Epitaxial wafer and production method thereof The present inveon relates to an epitaxial wafer and a
production method thereof. More specifically, the present 5 invention relates to a method for producing
an epitaxial wafer comprising a step of growing a silicon crys al by the Czochralski method wherein
hydrogen and nitrogen are added to a silicon melt, a step of preparing a silicon substrate by machining
said silicon crystal, and a s ep of forming an epitaxial layer at the surface of the silicon substrate. Prior
art With the progress of semiconductor devices in recent years, a severer control of crystal quality of

silicon wafers has been. demanded, Fsnecially. devies charaptefisins,dn pastiauar Gate Oxide
Integrity, can be dete oratedlby defaects as the grown-in defects existing in a silicon wafer produced by
cutting a silicon crystal after being grown by the Czochralski 20 method. These grown-in defects are

oxygen precipitates and jts.dislocationsdnduced ina devieg preductionprgeasssa aids, or stacking
faults. However, on the other hand, these afowgementioneq c_ieLepgslare utilized as eIILering sites for
heavy nigtaR AL tHE BRESATation Sfsald gettérig sifes 75 decreises, the purity of the silicon wafer
is comptomised and the coneentration ofhidavy mMetal impufitiesraxceads the yekof 1eEITFD
atoms/cm’, which.is the Iesvleéf)eqyu%re_grfg(N_q}ggmgst&c&vpg&gd_@gyg;gaqroggct{g% Consequently, since it
is necessary fo reduce E“:heavy metal impurities existing on a silicon wafer as 30 far as possible,
controllifg thosesdefbétsTis Bhraktierteld IMpbaRttask. Fone of fedRchnslogitsFor afoiding the
deterioration: of the,device gharagteristics-caiised:hysvaids at the-surtacesaf:35:thetsilicon wafer, the
method of using an epitaxial wafer has been known, wherein the method comprises the deposition of
an epita¥iaFlayerBY a5@vD method oh & Stitace bf &'silicon substrate wafer obtained by cutting out
from a siican singié ciystaland:thehsubjecting theoduttergstak ol mirrorsubstrate.

Prior art

With the progress of semiconductor devices in recent vyears, &

15 severer control of crystal guality of silicon wafers has been
demanded. Especially, device characteristics, in particular
Gate Oxide Integrity, can be deteriocrated by defects as The
grown-in defects existing in & silicon wafer produced by
cutting a silicon crystal after being grown by the Czochralski

20 method. These grown-in defects are oxygen precipitates and 1ts
dislocarions induced in a device production process, volds, Or
stacking faults. However, on the other hand, these
aforementioned defects are utilized as gettering sites Ior
heavy metals. As the concentration of said gettering sites

25  decreases, the purity of the silicon wafer is compromised and

the concentration of heavy metal impurities exceeds the level

0.
th

ired for the most
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of 1x10'Y atoms/cm®, which is the level req

advanced device production. Conseguently, since 1t is necessary
to reduce heavy metal impurities existing on a silicon wafer as
30 far as possible, contreolling those defects is an extremely

important task.

As one of the techneologies for avoiding the deterioration of
the device characteristics caused by veids at the surface of

35  the silicon wafer, the method of using an epitaxial wafer has



5 finishing. Because of the absence of voids in this epitaxial layer, a semiconductor wafer with good
Gate Oxide integrity can be attained. However, when the deposition of the epitaxial layer is performed,
oxygen precipitates (Bulk micro defect: END) generated as a result of an oxygen deposit are not
formed inside the epitaxial wafer while the silicon wafer is subjected to heat treatment in a device
process. If no BMDs are generated, the gettering of heavy metals which are supposed to contaminate
the wafer during the device process can not be done. Therefore, a problem of the deterioration of
device 1ocharacteristics would result. Accordingly, to solve such.problem, T..Abe and H. Takeno, Mat.
Res. Soc‘.egry}m}ff‘ Yo, \%1%%, %, 1992 for exampcfe repd“r?s that by dopﬁ]g a silicon smg?e‘crystal with
nitrogerethe 2@ aggregation ofcrystalMatticevacdnciesdn silicdn s sugpressad; anethat the crystal
defect depsity is.lowered: JP2000-109396has been known to relate to the technolagy-described in the

above-mentioned report. JP2000-109396 has proposed a method which comprises the deposition of
an 25 epitaidal dayerch & SfitoR Stbstate Wafel BbEited By &hfthg Gutfront a'crystal with added
nitregensinrorderte-sufficieathsgenerateh BMDs:evercafier the idepositiontof the epitaxiaklayer. In this
method, %]f:%}cg?gse é]ltg%%%ncg%%oﬁr?%% a nwuacl:Le?urs fVc\;:r:L %hne fo(grggtleg g}é BMQﬁ%%“% nBtMeD% are, g_gggrated 5
even 30 after the deposition of the epitaxial ayer, an epitaxial wafer with a superior gettering capability
in a heabtreatmieritrafd. déice peocessican be attalaad.s L tiradditory, /3P 2008850288 has proposed
a method.for. reducing.35 the,aumber; ot defectschy adding boramand by optimizingdhe .

BMD) generated as a result of an oxygen deposit are not formed

10  inside the epitaxial wafer while the silicon wafer i1s subjected

to heat treatment in a device process. If no BMDs are

generated, the gettering of heavy metals which are supposed to

contaminate the wafer during the device process can not be

done. Therefore, a problem of the deterioration of device

15 characteristics would result.

Accordingly, te scoive such problem, T. Abe and H. Takeno, Mat.
Res. Soc. Symp. Proc. Vol.262, 3, 1992 for example reports that
by doping a silicon single crystal with nitrogen, the

20 aggregation of crystal-lattice vacancies in silicon is
suppressed, and that the crystal defect density is lowered.
JP2000-109296 has been known to relate tc the technology
described in the above-mentioned report. JP2000-108%396 has

proposed a method which comprises the depositicn of an

>
e

epitaxial layer on a silicon substrate wafer obtained by
cutting out from a crystal with added nitrogen in order to
sufficiently generate BMDs even after the deposition of the
epitaxial layer. In this methed, because nitrogen becomes a
nucleus for the formation of BMDs and BMDs are generated even
30 after the deposition cof the epitaxial layer, an epitaxial waler
with a superior gettering capablility in a heat treatment of a

device process can be attainsd.

In addition, JP2008-150283 has proposed a methed for reducing

35 the number of defects by adding boron and by optimizing the



3 thermal history of pulling and growing a silicon single crystal with a predetermined resistivity through
the Czochralski method. Such method can reduce the number of epitaxial defects in the resultant
wafers. Also, a higher in-plane uniformity of 5 the density of oxygen precipitates as well as a higher
gettering capability can be achieved. However, it has been clarified by recent studies that the thermally
stable oxygen precipitates produced by the nitrogen 10 doping, which are difficult to eliminate even by
heat treatment at high temperatures, cause a problem as they tend to induce defects in the epitaxial

layer. Further, when the silicon is doped with boron, the gettering capahili.ty, becemes lowered for the
heavy metafitipurities unfessa h%Wc?Loln%%nﬁgtcfoﬁ & Bﬁ%&% 1%isg U§e§. Therefore, to slve the above
problemy farrexanple d323588119hasdisclbsed ate CHriclog) fok tBnfrélfifig fie position where an

OSF ring is generated depending opthe pullingrate by 20.gontroling a-0ap.k betweer themelt

surface and the lower end of a thermal shielding material so as, to adjust the position .of the OSF ring to
the pullifg rates ESBEcial: theréeh&s Beert proposed %lrﬁa%dlfgfﬁé%ﬁg the OSF regior out of the
crystal byrsetting, thercrystal pullipgrate-toca yalue egaakio or25 higherthandh2:mm/minute. It has
been reported Lhﬁavt, in this method agegsg)é ofagzhg%%px;t@aéial layer defects can be reduced to a level
equal to’bt towérthan'o: %?n‘Uz*(d{’éfecaté per square centimetre) sufficiently suppressing the

generation of the epitaxial layer defects. 30 In addition, as another method of technology to avoid the
above-mentioned prohlem, for example, JP20Q8-100906. has propased-amethed for<loping with
boron, nitrogen, and hydrogen. There has been disclosed that in this meth dﬁwitho_ut ~
thermally stable oxygen precipitates produced by the nitrogen
10 doping, which are difficult to eliminate even by heat treatment
at high temperatures, cause a problem as they tend to induce
defects in the epitaxial layer. Further, when the silicon is
doped with boron, the gesttering capability becomes lowered for

the heavy metal impurities unless a high concentration of boron

15 is used.

