, and a nitrogen

15 concentration-v/G map is generated.

[0075]

N

As a cooling rate from 1100 to 1000°C during crystal growth,
when the minimum value among crystal growth axial direction
temperature gradients in the range of 1100 to 1000°C was G2

20 (°C/mm), VxG2 was calculated and it was employed as a
representative value.

[0076]

Substrates (silicon wafers) were sliced f£rom the same
part in the single crystals, and the substrates after mirror
25 processing were subjected to annealing, thereby producing
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t he volune density of the voids was equal to or nore than 5 1x105/cn8
was determ ned as the V region. [0080] Meanwhile, in the | region of
the substrates, excessive interstitial atons were introduced from
the solid-liquid interface during crystal growth, and, as a result,

t hey appear 10 as _dislocation pits. Therefore, the | region can be
defined B&7 @S Df the dislocation pits. [0081] The

di sl ocation pits were neasured according to the below nethod. First,
t he subst r[&0¢ 7ils etched by 5 mby a Wight etch 15 solution, and the
nunber of rhonbus-shaped or stream|ine-shaped dislocation pits which
wer e gener ated Thet e t rauydrace rageth thatt isorsd 26 10 rde BN10£d MDY eas@sy a
counted through observation by an optical mcroscope. The

”?asur?”e@%cW%%aI§aﬁ6heﬂa9§tsﬁéc@r@méggrOfsﬂﬁé'“Eﬂt%rtggmbﬁgh sam 1es
direction of the 20 substrate, and the dislocation pit area dens

was cal cul_at ed fron1th Vi Su flel are Then, the .area @? re the
i ol oohe | 6AOR ErgoRBnEg el Hocers Srd e ool Tl BTSN Rk
region. [0082] 25 The OSF, eval uation of_the su strate gerfo

35 accordPﬁ&eFotPhée%8V8mPhE¥ﬂ%ﬁn P GLEHYRE QU Sy &gEh sTbf %?%%

to oxidation treatnment in a vapor-containing oxygen atnDsphere at
1100C for thmprkedr-. Then, after an oxide film is renoved by a
hydrofluoric acid, it was etched by an anount

[0078]

s

(

In the V region of the substrates, excessive atomic

10 wvacancies were introduced from liguid-solid interfaces during
crystal growth, and, as a result, voids are generated.
Therefore, the V region of the substrates can be specifically
defined by the density of the wvoids.

[0079]

15 Regarding the wvoids in the substrates, void radial
distribution of the substrates are measured by use of LSTD
scanner (MO-6) produced by Mitsui Mining and Smelting Co., Ltd.,
which is a commercially available defect evaluation apparatus.
This MO-6 emits a visible-light laser from the Brewster angle,

20 and detects a scattered image of p-poclarization as a defect
image by a camera disposed in the vertical direction. Since
the laser permeates merely up to 5 um from the substrate surface,

defects in the depth of 5 um from the substrate surface can be

measured. Upon measurement, the detection sensitivity was

25 adjusted so that a void having a size of 50 nm or more when
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5 corresponding to the thickness of 5 mby the Wight etch solution,
and elliptical, half-moon-like, or rod-like OSF pits fornmed on the
surface were observed by an optical mcroscope. The nunber of the
OSF pits was counted by scanning a visual field ( having a dianeter
of 2.5 mmin the substrate dianeter direction 10 by an optical

m cr oscope;oraret ttdid i08Fo ar expidursidan (g tsfaaed wa§hby vdilvingi dgnshey
nunber of the OSF pits by the observation area. The regi on where the

OSF area denshbyWdideatal cd10-0ra e € rohgie 1004cHéh iasy detiidnaaduasd
the OSF region. [0083] 15 The oxygen precipitation characteristics

eval uati on, of;, Liie aanealed vakel MRS Car £l gf oul ACCORd 00 k8! e e

bel ow met ho irst, an annéa rwas subjectéd to eat
treatnment , at 780C for three hpurs and, at 1000C fo i Xxteen hours,
Then, |t hé a6t B AT050, Oantr s nESHAT 7R8I S8XS heh® pP Bl Br Par 5730
densities were neasured by BMD anal yzer MO-4 produced by Mtsu