Therefore, to solve the above problem, for examp.e, JP3580911%
has disclosed a technology for controlling the pesition where
an OSF ring is generated depending on the pulling rate by

20 controlling a gap L between the melt surface and the lower end
of a thermal shielding material so as tTo adjust the posit;on of
the OSF ring to the pulling rate. Especially, there has been
proposed a method for pushing the OSF region out of the crystal
by setting the crystal pulling rate to a value egual Lo or

25  higher than 1.2 mm/minute. It has been reported that, in this
method, 2 density of the epitaxial layer defects can be reducad
to a level eqgual to or lower than U.1 cn? (defects per sguare
centimetre) sufficiently suppressing the generation of the

epitaxial layer defects.

Tn addition, as another method of technology to aveid the
above-mentioned problem, for example, JP2008-100%906¢ has
proposed a method for doping with boron, nitrogen, and
hydregen. There has besen disclosed that in this method, without

35 increasing the epitaxial layer defects on tne epltaxial wafer,



4 the gettering capability and a low density of epitaxial layer defects can be achieved by using
hydrogen which weakens the nitrogen's effect of promoting the formation of oxygen-induced stacking
faults. 5 Further, TP2000-281.491 has proposed a method for growing a silicon single crystal by
introducing hydrogen gas and incorporating nitrogen in the silicon melt at levels ranging from 1x1016 to
1.5x1019 cm- (atoms per cubic centimetre). 10 Through this method, the generation. of
octahedron-like vacancy defects is suppressed to lower the size of the vacancy defects and to reduce
the density of the oxygen precipitates in the single crystal. Problem to be solved by the invention
However: &% i SE2666-169366. rhen thé iconsubStratesater wihtadded-fitrogen t€tiSed as an
epitaxialdwafersubstrate nitragen causesgefestsrin the épitaxal layer-in addiiens2@ these
nitrogen-inducedidefects g the epltaxialiprerhaveheenknawn to.appearin the defect regign called
an OFF region 6f & nitrogen- opedsubstrate. e reason is that a particular oxygen precipitate
already é%istinglinthé OFF Fegion at the stage just after crystal growth forms a new defect in the 25
epitaxial layer. It should be noted that the term "OFF region”, as used herein, refers to a region where
the concentration of the crystal Igtticoeﬂlvacancieg is extremely lowered because the crystal lattice
vacancie%%d“ﬁ%’inté?ﬁﬂéf Sificdri atorm& TecomBing tue o TadiAPdiffusions ARG Bis s the region in
30 whichean pxidatien heattreatment of the silicarwafergenerates oxidation-iadgced stacking faults.

-

incorporating nitrogen in the silicon melt at levels ranging
from 1x10% to 1.5x10* cm™ (atoms per cubic centimetre).

10 Through this method, the gensraticn of cctahedron-like vacancy
defects is suppressed to lower the size of the vacancy deiects
and to reduce the density of the oxygen precipilitates in the

single crystal.
15 Problem to be solved by the invention

However, as in JP2000-1083%86, when the silicon substrate wafer
with added nitrogen is usead as an epitaxiel wafer substrate,

In addition,
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nitrogen causes defects in the epita
20  these nitrogen-induced- defects in the eplitaxial layer have been

known to appear in the defect region called an OSF region of 3

nitrogen~doped substrate. One reason is that a particular
oxygen precipitate already existing in the OSF region at the

stage Just after crystal growth forms a new defect 1in the
a
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epitaxi layer. It should be noted that the term "OSF region”,
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2s used herein, refers to a region where the concentration of

the crystal lattice vacancies 1is extremely lowered because the
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crystal la s and the interstitial silicon atoms
on

recombing due to radial diffusion. Alse, this is the region in
360 which an oxidation heat treatment of the silicon wafer

generates oxidation-induced stacking faults.

Doping the silicon wafer with boreon at a high concentration, as
in JP2008-150283 or JP2008-1009206, causes a problem in that the

35  boron impurities in the substrate diffuse out into the vapour



Doping the silicon wafer with boron at a nigh concentration, as in 022008-150283 or JP2008-100906,
causes a problem in that the 35 boron impurities in the substrate diffuse out into the vapour phase
during the deposition of the epitaxial layer and get incorporated into the epitaxial layer again. This
phenomenon is called auto-doping. On the other hand, a silicon single crystal wafer doped with a low
concentration of boron cannot solve the 5 problem é)f the lower gettering capability for heavy metal
impurities in the segregation-type gettering by boron atoms, compared to the relaxation-type gettering
using the oxygen precipitates. 10 Further, as described in JF{?:35§91§191 W\pen thg&ryséal size becomes
equal to"6H %e?‘fﬁdﬁlﬁoo ‘ m?ﬁ%oéifﬁ:chﬂrfo% ably’ 6roev§) a car‘ﬁ‘thgFWr‘tﬁaepIullfng rate équal to or
higher tharr & 2ommiminuténradditors bt hascheén heteeltlearhy that When aimepitasdal dayerss
deposited after producing a silicon L5 suhstrate,wafer under such:conditions as.described.in JP2000-

281491, the epitaxial layer generates defects even when a substrate with no OSF region is used. It
has beenalarficdthatsich epitaxial laver detectEte Yeherdted from voids &t the’Subirate Surface
(Figs 1).As-shown incFignd, it bas bega20-canfiimedthaty deping the:siticen geystal with nitrogen
and hydor;fcl)?gﬁ?n, yoids are eggéatgdcifq theagilic%n cr s'%al. 'Iéh_q_se of 4he%/\9iqosovy%igh are ILoScated in the
... 3 i N Il re C1on—1 e XLl i L L ¥ .
vicinity of the sabstrate <lrface before depositing the epitaxial fayer may cause disiocations in the
epitaxiaklavera The dislotations:are:25 formed it thes epitadaliayerstthe stiface:ofithe substrate with
the void aéﬂqr@m%@_g point. Accordingly, the objective of the present invention is to suppress and
prevent the epitaxial layer defects generated from 30 voids in the silicon substrate wafer occurring
when the silicon crystal is doped with nitrogen and hydrogen. Means for solving the problem
10 Turther, as described in JP3538811%, when the crystal size
becomes egual to or larger than 300 mm, it is difficult to
stably grow a crystal with a pulling rate equal to or higher
than 1.2 mm/minute. In addition, 1t has been noted clearly that
when an epitaxial layer is deposited after producing a silicon
15 substrate wafer under such conditions as described in JPZ000-
281491, the epitaxial layer generates defecis even when a
substrate with no OSF region is used. It has been clarified
that such epitazial layer defect are generated from voids at
the substrate surface (Fig. 1). As shown in Fig. 1, i1t has been
20 confirmed that by doping the silicon crystal with nitrogen and
hydrogen, voids are generated in the silicon crystal. Those of
the volds which are located in the vicinity of the substrate
surface bafore depesiting the epitaxial layer may cause
dislocations in the epitaxial layer. The dislocations are

formed in the epitaxial layer at the surface of the substrate

-2
h

with the voids as an originating point.

Accordingly, the objective of the present invention 1s to
suppress and prevent the epitaxial layer defects genesrated from
30 voids in the silicon substrate wafer occurring when the silicon

crystal is doped with nitrogen and hydrogen.

Means for solving the problem



6 As the result of the present inventors' intensive studies considering the above problems, the present
invention provides a method for producing an epitaxial wafer comprising: a step of growing a silicon

crystal by the Czochralski method comprisin drogen and nitrogen to a silicon melt and
growing ffom theSsilicon it £ glllc%hec&)&ggﬁé\ﬁngg&%ﬁfb Bh%onddhit gh%hv(% from 3% fo13 cm-3 to

3x10fl cnFSTRAERIT T h)}ﬂ?Sger?Eoé’d?dedHS%}a?cFEiﬁcon f by%?S\ﬁ/%tsal&Q’ﬁ‘éBﬁ tRfStal under
an atmosEﬁ@Fél\??/ﬁﬁ a hydrofiérr padtial pressur@ 6P R 09 misdt to 6RRBEL &rhd wherEht the cooling
rate of saftbgilice® étystal at 1100 to 1200C is set equal to or higher than 3.5C/minute, a step of
preparingea silicep sulfstratedoyimachining ishid:siticoncyystal]l ardva stéye of forotihg ahsdpitaxial layer
-at the surtaceheithe silison sihstraiéd Effgcls ol theyiveatidn By thepeoductiom metidd:ohthe present -
inventionéerepiadal dayer defectsrganeratied komihystiogesidefegsts{yoidepwhielase iduced by
adding hydioge;can he sypprassedapdmreventsd. By therprrductiarimethad ascordingtto the
present inyentionthe-gumber,af bubbleslike void aggregates,whichds aform of aglefectinduced by

adding hvgégqa@lgans%elaongsa&%dcé%{so ﬁ}es%e{&aX'aHaw ds@cta&%gcggéofveth%uﬁb'ea"ke void
aggregat nbe suppre sseqL and reven ed I’ILQf des%l ion 0 the ra |n§s grﬁiphotograph

showing t ;%ara ce pptamaﬂl Eefect [auc b a ro s a drawing
explalnln 1f’nee[pe io %lpct%fwjé%ﬁ thE G&fedt re i011S an§ egnltro n c\éncen ra on % 15 silicon ingot
grown by ﬁ@ E70chfalSd m&Rsa ey B 25 AP Bfdw atﬁ‘e TertighHiF Befiveen the defect regions
and the nﬁro@éﬁ%oﬁ’&anﬁﬁﬁ@ﬁﬁf-&%uﬁstr‘éﬂé%@l‘?ﬁe ﬁl SR défosiiprbining said

gilicon crystal, and
a gtep of forming an epitaxial layer at the surface of the
silicon substrate.

Effects of the invention

By the production method of the present invention, the
epitaxial layer defects generated £from hydrogen defects
(voids) which are induced by adding hydrogen can be
suppressaed and prevented.

By the production method according to the present
invention, the number of bubble-like void aggregates which
is a form of a defect induced by adding hydrogen can be
controlled. 2Also, the epitaxial layer defects induced by
the bubble-like wvoid aggregates can be suppressed and
prevented.

Brief description of the drawings

Fig. 1 is a photograph showing the appearance of an
epitaxial layer defect induced by adding hydrogen.

Fig. 2 is a drawing explaining the relationship between the
defect regions and the nitrogen concentration in a silicon
ingot grown by the Czochralski method. (a) is a graph
showing the relationship between the defect regions and the
nitrogen concentration in a substrate before the epitaxial
deposition.



7 (b) is a schematic drawing showing the defect regions and the nitrogen concentration distribution in a
silicon crystal ingot during pulling. 5 Fig. 3 is a schematic d awing showing the defect regions and the
presence or absence of epitaxial layer defects. Fig. 4 is a photograph taken by a transmission
electron microscope showing a bubble-like void aggregate in a sili on M wafer relevant to the present
invention. Fig. 5 is a photograph taken by a transmjssion electron microscope showing a void in a
silicon wafer relevant to the present invention. 15 Fig 6 is a drawing showing the relationship between

the nitrogen concentration as well as V/G and the epitaxial layer ctsJnd in, pitaxial wafer
using a g’al’)st%a%teawiﬁw“ﬁ)%‘r%ééﬁ a%%anvftlrggeng %%gé%? y)%?iée m%ﬂ%ggfﬁeepr%%sat%ggn%on. Fig 7 is
a drawing shiowitig thecontlitioRs b thelepitddaliayerdetéctyeheraticiiinterms df the '@mbunt of the
added nifregen,and hydrogen. Detailed description and preferred eMbod ments of the invention A first
aspec., of the present invéntion is to provide a method for the production of a semiconductor wafer,
which comprises 30 the following steps: A step of adding hydrogen and nitrogen to a silicon melt and

growing silican ceystal haningza hitrogearcongentraiommangirg fieme3x1013z=tons/cmd to 3x1014

Cn%s(a%%ﬂ?pras&nce or absence of epitaxial layer defects.

Fig. 4 is 2 photograph taken by & transmission electron
microscope showing a bubble-like void aggregate in a szliicon

10 wafer relevant to the present invention.

Fig. 5 is a photograph taken by 2 transmission electron
microscope showing a vold in a silicon wafer relevant to the

present invention.

Tig 6 is a drawing showing the relationship betwesn the

nitrogen concentration as well as V/G and the epiltaxial layer

defects induced in an epitaxial wafer using a substrate with

hydrogen and nitrogen added by the method of the present
26 invention.

Fig 7 is a drawing showing the conditions of the apltaxial

layer defect generation in terms of the amount of the added

nitrogen and hydrogen.

25
Detailed description and preferred embodiments of the invention
A first aspect of the present invention is to provide a method
for the production of a semiconductor wafer, which comprises

130 the following steps: A step of adding hydrogen and nitrogen to

2 silicon melt and growing a silicon crystal having a nitrogen
concentration ranging from 3x10% atoms/cm’ to 3x1077 cm’” {atoms
per cubic centimetre) by the Czochralski method (step 1), a

step of machining the silicon crystal to prepare & silicon



8 substrate (step 2), andstep of forming an epitaxial layer on the surface of the silicon substrate (step
3). By this method, the epitaxial layer defects generated from 5 voids on the surface of a substrate with
added hydrogen when an epitaxial layer is deposited on such a substrate can be suppressed and
prevented. In general, the state of crystal defects varies depending on rn conditions such as the
presence or absence of a doping of nitrogen or hygrogen, the pulling rate, or the parameter values of
V/G. The influence of those conditions on the generation of crystal defects will be explained with
reference to Fig. 2. Fig. 2 is a.drawing explaining the relationship bet thedefect regions and the
nitrogensé‘&%é%?réﬁor? |Sn% e"éilézj%)h irafé%i grown 3 the Ch%)yc ngki%é%%rﬁgﬁ%d. @) ?ség%ragfshowing '
the relatiorship:bétveencthe defectirégions anidthe hitkGgensédiitentration in a substrate before the
epitaxial 20 deposition. (b) is a schematic drawing showing V/G and the nitrogen concentration
distribution in a silicon crystal ingot during crystal growth. In the CZ method, as is well known, an ingot
of a silicBi 75 SiRgRYSE! isgrowRSihife palind-tp Gradiaily Upwatd trom asilicon melt. In a
substrate cutieut-ef thiszIngot; three kifds: ot defectregions: (Vregibis € SF tegige randiEregion) exist
aSShowgﬁgggkéggﬂlayer is deposited on such a substrate can be

suppressed and prevented.

In general, tne sta
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e of crystal defects varies depending on

16 conditions such as the presence or absence of a doping of
nitrogen or hydrogen, the pulling rate, or the parameter values
of V/G. The influence of theose conditions on the generation of

crystal defects will be explained with reference to Fig. 2.

15 Fig. 2 is & drawing explaining the relationship Detween the
defect regions and the nitrogen concentration in a silicon

ingot grown by the Czochralski (CZ) method. (a) is a graph

LU

showing the relationship between the defect r
nitrogen concentration in a substrate belore the epitaxial

20 deposition. (k) is a schematic drawing showing V/G and the
nitrogen concentration distribution in a silicon crystal ingot

during crystal growth.

In the CZ method, as is well known, an ingot cf a silicon
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crystal is grown while pulling-up graduaily upward from
a silicon meit. In a subksirate cut ocut of this ing

kinds of defect regicns (V region, OSF region, and I region;

30 First, the V region is a region where an excess of crystal-
lattice vacancies is introduced from the solid-ligquid interface
during crystal growth. There exist voids created by the
aggregation of the crystal-lattice vacancies. These voids are

al ©

alsoc known as “COPs” (crysta riginated particles;.
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30 First, the V region is a region where an excess of crystal-lattice vacancies is introduced from the
solid-liquid interface during crystal growth. There exist voids created by the aggregation of the
crystal-lattice vacancies. These voids are also known as "COPs" (crystal originated particles). 9 The
OSF region is a 2 'on where OSFs are generated when the silicon single crystal wafer is subjected to
an oxidation heat treatment. It should be noted that . an OSF as referred to herein is a disk-like stacking
fault with a diameter of about several 5 microns, where an oxygen precipitate (the OSF nucleus) exists
at the centre. The OSF can be formed by the arggreg tion of the interstitialv,_siI(ijcowr}\%trtl)m_syi which are

kn

generated froffi the'ifiterfade betiedt an Bxidized filnT and a’silicon substrate afound the OSF nucleus.
The OSE nucleus is arparticularexygenwyréeipitate ravinga property to callect thelinterstitial silicon
atoms am%&s%gﬁ@qreggo Already exist atthe sybstrate at thestage just aftec.the.crysial growth.

the

Because F nucleus has a small size it Is considered to be equal to or smaller than 10 nm), it
cannot besdéteétetl by preseht egatiation methods suehfasa pafticte countéPoran Mtared
tomograph - TFhereforgy the-presenes, O Skscantie gorfirmad:firsthy perdoeming an-exidation heat
treatment, The | region ji are ion (y\éhﬁere excess i te!ﬁrstitial.,silicT(:)Qezoaatgg:nﬂsg%rge_:igtr(ogg_cg gom the
solid-liqid intéfta&& dhrifg the' Grystal gréwth- There exist dislocation [oops treated by the aggregation
of the intenstitiab silicor atams.iForexample, accokdihg 3@ eonveritiohakkndwiedgé s published 25in V.
V. Voronkov, K -Crystal.Growth, 59 (1982) 625.0r:M. lida, W. Kusaki, M., Tamatsuka, & lino, M.
Kimura and S. Muraoka, Defects in Silicon. T. Abe, W. M. Bullisetal (ECS., Pennington N. J., 1999)

499), it FaEBEEH KRGy fatthié d8fett regionSF the Kubtirate dre*detérmined by tha hifégen

congentratien and-30: the-crystal geowth copdition:of VEG1(wheteinnkis:apullisg 1ateamm/minute]; and

G is an average temperature gradient PC/mim] n 2 crystalgrout axis ditection fiom the meling poin
substrate at the stage just after the crystal growth. Because

the OSF nucleus has & small size (it is considered to be equal
to or smaller than 10 nm), 1t cannct be detected by present

13 evaluation methods such as a particle counter or an infrared
tomograph. Therefore, the presence of 0SFs can be confirmed

first by performing an oxidation heat treatment.