M ni ng5and 3RV eingvde. determimpd pasthpoMsrefiche neasur ement

points in the plane were |located fromthe substrate center to 10 nm
fromthe ddg&Cdat a pitch of 10 mm The m ni num val ue of the obtained
oxygen precipitate densities and the oxygen 25 precipitate density

radi al distribupiomwariilal,i QR £RBresedd Bsh oI6 thy tEhBsbehewsexpresssone
wer e obtained. [0084] The oxygen precipitate density radi al

di stri but g%%er\é%fﬂt%tglorat=on(s.0>&y@f@ B{&C&P&%@cﬁ efj;j&ﬂs’&ﬂé( 3| qum yal ye
+oxygen precipitate density m ninmumvalue) /oxygen precipitate

ensity  jnterface during crystal growth, and, as a result, they appear

10 as dislocation pits. Therefore, the I region can be defined
by the density of the dislocation pits.
[0081]
The dislocation pits were measured according to the below
" method. First, the substrate is etched by 5 pm by a Wright etch
15 solution, and the number of rhombus-shaped ox
stream-line-shapeddislocation pits which were generated in the
surface and had a size of 1 pm or more was counted through
observation by an optical microscopé. The measurement was
carried out at a pitch of 10 mm in the radial direction of the
20 substrate, and the dislocation pit area density was calculated
from the visual field area. Then, the area where the
dislocatibn pit density is 10/cm® or more was determined as the
I region.
[0082]
23 The OSF evaluaticn of the substrate was performed
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maxi mum val ue The eval uation results including conparative exanpl es
are shown in Table 1. [0085] 10 [Table 1] f" 37 +--~ NMdi LOON
WO OMd~O - 0) w0) 0) 0) 00 00 O0O00Okkkk~U EEEEEE
EEEEEEE~CO OrorororororororororororoEEEVE
CXXXXXkXXkkkkO000041 WWWWWWWWWWWWU U UU
th co U @@ordgngy  phe bolep et ety ¢ c3HNER3Ie Haso w

0 ro 000000000000000 0 4-) co O OYO NCU + U
subjected to oxidation treatment in a vapor-containing oxygen

atmosphere at 1100°C for an hour. Then, after an oxide film
is removed by a hydrofluoric acid, it was etched by an amount
5 corresponding to the thickness of 5 um by the Wright etch
solution, and elliptical, half-moon-like, or rod-like OSF pits
formed on the surface were observed by an optical microscope.
The number of the OSF pits was counted by scanning a visual field
b having a diameter of 2.5 mm in the substrate diameter direction
10 by an optical microscope, and the OSF area density (pits/cm?)
was by dividing the number of the OSF pits by the observation
area. The region where the OSF area density is equal to or more
than 100/cm® was determined as the OSF region.
[0083]
15 The oxygen precipitation characteristics evaluation of
the annealed wafer was carried out according to the below method.
<- First, an annealed wafer was subjected to double heat treatment
at 780°C for three hours and at 1000°C for sixteen hours. Then,
the wafer was cleaved, and the internal oxygen precipitate
20 densities were measured by BMD analyzer MO-4 produced by Mitsui
Mining and Smelting Co., Ltd. The positions of the measurement
points in the plane were located from the substrate center to
10 mm from the edge at a pitch of 10 mm. The minimum value of
the obtained oxygen precipitate densities and the oxygen

25 precipitate density radial distributionvariation represented
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variation = (oxygen precipitate density maximum value —oxygen
5 precipitate density minimum value) /oxygen precipitate density
maximum value
The evaluation results including comparative examples
are shown in Table 1.
[0085]

10 [Table 1]
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U [0086] Herein, (VG 1 and (VVG 2 are the VI Glower |imt value
and the V/ G upper Iimt value, respectively, which were obtained
fromthe nitrogen concentrations of the pulled crystals by using 5
respective expressions. [0087] The anneal ed wafers which satisfy the
conditions that the substrate nitrogen concentration is equal to or
more than SF®14  at oms/ cnB and equal to or |ess than 5x1015
atons/cnB and the range 10 of the relative V/Gvalue is equal to or
more than exp(- #erein 10W&E)x antr 64éh) zavcetealVi/6n loaesns Leks) vahde
equal to or less than 1. 6 exp (1. 0 x 10-15 x nitrogen

concent r atanant f@tvoieshen8) )l i mi tandl usi ngp dpfee tsinkedity,avk $cbfwarde chtained
cooling rate of 1100 to 1000C is equal to or nore than 4C/ m nute had

the oxygen Riechontidlh@gen 68AskEhY At AbANB A 8hHe A1 SKEOJEERBs Wy ABI €y
and the oxygen precipitate density radial distribution variation of

0.5 org l?%%ge%%%v%h% N precipitate radial distribution thereof
he "su

was good. strat efore carrying out annealing did not

i nclude th X region and the | region as defective regions, and 20
the regi or@oi dIwhi ch voids having a size of 50 to 150 nmwere in the
density range of 109 to 2x105/cnB8 were not present in the

substrates. [0088F annehbedvmAsimswhinb B8H siks thetcpréklehens ffheRethe
substrates 25 (substrates of the anneal ed wafers of Exanples 1 to 3)
sliced 3Qubstrate nitrogen concentration is equal to or more than 5x10™*