The I region is a reglon where excess interstitlial silicon
20 atoms are introduced from the solid-liguid interface during the
crystal growth. There exist dislocation loops created by the

aggregation of the interstitial silicon atoms.

i

T

For example, according to conventional knowledge as published

3

in V. V. Voronkov, K. Crystal Growth, 59 (1982) 625 or M. Iida,

12
T

W. Kuasaki, M. Tamatsuka, E. Iino, M. Kimura and S. Muracka,
Defects in Silicon. T. Abe, W. M. Bullisetal {ECS., Pennington
N. J., 19989) 459), it has been known that the defect regions of
the substrate are determined by the nitrogen concentratlion and
3¢ the crystal growth condition of V/G {wherein V i1s a pulling
rate [mm/minutel; and G i1s an average temperature gradient
[°C/mm] in a2 crystal growth axis direction from the melting

Oy

point down to 1350 °Cj.

e



10 If the substrate was cut out of a silicon single crystal with no nitrogen added, crystal lattice
vacancies are introduced excessively to form a V region in a silicon substrate when V/G becomes
larger than a specific value. In contrast, when V/G becomes smaller than a specific value, interstitial
silicon atoms are introduced excessively to form an | region in the silicon substrate. On the other hand,
nitrogen influences the quantity of the crystal-lattice,vacancies and the interstitial silicon atoms
introduced from the solid-liquid interface. 10 Therefore, the defect regions of a silicon substrate cut out
of the silicon single crystal witn added r;_itro%e;n can be represented, as.shown in Fig. 2(a), by a two
dimensibhal“d]eere(?t”r%g?:o]ﬁamapwvﬁﬁﬁ fréniffogert coficéntration and V/6G Ss o axes. I addition, one
piece ofringoticfarcrystad wdthcaddedymitreden has lasshowa it Eigs 264)a ceftaindwidtidl in the nitrogen
concentration.and, VG and is shown by g rectangular region (called a growth condjtion;regien) in the

nitrogen concentration-V/G drawing. This is’because, as shown in Fig. 2(b), an ingot of a crystal with
added nfoGErERas & Figher ifégen Eaiicehtration &t tie lower paitarithhas 4 HWerVIG value at the
crystal pesiphepsceompaned-torthe.ceatrepast The nittoge)) additien ta thei €Z-silicon-single crystal is
performed b% using a melt with added nitrogen. I—%owe*voer, it has been known that the ratio (the
segregatibf’coefticient) of the Hitfogen concentration mcorporated from the melt into the crystal in the
solidificationiprocessissvery smalloThereforel nfost lof e nirogen & thelmél kemairs inlthe melt, and

the 30 niirogen; concentratian &%&@%Hi%%ﬁ%egﬁ%%@i%xstgmr%@ procesds. As aresult, the
nitrogen concentration becomes higher at the lower part of the crystal. In addition, the average

temperafire gragient GYC/ARTEAS SRR A GIBWN ExiE WUrkthiort Fonfthe h&Rihg Point down to 1350
C dependsc35-08 the crystal cooling capafilitysHoweyek because theverystate cut out of

the silicon single crystal with added nitrogen can be
represented, &g shown in Fig. 2{a}, by & two dimensional defect

region map with the nitrogen concentration and V/G as two axes.

15 In addition, one piece of ingot of & crystal with added
nitrogen has, as shown in Fig. 2{a), a certain width in the
nitrogen. concentration and V/G and is shown by a rectangular
region (called a growth condition regiocon) in the nitrogen
concentration-V/G drawing. This is because, as shown in Fig.

20 2(b), an ingot of a crystal with added nitrogen has a higher
nitrogen concentration at the lower part and has a lower V/G

value at the crvstal periphery compared to the centre part.

The nitrogen addition to the Ci-silicon single crystal is
a

performed by using melt with added nitrogen. However, it has

b2
Ln

been known that the ratioc {(the segregation coefficient) of the

nitrogen concentration incorporated from the melt intc the
crystal in the sclidification process is very small. Therefore,
most of the nitrogen in the melt remains in the melt, and the

30 nitrogen concentration in the melt is increased as the crystal
growth proceeds. As a result, the nitrogen concentration
becomes higher at the lower part of the crystal. In addition,
the average temperature gradient & [°C/mm] in a crystal growth
axis direction from the melting point down to 1350 °C depends

on the crystal cocoling capability. However, because the crystal

2
h



11 periphery is in general easily cooled, G is larger at the crystal periphery. As a result, V/G becomes
lower at the crystal periphery. 5 By overlapping a range of growth conditions of one piece of a crystal
ingot with nitrogen added over the two-dimensional defect region rap which uses the nitrogen
concentration and V/G as two axes, the defect regions of the crystal can be described. For
example,crystal within a growth condition. range aﬁshown in Fig. 2, the V region can be found at the
crystal centre while the OSF region can be found at the crystal periphery. When V/G is increased with
the nitrogen concentration range fixed, the V_Lre%ion ex;%rys qver the gvp%er substrate surface. When
VIG is deFedsed the'VV rediod Becomes 15 SHRUNK AT The SubBtrate cantie, and the T region extends
over the-whele:substrate-surface. A additionywhen thésnitrogeneoncemtiaticitis iiéreased with V/G
fixed, therOFll:t region is ggge}ﬁrgted from the periphery and spreads over the whole substrate surface.
20 As aTE<Uit 8t the detailed investigation on the relationship between the epitaxial layer defects

generated in the epitaxial wafer using a nitrogen-doped substrate with such defect regions, the
nitregen:concentration.and VAG, it-has been,found 254batthe detectaegions aftet the epitaxial
deposition appear as shown in Fig. 3. Wheatha substré:lt% “;‘Q}D @qggdtq\;ug%eprlg;{rs\ygp%ut hydrogen is
used, theepitagial lHyer Heféctd are génsiated at 50 a place corresponding to the OFF region of the
substratgdthis: defest iscealledandNzinduced:defebs). Itis-considered tvatrthisadeféet id générated by a
new defect formed in the epitaxial layer du to-a particular, exygepsprecipitaie aleeady
described. For example, in a crystal within a growth condition
16 range as shown in Fig. 2, the V region can be found at the
crvstal centre while the CSF region can be found at the cry tal
periphery. When V/G is increased with the nitrogen
concentration range fixed, the V region extends over the whole
substrate surface. When V/G ls decreased, the V region becomes
15 . shrunk at the substrate centre, and the I region extends over
the whole substrate surface. In addition, when the nitrogen
concentration is increased with V/G fizxed, the 0SE region 1is
_gensrated from the periphery and spreads over the whole

substrate surface.

20
Ls a result of the detailed investigation on the relationship
hetween the epitaxial layer defects generated in the epitaxial
wafer using a nitrogen-doped substrate with such defect
regions, the nitrogen concentration and V/G, i1t has been found
55 that the defect regions after the spitaxial depogiticn appsar
as shown in Fig. 3.
First, when & substrate with added nitrogen but without
hydrogen is used, the epitaxial layer defects are generated at
30 & olace corresponding to the OSF region of the substrate (This

defact is called an W-induced defect). It is considered that
‘his defect is generated by a new defect formed in the
epitaxial layer due to a particu.ar oxygen pre ipitate alresady
existing at the stage just after crystal growth in the 0S5

35 region.