( atoms/cm® and equal to or less than 5x10*° atoms/cm® and the range
10 of the relative V/G value is equal to or more than exp(-7.1 x
107%% x nitrogen concentration (atoms/cn@) and equal to or less
than 1.6 exp (1.0 x 107" x nitrogen concentration (atoms/cm?)),
and using the substrates of which cooling rate of 1100 to 10C0°C

is equal to or more than 4°C/minute had the oxygen precipitate
15 density minimum value of 5x10%/cm® or more and the oxygen
precipitate density radial distribution variation of 0.5 or
(u less, and the oxygen precipitate radial distribution thereof
was good. The substrate before carrying out annealing did not
include the V region and the I region as defective regions, and
20 the regions in which voids having a size of 50 to 150 nﬁ were
in the density range of 10! to 2x10°/cm® were not present in the
substrates.

[(0088]

In the examples, the OSF was not present in the substrates
25 (substrates of the annealed wafers of Examples 1 to 3) sliced
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fromthe crystals pulled at the cooling rate of 1100 to 1000C of
8C/ m nute by use of the first pulling furnace when the nitrogen
concentration is equal to or nore than 5x1019 atons /CM3 and equal
to or less than 4x1015 atons/cnB and the relative VG5 was equal to
or nore than 1.3 and equal to _or less than 2.1 and the substrates

(subst rat e5*YP Hhve CaNmeRId PSS 261 LER GRAENT Fats 9F PRt tHHRC
the crystals at the cooling rate of 1100 to 1000C of 5C/ m nute when
t he nitrogeh @éroemutat imh Wwes okdux fiorsr pwrkinhafudxa©d when the
atons/cnB and equal to or less than 10 5x1019 atons/cnB and the

rel ative \WiG m@seregoalcdnt rort i estddml todanbrequakntodan™? | assnd foar
1.5. [0089] The anneal ed wafer having the substrate nitrogen

concentratin of,hess Lhane dx1GL, atame? e Radnhe, @ptgente 1t ive v/
precipitate density mninmum value of less than 5x108/cnB8 and quality

of oxygen h%rs[e%ls{glb]tla Log RS d el qr 5t ?n& %@ﬁ%‘ 8? 1&@%%‘Sieand

Exanple 1). en the mninum val ue e relative

| ess than 20 exp(-7.1 x 10-16x nitrogen concentration (ato cnB
the 1 T odith U8 e SER S N ot RS T L g Eoie S GRRPL s
preci pitate density radial distribution variation exceeds 0.5, and
qual ity of? &®y§enspiecichifirart dhanesvisedrs it thet keobiapgprase of 1100
(Conparative Exanple 2). 25 [0091] 40 Wen the maxi num val ue of the
relative WGi1ewoeeded 5°6/minute when the nitrogen concentration was

( equal to or more than 1x10* atoms/cm® and equal to or less than
10 5x10 atoms/cm® and the relative V/G was equal to or more than
1.3 and egual to or less than 1.5.
[0089]
The annealed wafer having the substrate nitrogen
concentration of less than 1x10' atoms/cm® had the oxygen
15 precipitate density minimum value cf less than 5x10%/cm® and
quality of oxygen precipitation was inferior to the Examples
k (Comparative Example 1).
[0090]
When the minimum value of the relative V/G was less than
20 exp(-7.1 x 107*® x nitrogen concentration {atoms/cm®)), the I
region was present in the substrate; therefore, the oxygen
precipitate density radial distribution variation exceeds 0.5,
and quality of oxygen precipitationwas inferior to the Examples
{Comparative Example 2).

25 [0091]
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exp(1.0 x 10-15 x nitrogen concentration (atons/cnB)), the
precipitation valley region was present in the substrate; therefore,
the oxygen precipitate density radial distribution 5 variation
exceeded 0.5, and quality of oxygen precipitation was inferior to

t he Exanpl es (Conparative Exanple 3). L0092 When the ¢ oIin% rate. of
1100 to 1000C wadlqfedda RAFIIWE FRAUEeC Tt HE gred ot Yot/ dh Svategyd 1-©

region was present in the 10 substrate, the oxygen precipitate
density radipall .dl st ri®oi ixomivarigeri aon@eht rard oqualattomsofcroxy gemhe
precipitation was inferior to the Exanples (Conparative Exanple 4).
[0093] The reydiqditenien angll Bxanpgsonf widep ps esett ihnvkeat sohstisthave
been descri bed herei nabove. However, the present invention is not

limted tqhese fxXanpleesx9adnesPOdi PERL Se a1 a0BEN! heaE LOBELEEA
be made by those skilled in"the art, and such nodified enbodi nents

d Ex I .al i I hni |.id . .
an gnpv%%ﬁggégn{Q%c%%?gggyggtgggigﬁgf%F'é&%?Xfﬁ%ﬁ %é%#ﬁfﬁgtlo was