existing at the stage just after crystal growth in the OFF 35region. 12 Then, when a silicon substrate
with hydrogen as well as nitrogen added is used, OSFs are not generated in a region corresponding to
the OSF region of the substrate with added 5 nitrogen. The N-induced defects are not generated as
well. It is supposed that this is because hydrogen renders harmless the existing particular oxygen
precipitates in the OSF region. On the other hand, jn the case of the silicon substrate with added
hydrogen, it has been confirmed that a new epitaxi%ﬂ layer M defect different from the N-induced defect
is generated in a region corresponding to the V region of said substrate (this defect is called an
H-induced defect). Therefore, when the epitax-al wafer is produced by using the silicon substrate with
hydrogenrand, nitregen added,iitisrnecessarstodake 15 coyntermeaseres+telprewent the generation of
the H-induced defect, Accardingly, it will onfir edrf / th ples to be described later that, in
the silicghl\?vé?e?erhdaiﬁg %%o&&ct%%eﬁjvé m%%h%d ﬁw%l?eo %c%ﬁ%%dt%% 5r£sgnf iﬁ\gg%tgiibn, the epitaxial
layer defscts insinced by thé additionGt hydrsgen cantbé seppresséd and preventéd By adding
nitragen and hydroger-as well:as:hy setting the hydrogen partial pressuredo apropenrange. 25 In
producing the silicon waf§1[ according to the present invention, it hgs been copfirmeg b¥ t@_e present
inventors that ByFge g the SsilidorteryStal Ghadsrifie w&&&%ﬁﬁinéﬁ%%%dﬁioh%%fh"ﬁy’droﬁén and
nitrogenadded; the shapesofthe oxygen precipitates in the OSF region. On

the other hand, in the case of the silicon substrate with added

hydrogen, it has been confirmed that a new epitaxial layer

10 defect different from the N-induced defect is generated in a
region corresponding to the V region of said substrate (this
defect is called an H-induced defect). Therefore, when the
epitaxial wafer is produced by using the silicon substrate with
hydrogen and nitrogen added, 1t 1s necessary to take

15 countermeasures to prevent the generation of the H-induced

defe

Q)
ot

Accordingly, it will be confirmed by the examples to be

described later that, in the sgilicon wafer and the production
20 method thersof according to the present invention, the

epitaxial layer defects induced by the addition of hydrogen can
be suppressed and prevented by adding nitrogen and hydrogen as

11 as by setting the nydrogen partial pressure Lo a proper

In producing the silicon wafer according to the present
invention, it has been confirmed by the present inventors that
by growing the silicon crystal under the predetermined
conditions with hydrogen and nitrogen added, the shapes of the
30 voids in the V region vary. That is, the form of the voids
changes from an octahedron to a bubble-like void aggregate (see

t said bubble-like

0

Fig. 4). In addition, it 1is considered th

ted

(b

void aggregates cause the H-induced defects which are gener

in the epitaxial layer.

L
LA



30 voids in the V region vary. That is, the form of the voids changes from an octahedron to a
bubble-like void aggregate (see Fig. 4). In addition, it is considered that said bubble-like void
aggregates cause the 1-induced defects which are generated in the epitaxial layer. 13 Thatis, as a
result of an intensive study, the present inventors have been able to observe the silicon crystal (silicon
wafer) relevant to the present invention by using a tJransmission electron microscope (TEN, JEM-2010,
manufactured 5 by JEOL Ltd.). The observation direction was the 110 direction. The diffraction

condition was set to the two-wave condition which the 220 reflection gxcites. Vélgg@ the deviation

>flectio
quantity TG the Brégg cordition Was set larger than 1 g, the a i/etgb%b}i)er-ﬁke void aggregates were
found. Andy thecinflaeheerof 1@ ¢te bubbledikecwic aggreghtesson-thecapitaxidt ayer was found when

the epitaxial J!a;%%nwa%fpé@fdz%w@aﬂﬂcozbwef% having.the bubble-like-void aggregates. An
explanation of the bubble-like void aggregate in comparison to a conventional void will be given below.
15 It has besrhbtst Gleary ffat THé shape 6F OIS eXistilg i tHe V Yedion St AtdhvehitiGial silicon
crysial ig;an getahedren having413tksurfacescas shaveriniRig. sakn thessilicon singlecrystat having a
crystal diameter of equal.to or larger than 20 200 mm .produced by the Czochralski. od, the size of
the octaﬁ@&ra%d%ggls? abolit fé’o’g% 0o’ nm. Effpo%edep%%it%ﬁ”ofht%g e%i%%?aﬂ%y%ﬁ %%éqpitaxial layer
defects ateigéneratedin the ¥ fegion whers: suctesctaliedrontike vbids: exist 250 el othet hand,

Fig. 4 is a,photograph.taken by aransmission electron. microscape-showing a-fauibblerlike void
aggregate existinl%rin a silicon crystal in the present invention. The term "bubble-like" means an

aggregate’sfa piurality of frréguiafy SRapéd vaias Which ave hditherdi ~n--uence oF

10 the bubble-like void aggregates on the epitaxial layer was
found when the epitaxial laver was formed on the silicon wafer
having the bubble-like vold aggregates. BAn explanation of the
bubble-like void aggregate in comparison to a conventional void
will be given below.

15
It has been noted clearly that the shape of voids existing 1n
the V region of a conventional silicon crystal is an octahedron
having {111} surfaces as shown in Fig. 5. In the silicon single
crystal having a crystal diameter of egual teo or larger than

20 200 mm produced by the Crzochralski method, the size of the
octahedral voids is about 100 to 300 nm. Upon deposition cf the
epitaxial layer, no epitaxial layer defects are generated in

the V region where such octahedron-like voids exist.

75 On the other hand, Fig. 4 is a photograph taken by a
transmission electron microscope showing a bubble-like void
aggregate existing in a silicon crystal in the present
invention. The term “bubble-like” means an aggregate ol &
plurality of irregularly shaped veoids which have neither an

30  octahedral shape nor {111} surfaces as shown in Fig. 4.
Therefors, a void aggregate seen specifically in the silicon
wafer (silicon crystal) according to the present invention 1s
called a “bubble-like void aggregate”. The present Iinventors
nave found that, when an epitaxial layer i1s deposited on a

35 supstrate containing many such bubble-lilke void aggregates, H-



30 octahedral shape nor (111) surfaces as shown in Fig. 4. Therefore, a void aggregate seen
specifically in the silicon wafer (silicon crystal) according to the present invention is called a
"bubble-like void aggregate”. The present inventors have found that, when an epitaxial layer is
deposited on a 35 substrate containing many such bubble-like void aggregates, H- 14 induced defects
are generated in a large quantity in the epitaxial Iaygr. The reason why the bubble-like void aggregates
as shown in Fig. 4 induce the generation of H-induced defects as shown in Fig. 1 has not been
clarified yet at the present 5 stage. However, it is estimated that small vaids dissplve in the grown
silicon cjrf}é:iﬁﬁéiavgmeéﬂs ?Qéﬁveﬁ‘ﬁ%ar&ée voids. %\Csi alrl'r(lesalt,"'%la \Egc“an%f/aa%pltp”elégs.%n . the vacancy
agglomerates: and forhe asacaftyetypeadisiocation loop. FHER stchdislotatich Bp7§ anséribed
onto the,gpitaxial layer, and twq pieges of 10.dislocation; ¢H-induced defect), ae:censidered to be

formed in the ebitaxial layer. As an allowable quantity for the number of epitaxial layer defects, it would

not be @robléi asifar As the deVies 15¢haradBristicdlis cofiterid ifthe mtimberorsuch defects is
lower thandhe embadiment with thes smatlestnuniberefisush defects {0L04cns-2-tefects:per square
centimetre], that is 28 defects/wafer far a 300 mm wafer eggr'q%dl'n JP3589119.far example.
Accordir’Té’l %o ﬁw‘eoﬁqﬁloﬁljé%éé” %i} the {)F’ehsaeﬁ i%v%%¥5r§?2 %tiihaéﬂbeeng/colnj%f?%sed thét the epitaxial layer
defect can belkeptat the abeve-aiartionsd |ével by Mdintaming fhe rtiv'ortae bubbleifike void
aggregates-gqualto.or.smalley than0.4; K should be neted thatthe "5k io, ofithe:bubble-bke void

aggregates" according to the present invention means a ratio of . .
loop is transcriped onto the epltaxial layer, and two pleces of

10 dislocation (H-induced defect) are considered to be formed in

the epitaxial layer.

|-

As an allowable quantity for the number of epitaxial

4]

ayer
defects, it would not be a problem as far as the device

15  characteristics is concerned i1f the number of such defects is
lower than the embodiment with the smallest number of such
defects (0.04 em™e ‘defects per sqguare centimetre], that 1s 28
defects/wafer for a 300 mm wafer) described in JP338811% Iforxr
example. According to the knowledge by the present inventors,

20 it has been confirmed that the epitaxial layer defect can be
kept at the above-mentioned level by maintaining the ratio of
the bubble-like voild aggregates egual to or smaller than 0.4.

the bubble-like wvold

1]

It should be notsd that the “ratioc o
aggregates” according te the present invention means a ratio of
25 the bubble-like void aggregates to the total void number which

-

im wat to 1. The “total void number” means the total number of

h

voids contained in the bubble-like void aggregates as well as

other voilds not contained in the aggregates.

30 Therefore, regarding the volds existing in the siiicon
substrate obtained from the silicon crystal according to the
present invention, the number of the bubble-like void
aggregates having e plurality of irregular volds aggregated is

elative to the total number of volids.

1
35 Balow 0.3 relative to the total number of voids would be more



25 the bubble-like void aggregates to the total void number which is set to 1. The "total void number"
means the total number of voids contained in the bubble-like void aggregates as well as other voids
not contained in the aggregates. 30 Therefore, regarding the voids existing in the silicon substrate
obtained from the silicon crystal according to the present invention, the number of the bubble-like void
aggregates having a plurality of irregular voids aggregated is preferably below 0.4 relative to the total
number of voids. 35 Below 0.3 relative to the total humber of voids would be more 15 preferable. In
this way, the number of bubble-like void aggregates, which are one kind of hydrogen defects induced

|

by the aBdioR ot hyErogeh, tan be'controliad. THIL e BpitdaRaferdefectiinduced by the
bubble-likexveid Sraggregatesicanhe suppressed arid prevented. inaddition, it has beentepnfirmed
that in a silicon ;:qu%tal grown lg)g)gdding onI;(/: nLtqugen to isjliqanergeltm oﬁgub,blgélike void aggregates
are formed” Wien ni r%*gen*and h e

Varoger are 10 addéd. the ratio of bubbla-likeé void aggregates
increasescpropottiohally Yo thedaddet: iy drogen eonkentration Fokther, itifs Fédrficonfirmed that for a
silicon crystal grown by-adding nitrogen.and-hydragen t@ the-silicon melt, the ratio of bubblelike void
aggregates increases in spite of the increase in the 15 nitrogen concentrationn in addition, the
increase in the cooling rate during the silicon crystal growth decreases the ratio of the bubble-like void
aggregates. fauthet 4his considesed that acvacaheydydrogen compositel droam intergtitial 1
silicon-hgg%ovgg rcprgp%site caorhbe fonrﬂmﬂue?dor%%% rg%cti:‘pnsqf%pc%drgge&m in [.pe %Ui%%l %ry§t§:§I{g/ith the
vacancies or interstitial silf con atoms existi g in excess. Thus, the number of vacancies or interstitial
silicon atoms!isadecreasad: whils aflowsefowiRgesiiédr eystal With a gmafiéerumber of COPs or
dis|gcatign laops or.a small:defet size, Aceordinglysit is:2% consideredthat if thes hydrogen
concentration added to the silicon melt is lowered, the amount by which the vacanci,eg or the jnterstitial

silicon Qﬁﬁﬁ?é%&ﬁﬁ&ﬁ%ékéé%gﬁ?%u§dded hydarogen concentration. Further, 1t
has been confirmed that for a silicon crystal grown by adding

nitrogen and hydrogen to the silicon melt, the ratio of bubble-

the increase 1n the

Fh

like void aggregates increases in spite ©
15 nitrogen concentration. In addition, the increase in the
cocling rate during the silicon crystal growth decreases the

ratio of the bubkble-like void aggregates. Further, 1t is

ot

considered that a vacancy-hydrogen composite or an interstitial
silicon~hydrogen composite can be formed by a reaction of

2¢  hydrogen in the silicon crystal with the vacancies or
interstitial silicon atoms sexisting in excess. Thus, The number
of vacancies or interstitial silicon atems is decreased, which

allows growing a silicon crystal with a smaller number of COPs
or dislocation loops or & small defect size. Accordingly, it 1is

25  considered that if the hydrogen concentration added to the
silicon melt is lowered, the amount by which the wvacancies or
the interstitisl silicon atoms existing in excess 1n the
silicon crystal can be rendered harmless decreases as well.
Thus, the defect density in the silicon crystal canncet be

30 suppressed.

Therefore, for exampls, as in embodiment 1 in paragraph 00487,
or embodiment 2 in paragraph “0055” of the above-cited JP-
2000-281491, under the condition in which the hydrogen volume

35 ratic in the atmosphere during growth of the silicon single



silicon crystal can be rendered harmless decreases as well. Thus, the defect density in the silicon
crystal cannot be 30suppressed. Therefore, for example, as in embodiment 1 in paragraph "0048", or
embodiment 2 in paragraph "0055" of the above-cited OP-2000-281491, under the condition in which
the hydrogen volume 35 ratio in the atmosphere during growth of the silicon single 16 crystal is
decreased to SO ppm (5%1073 %) or 0.1 ppm (1%1075 %) while maintaining a high nitrogen
concentration atmosphere as high as 1016 to 101§6order, the generation of crystal defects such as
OSFs cannot be suppressed for the above reason. Therefore, defects remain in an epitaxjal layer after
the depGSitic fherédt. ARGt itiS understSod that By inEr‘ea%ﬁwgathJe widFodert i@lum@’ratio of the
atmosphere during the growth-ofithe isilicon isingle erystalite as hight as 4 % underiachigh aitrogen
concentration of the atmgspheresas described in paragraph 0056 .of said.Litera e ratio of
bubble-like%bid Fégé@ga%eog iﬁéreagé:é ﬁ’us%ﬁ% gﬁ%%(fag Tefyge% d%fecfs” %ﬁ <%16t ggiﬁg]gsessed and
preventeth therefofs, lisiswonsidered tatahe AaAMer b Bubsble-likeVorl TS5 aggfegates can be
controlled by.contralling; such.canditions within specified-ranges, as:the nitegen-cencentration in the
silicon single crystal and the hydrogen partial pressure in growing the crystal, the cqoling rate and
pulling ratel 26 Fig.6'is-& EERémati Hrﬁﬁﬂé%ﬁ%@indtﬁelréldﬁ%%gfﬁﬁ’b%?\?%eéﬁ i?ﬁe%ﬁfitaxial layer
defects generateshinan: epitaxialwwafen and thennitrogenconfentration:and VIG rwherein the above
epitaxial, wafer, used a supsirate with ydrogen.and nirogen added and was,produced by the
production method of the present invention. The
under a high nitrogen concentration of the atmosphere as
10 described in paragraph “0056” of said Literature, the ratio of
bubble-like void aggregates increases. Thus, the epitaxial

layer defects can not be suppressed and prevented.

Therefore, it is considered that the number cf bubble-like voicd
15 aggregates can be controlled by controlling such conditions

within specified ranges, as the nitrogen concentration in the

silicon single crystal and the hydrogen partial pressure in

growing the crystal, the cooling rate and pulling rate.

20 Fig. 6 is a schematic drawing showing the relationship between
the epitaxial laver defects generated in an epitaxial wafer and
the nitrogen concentration and V/G, wherein the above epitaxial
wafer used a substrate with hydrogen and nitrogen added and was
produced by the production method of the present invention. The

25  H-induced defects in the V region and the N-induced defects in

F
n

+

the region corresponding to the OSF region at the substrate

m
n
{

with only nitrogen added are both suppressed. In the production

(0]

method of the present invention, because 1t is not necessary to
control a defect region of the substrate by controlling V/G to
30 avoid the epitaxial layer defect, 1t is advantageous that an

zllowable range for the crystal production condition can be

broadened.

Fig. 7 shows a part of the experimental resuits achieved by the

35 present inventors. Rs shown in Fig. 7(a;, it can be confirmed



25 H-induced defects in the V region and the N-induced defects in the region corresponding to the
OSF region at the substrate with only nitrogen added are both suppressed. In the production method
of the present invention, because it is not necessary to control a defect region of the substrate by
controlling V/G to 30 avoid the epitaxial layer defect, it is advantageous that an allowable range for the
crystal production condition can be broadened. 17 _that in the silicon crystal grown by the addition of
nitrogen, the OSF ring caused by the addition of nitrogen is formed as can be understood from Fig.
3(a). By doping with hydrogen under such conditions, a change occurs as shown in Ei ). IL can be
confirméd #atthe OSF ﬁhgg Herived ?r%%tf#e Mitrogen %Hdiﬁ%% o%%‘n% appea I(l‘sébe*ﬁ% § gzb)).
Therefote; 4t hasbeem confinmedithat; byt the atidlitiohoof mitfogert aad Bydioyeh? altugtthe
generation of oxygen W precipitates ptc. a3 a tesult of the nitiogen addition;as;one cause gt the
epitaxiaFl%lyer defects can be controlled by hydrogen doping, defects derived from hyrdLrogen are
generated @ showhiliy. Figs 7(15). FloWever, 306aH Be &RdErstoty that by Sadding hitrogen-and
hydyogen.a predetermined sange-and ¥ rF ring derived from the nitrogen

addition does not appear (see Fig. 7T{b)}.