I nvention. or €, technic e of rese I'nvention
Gl ai 5. WhiiGH e readoablETor S nCHBOTE bt RO TORI EF
DESCRI PTI ON OF THE DRAW NGS] [0094] 25 [FIG 1] 41 Figs. 1(a) and
1(b) are d¥pl9%adatory drawi ngs for explaining the relation between
defective regions and a
When the cooling rate of 1100 to 1000°C was less than
( 4°C/minute, the precipitation valley region was present in the
10 substrate, the oxygen precipitate density radial distribution
variation 0.5, and quality of oxygen precipitation was inferior
to the Examples (Comparative Example 4}.
[0093]
The embodiments and Examples of the present invention
15 have been described hereinabove. However, the present
invention is not limited to these Examples and embodiments,
C, various modifications can be made by those skilled in the art,
and such modified embodiments and Examples also includes the
technical ideas of the present invention. Therefore, the
20 technical range of the present invention is determined merely
by the invention specifying notes according to claims which are
reasonable for the above description.
[BRIEF DESCRIPTION OF THE DRAWINGS]

[0094]

25 [FIG.1]
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ni trogen concentration in a silicon ingot which is pulled in
accordance with the CZ nethod. Herein, Fig. 1(a) is a graph 5 show ng
the relation between the defective regions which are present in a
substrate before epitaxial deposition and nitrogen concentration,

and Fig. 1(b) is a schematic drawi ng showing the defective regions
and nitrogen coiédemtrdtiaon afidsty iMutdh gplanaion ohrarirgal fehgot
during pulling. 10 [FIG 2] Fig. 2(a) is a graph showng the relation
bet ween t lkep laiitrrioge nthoonoei tratn dre tangerV/ & fenidi V& gre@i¢h3y asdaa
chart showi ng oxygen precipitate radial distribution in substrate

pl ane, whathehehhe e res pid at @ idersint ¥ nhsteguaknt @s0pulMEg in
than 15 5x108/crr8 or not, and whether the oxygen precipitate density

radi al distrd 'O%%k%é a{kgt%%“ dgs m%q: Ay t°H8Ee SSSFiga”%Qa?ZgE a G Pn

[ FI G 3] igs are exp anat ory dr aw

expl ai pi ng, condi ti ons manu tur|n |l ed.wafers.in

oy ger pr SEOHLAG: SOSare THLER R CHEED S08) SR LoaC s BphedhBa MG Ehere
rel ati on between the nitrogen concentration and VG and Fig. 3(b)

i s a char PreRewtnEn Gx5geRt prEein tateci sariphtdwrrsihl emansupsEregen
pl ane, whether the oxygen precipitate density 25 is 5x108/cn8 or not,
and whet hepnthetaxydem paedifid attdbdehs iat ychdBat adidatavdirsg lshbutthntHles
equal to or less than 0.5 or not. [FIG 4] Figs. 4(a) and 4(b) are
gr aphs expkaikpitRger 8dbdbns and nitrogen concentration distribution in

(

a silicon crystal ingot during pulling.

10 [FIG.2]

Fig. 2(a) 1s a graph showing the relation between the
nitrogen concentration and V/G, and Fig. 2 (b} is a chart showing
oxygeh precipitate radial distribution in substrate plane,
whether the oxygen precipitate density is equal to or more than

15 5x10%/cm® or not, and whether the oxygen precipitate density
radial distribution variation is equal to or less than 0.5 or

(: not.
[FIG.3]
Figs. 3(a) and 3(b) are explanatory drawings for

20 explaining conditions for manufacturing annealed wafers in
which oxygen precipitates are uniform. Fig. 3(a) 1is a graph
showing the relation between the nitrogen concentration and V/G,
and Fig. 3(b) is a chart showing oxygen precipitate distribution
in the substrate plane, whether the oxygen precipitate density