18]

Therefore, it has been confirmed that, by the additicn of
nitrogen and hydrogen, although the generation of oxygen

10  precipitates etc. as a result of the nitrogen addition as one

[

cause of the epitaxial layer defects can be controlied by
hydrogen doping, defects derived from hydrogen are generated as
shown by Fig. 7(b). However, 1t can be understood that by
adding nitrogen and hydrogen in a sredetermined range and by

15 setting predetermined conditions (cooling rate or the like), as
in the producticn method oI the presemt.invention, the bubbie-
like void aggregates Ffound by the present inventors can be
controlled. Alsc, the epitaxiél layer defects (H-induced
defects) generated from the bubble-like vold aggregates can be

20 suppressed and prevented as shown in Fig. 7{(¢). In addition, it
is considered that the bubble-like void aggregate found by the
present inventors is not a huge cavity formed by the
aggregation of hydrogen but rather is an obiject morphologically

changed from the void defect formed by the aggregation of

25 crystal-lattice vacancies due to hydrogen addition.
Below, the production method for the epitaxial wafer according
to the present invention will be explained step by step.

30 Step 1

The production method of the epitaxial wafer according to the
present invention comprises a step of adding hyvdrogen and

a

nitrogen to a silicon melt and then growing a sili

O
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ISsetting predetermined conditions (cooling rate or
invention, the bubble- like void aggregates found b

the like), as in the production method of the present
y the present inventors can be controlled. Also, the

epitaxial layer defects (H-induceddefects) generated from the bubble-like void aggregates can be 20
suppressed and prevented as shown in Fig. 7(c). In addition, it is considered that the bubble-like void
aggregate found by the present inventors is not a hyge cavity formed by the aggregation of hydrogen

but rather is an object morphologically changed fro
crystal-lattice vacancies due to hydrogen addition.
accordi

RGO tRE prederit imETtion Wit Be explaifed SEpby”

the void defect formed by the aggregation of 25
Below, the production. method for the epitaxial wafer
§ élfIHne prdductidn method of the

§te6f 3Bste

epitaxiakwafet‘aceording ta the presentinventiomeamprises a step of adding hydrogen and nitrogen to
a silicon melt and then growing a silicon crystal 18 having a nitrogen concentration ranging from

3x1018 3x1014 cm88 by the Czochralski method. The method for adding nitrogen into the silicon melt
accommﬁpe method for adding nitrogen into the silicon melt accoraing

I

to the present invention 1s not

known method can be used. For example,

introduce

material or to add &

nitrogen gas during the melting of

specifically limited, and any

it is possible to

the silicon raw

icon substrate on which a nitride was

deposited by & CVD method or the like before melting the

16 sillicon raw material.

The nitrogsn concentration in the silicon crystal according to

. o : [ 13 -3 . -1 14
the present invention is preferably from 3x10°7 cm™ to 3x10

-3

cr™¥, and more preferably from 5

If t

-3
cm

!

. - . A B
the BMD density would become less than 2x10

a AL - . - & w3
x10%% om™ to 2x10Y em.

: : C e ‘ ; . 13
he nitrogen concentration in the crystal is below 3x10

As 2

-2
(G411

result, a sufficient gettering capability can not be achieved.

On the other handg,

o

greater than 0.4. As a result,

induced by the

The method

or adding hydrogen

process of growing the silicon
invention preferably comprises

under an atmosph

0.1 mbar

single crystal
pressure ranging from
from 0.2 mbar to 0.35 mbar.
30
If the hyvdrogen partial pressur
epitaxial layer defect induced
suppressed. 1If the hydrogen par

the ratio of bubble-like vecld a

if the nitrogen

The ratio of bubble-like wvoid

e K 114
concentration is over 3x10

aggregates would become

. - .
the defacts

hydrogen addition would be generated.

ne in the

silicon melt

TO
crystal accerding to the
a step of pulling the silicon
ere with a hydrogen

to 0.4 mbar,

e 15 below 0.1 mbar, the
by nitrogen would not be
tial pressure is over (0.4 mbar,

ggregates would become greater



5 to the present invention is not specifically limited, and any known method can be used. For example,
it is possible to introduce nitrogen gas during the melting of the silicon raw material or to add a silicon
substrate on which a nitride was deposited by a CVD method or the like before melting the W silicon
raw material. The nitrogen concentration in the silicon crystal according to the present invention is
preferably from 3x1018 cm88 to 3x1014 ¢cm.88, and more preferably from 5x1018 cm88 to 25(1014
cm* 15 If the nitrogen concentration in the crystal idhelow 3x1018 cm58, the BMD density would
become less than 2x108 :31-C8. As a result, a sufficient gettering capability can not be achieved. On
the othefF hard 5f thenftfogen'éotitentration i€over3x10% 26 &m83 theratio of Bubbieslike'void
aggregates=wayld-hegome: greatercthan 0.4 JA% a result theepitaxial layer defects induced by the
hydrogen addition would be generated. The method for adding hydrogen to the silicon melt in the 25
process of growing the silicon crystal according to the present invention preferably comprises a step of
pulling thg silicors single/cry$tah uaderan atrnospherd withda Bydrogen Pattidl préssure ranging from
0.1 mbar,to.,0.4,mbax, or more preferably from 02 mbar10-0.38 mbar, 39:If the-hydragen partial
pressure is below 0.1 mbar, the epitaxial layer defect induced by nitrogen would not be suppressed. If
the hydrBgé&r Baftial Presstieis over 654 FidkT ke ratis of bibtleiike void Afgregates would become
greater thereof {volume of hydrogen/volume of total mixed gas to be

- <

1.0 %, or more preferably 0.5 % te 0.8

o0

introduced) is 0.3 to

o

A volume ratic of hydrogen in the atmosphere of the Iurnace of
over 1.0 % is not praferable because 0f its explosion risk. On
the other hand, with a volume ratic of below 0.3 %, it is

difficult to incorporate hydrogen in the silicon sing.ie

13 crystal.

Hydrogen to be introduced into the crystal growling furnace in
the preduction method according to the present invention may be
a mixture of hydrogen with an inert gas or the like. For the

20 inert gas, the inexpensive Ar gas is preferable, but various
kinds of rare gases such as He, Ne, Kr or Xe can be used singly

or alternatively as a mixed gas thereol.

The method fer adding boron to the silicon melt according o

25  the present invention is not specifically limited, and any
known method can be used. For example, it is possible to
introduce boron during the melting of the silicon raw material,
to add 2 silicon substrate on which a boron-containing compound
or the like was deposited by a CVD method or the like during

30 the melting of the silicon raw material, or to charge boron as
an element into the silicon melt.

The pulling rate V [mm/minute] according to the method of the

present invention is not specifically limited. However, in



19 than 0.4. As a result, the epitaxial layer defects induced by the hydrogen addition would be
generated. The quantity of hydrogen to be introduced into a crystal growing furnace in the production
method according to the present invention is determined such that the volume ratio thereof (volume of
hydrogen/volume of total mixed gas to be introduced) is 0.3 % to 1.0 %, or more preferably 0.5 % to
0.9 10 A volume ratio of hydrogen in the atmospheyg of the furnace of over 1.0 % is not preferable
because of its explosion risk. On the other hand, with a volume ratio of below 0.3 %, it is difficult to
incorporate hydrogen in t,be silicon single cry stal.vliygmro%eng to be irggodeucgg into (}hg crystal growing
furnace ¥ & protuBtiGiF ethdd aéortingtd the présent invention maybé a mixtdre of hydrogen
with an inegtgas artthe likeSFomther2Oimestigas, the inexpensive kr gas is preferable, but various
kinds of rare gases such as He, Ne, Kr or Xe can be used singly or alternatively as a mixed gas
thereof. The method for adding boron to the silicon melt according to 25 the present invention is not
specifically liniteds & atly KITGWi TethGd c8r bé TRBd CEdEERampIeS it 16 possible toitroduce boron
during the melting af-the:silicon ranrmatesial, te @dd-asilicon substeate dpashish adioron-containing
compound or the like was deposited py a,CVD method or the like during 30.the melting of the silicon
raw material? bf‘;ﬁb &far'gi%%rdh’ aé%agr)\gele%we‘n?irﬁd" ﬁ?e“”é“’ﬁlcow ieht Tﬁ%%%ﬁin%gora?e“v%[r*a%}/en%“mute]
accong tonthe riethotioftheute. More preferably, the cooling rate of the

-

iliceon single crystal at 1100 to 1150 °C is set esgual to or

n

higher than 3.5 °C/minute.

10
TF the cooling rate at 1200 to 1100 °C during the crystal
growth is below 3.5 °C/minute, the ratio of bubble-like void
aggregates would become over 0.4. As a result, the epitaxial
layer defects induced by the hydrogen addition would be

15 generated. Because the upper limit of the cooling rate varies

depending on the diameter of the silicon single crystal to be

rown, it is net specifically limited. However, in particular,

18]

a large crystal diameter egual to or larger than 300 mm is
difficult to attain with a cooling rate egual to or higher than

20 4.5 °C/minute.