25 is 5%x10%/cm’® or not, and whether the oxygen precipitate density
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di stribution of voids and in-plane distribution of oxygen 5
precipitates. Fig. 4(a) is a graph showing the relation between the
nitrogen concentration and VG and Fig. 4(b) includes graphs
showi ng results of densities of voids, which have a size of 50 to
150 nmin faQﬁ.%Ctdlvsecfﬂguﬁ)DénOflsA"e a]_a% %r Wr@gan'@.é h@r not.
substrate radial direction. 10 43 AIMS] 5 101 A nmethod for
nanufacturgﬁg%qg anneal ed wafer, conprising annealing a silicon
single cry ubstrate which does not include a V region (region
in which volume density of voids having a size of . 50 nmor npre is
1x105/ cnB or noFéPsand & 1204 ehih FFed TPl h SR bH HEnEi T34 b1

di slocation pits having a 15 size of 1 pmor nore is 10/cn2 or nore)
as def ect idistmggiwnsn @hdvabeds aod imeplalee adiegr dout homhpEhokhigen
size of voids is 50 nmto 150 nmand the density of the voids is
104/ cnB o ryig i taitksLOS/FERB Ol ] €8S gRaphaiRivin@t Bkl dadort iIdsmgeeween
crystal is grown in the followi ng range as crystal growh conditions

at manuf a i i r ch K
s, TSR e R o) e By,

nitrogen %%%%%%trﬁghgﬂg(géggfé n%?éensg¥ég%crf ofﬁé, which have a size

of 50 to 150 nm in respective regions of A, B, and C, measured

in the substrate radial direction. -

10
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aViGlower limt value (nm2/C min) is exp (-7 . 1 x 10-16 x nitrogen
concentration (atonms/cnB)) x (V/Gcrit (wherein,- Vis a pulling speed
(mmMmn) , Gis a nean tenperature 5 gradient ("C/ =) in a crystal
grow h axial direction froma nelting point to 1350C, (V/Q crit is
a lower linigrxalge of V/ G which does not include the I region as a
defective region in the silicon single crystal to which nitrogen is
not added, wherein the | region is a region to which excessive
interstitial 1D atons are introduced fromsolid-liquid interface
during crystal growth and a dislocation pit is generated) ; and a
cooling rate at 1100 to 1000C is 4C mnute or nore; a substrate is
sliced fromthe nitrogen-added grown silicon single crystal in which
the nitrogen concentration is |xlO4 atons/cnB or nore and 5x1015
atons/cnB or |ess and serves 15 as a substrate; and the substrate is
subjected to heat treatnent at 1150C or nore and 1250C or less for
10 mnutes or nore and two hours or less in a rare gas having an
impurity of 5 ppmor less or in a non-oxidative atnosphere in which
an oxide filmthickness 20 after the heat treatnent is suppressed to
2 nmor less. 45

10 1 A method for manufacturing an annealed wafer, comprising
annealing a silicon single ciystal substrate which does hot
include a V region (region in which volume density of voids
having a size of 50 nm or more is 1x10°/cm® or more) and an I
region (region in which density of dislocation pits having a

15 size of 1 pm o£ more 1s 10/cm? or more) as defective regions,
and does not include a region in which the size of voids is 50
nm to 150 nm and the density of the voids is 10%/cm® or more

and 10%/cm® or less

20
wherein
a silicon single crystal is grown in the following range
as crystal growth conditions at manufacturing a silicon single
crystal by the Czochralski method:
.25 a V/G upper limit value (mm?/°C min) .is 1.6 % exp(1.0 x 107
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10

15

20

x nitrogen concentration (atoms/cm®)) x (V/G)crit; and
a V/G lower limit value (mm?/°Cmin) is exp(-7.1x 107®x nitrogen
concentration (atoms/cm’)) x {(V/G)crit
(wherein, Vis a pulling speed (mm/min), G is a mean temperature
gradient (°C/mm) in a crystal growth axial direction from z
melting peint to 1350°C, (V/G)crit is a lﬁwer limit value of
V/G which does not include the I regiocn as a defective region
in the silicon single cryétal to which nitrogen is not added,
wherein the I regi'on is a region to which excessive interstitial
atomsareintroducedfromsolid—liquidinterfaceduringcrystal
growth and a dislocation pit is generated); and
& cooling rate at 1100 to 1000°C is 4°C/minute or more;

a substrate is sliced from the nitrogen-added grown

silicon single crystal in which the nitrogen concentration is

1x10% atoms/cm® or more and 5x10% atoms/cm® or less and serves

as a substrate; and

the substrate is subjected to heat treatment at 1150°C
or more and 1250°C or less for 10 minutes cor more and two hours
or less in a rare gas having an impurity of 5 ppm or less or
in a non-oxidative atmosphere in which an coxide film thickness

after the heat treatment is suppressed to 2 nm or less.

45