In addition, because the aggregation of crystal-lattice
vacancies resulting in the formation of voids does not occur

over 1200 °C while the crystal 1s being cooled, there are no
t

12
Ln
M
Hh
H
O
3

te on the ratio of the bubble-like vold aggregates even by

adiusting the cooling rate in this temperature range.

Further, because the vold formaticn reaction 1s already

completed, there are no effects on the ratic of bubble-lik

]

30 void aggregates below 1100 °C while the crystal is being cocied

even by adjusting cooling rate in this temperature range.

o
&

described above, in the present invention a crystal heating

paratus and a crystal cooling apparatus can be used in the

[43]
i

fau
1)

a2
Th
O

rystal growth using the Czochralski method in order to set the



20 terms of productivity, it is preferable to be equal to or higher than 0.8 [mm/minute]. In the step of
growing the silicon crystal according to the present invention, the cooling rate of the silicon single
crystal at 1100 to 1200 C is preferably set equal to or higher than 3.5 C/minute. More preferably, the
cooling rate of the silicon single crystal at 1100 to 1150 00 is set equal to or higher than 3.5 C/minute.
[0 If the cooling rate at 1200 to 1100 C during the rlystal growth is below 3.5 C/minute, the ratio of
bubble-like void aggregates would become over 0:4. As a result, the epitaxial layer defects induced by
the hydrogen addition would be 15 generated. Because the upper limit of the cooling rate varies
dependifigOhithe didmatet of e sificor SyIE ER/atT to BE @@&X}n%&%& specifically limited.
However:is pattictitam adargererystar diametesequal 40 Ho largerthan300crnimis difficalt o attain with
a cooling rate equal.to or higher than 204.5,C/minute. In addition, begause the aggregation of

crystal-lattice vacancies resulting in the ormation of voids does not occur over 1200 C while the
crystal isbeingconled; thérecare Ifoseffécts BRIAE Fatio dFthB BubBREKe v6id ‘aggregdtes @ven by

adjusting; the.cqaling;rate, in-this temperatuce sange, &usther doecause the, voiddfeemation reaction is
already completed, there are no effects on the ratio of bubble-like 30 void glggregatesﬁ?elgw 1100 C
while thé Erystal is being-Coolet Evert by Adfiistiig toofing FAtE i this termiperature Fange.As described
above, in the-peesent inveation a'crystakheating. apparatuszand e crystal cookngappanratus-ean be
used in the 35 cryztal grauth using the Gzoehraiskl methad 1, Qrderto Seldh o core

necessary as described in JP2004-224642 for example.

10

The method of producing an epitaxial wafer according to the
present invention includes a step of preparing & silicon

15  substrate machining sald silicon cryvstal.

A sgilicon substrate wafer is usualily produced from the silicon
crystal ingot prepared by the above-mentioned production
method, by such steps as slicing the silicon crystal using &

20° wire saw or an internal-diameter saw, and subjecting the sliced
wafers to chamfering, planarization {including e.g. grinding or
lapping), etching, and polishing {(including stock-removal ana
mirror polishing). However, it should not be specifically

limited thereto.
Step 3

The method of producing an epitaxial wafer according to the
present invention inciudes z step of forming an epitaxial layer

30 atr the surface of this silicon substrate.

In step 3, the single crystal silicon is subjected to the
epitaxial growth onto the surface of the front surface part of
+he silicon substrate wafer using a CVD apparatus r example,

O
pparatus manufactured by Applied Materials

o

33 an epitaxial growth



21 cooling rate during silicon crystal growth within a predetermined range. The apparatus for the
production of the silicon crystal which can be used in the production method according to the present
invention is not specifically limited. 5 However, in order to increase the crystal cooling rate at 1100 to
1200 C during crystal growth, a special treatment such as increasing the cooling capability of a thermal
shielding plate to be installed so as to surround thg,)crystal may become necessary as described in
032004-224642 for example. 10 Step 2 The methdd of producing an epitaxial wafer according to the
present invention includes a s&tﬁegﬁ of prepgr'n a silicqrhsuﬁbs&rate rrlLar%:QineiQ% §%i}g.silgc%acr¥§tal. A
silicon substrafe-afer 3¢ uSually Produced from the siliton chystal ingot prepared by the = -
above-mentionedpretduetiort methad; bylsuehsstéps as slicing the siticorrei/stal UsiHgd ah wire saw
or an internal-diameter savs and subjegtingthe sliced wafers to chamfering, planarization (ingluding
e.g. grinding or lapping), etching, and polishing (including stock-removal and mirror polishing).
Howevetcit sheuletifot betspeeiicaily imitea theretd 25°StepB  The method of producing an epitaxial
wafer according to the present invention includes a step of forming an epitaxial layer 30 at the surface

of this silicon substrate. Inﬁgeg Fz the singleeq%rygtaj %Q}g%ﬁ‘; iso%ubi'%ctgd to the epitaxial growth onto the
surface Of fHefOAt SUTRACE part of the silicon substrate wafer using a CVD apparatus (for example,
epitaxial wafer having an epitaxial layer formed at the surface
of & silicon substrate wafer which comprises a nitrogen
concentration ranging from 3x10% em™ to 3x10** em™. Also, the
10 pumber of bubble-like void aggregates having a plurality of
irregular voids aggregated is below 0.4 relative to the total

number of voids existing in said silicon substrate.

(]

I+ is considered that the production method cf the present

invention contrels such conditions within specified ranges as

Ju—
L

the nitrogen concentration in the silicon single crystal and
the hydrogen partial pressure during crystal growtn, the

cooling rate, and the pulling rate. Thus, the epitaxial wafer
obtained by this producticn method has less epitaxial
20 defects, which are generated from the hydrogen defects (voilds)

induced by the hydrogen addition.

Further, according to the producticn method of the present
invention, since the conditions including the nitrogsn

concentration in the silicen single crystal, the hydrogen

12
tn

partial pressure during growth of the crystal, the cooling
rate, and the pulling rate are all found to be controlled
within a specified range, the epitaxial wafer obtained by this
production method generates a limited number of bubble-like
30 void aggregates. Rlso, the number of bubble-like void
aggregates as one kind of hydreogen defects induced by the
addition of hydrogen is kept below 0.4 relative to the total
void number. Thus, the epitaxisl layer defect induced by the

bubbie-like void aggregate can be reduced.



35 an epitaxial growth apparatus manufactured by Applied Materials 22 Co., Ltd., or ASM Co., Ltd.).
In this way, the epitaxial layer with a desired film thickness for the desired semiconductor device can
be formed, and the silicon substrate wafer accordin to the present invention can be attained. 5 A
second aspect of the present invention is to provide an epitaxial wafer having an epitaxial layer formed
at the surface of a silicon substrate wafer which coglprises a nitrogen concentration ranging from
3x1013 cm-3 to 3x1011 cm73. Also the 10 numbei of bubble-like void aggregates having a plurality of
irregular voids aggregated is below 0.4 relative to the total number of voids existing in said silicon
substrate*f¥® ¢t6isidered that the production method of the present 15 invention controls such
conditions within specified ranges as the nitrogen concentration in the silicon single crystal and the
hydfogeﬁﬁeafﬂ%'%og %%%Ufgrwgk@g&&ést@'ﬁr%@ the,copling ratgand, the pulling rate. Thus.the
epitaxial wafer obtained by this production method has less epitaxial layer 20 defects, which are
generatEd Hom the liyjefogeraafetts {oids) ItceE by the HydrdgerPaddifion FFdrtiier, adfording to
the productian method of the-presentinvention; since-the condiipas including the nitrogend
Concentraglgnflgﬁg%_vsquljg%n gléggrlnepgrggt.al*l“tzquyg_{“%geenxempla::y only. As long as any

of those having substantially the same configuration as the

technical idea described in the claims of the present invention
and these having the similar function effect, they are
10 considered to be within the technical range of the present

inventlon.
1. Production of the silicon substrate wafer

15 In each of the present Examples and Comparative Examples, an

apparatus for the production of a silicon single crystal by the

N
th
=
8]
[FH]
pars

usual Czochralski method is used. puller having a
general cooling rate and a second puller, wherein a thermal
shielding plate is coocled by a special method to increase the

20 cooling rate at 1100 to 1200 °C, were used. It should be noted
that, in performing the present invention, the puller is not
specifically limited as long as it is capable of performing the
growth condition of the present invention. |

25  Nitrogen was added by putting a wafer having a nitride film
into the silicon melt so as to set the concentration of

. PR 3 -
al to 1.8=10 cm T, In

o

nitrogen in the silicon single crys
addition, hydrogen was added by introducing z mixed ¢gas
containing hydrogen into each of the pullers. It should be

30 noted that the hydrogen partial pressure (mbar) in the puller

was set to the condition described in the following Table 1.

The cocling rate of the crystal at 1100 to 1200 °C during

g

growing the crystal in the first puller was set to 2.0

(e}
t4
j¢F]
(&8
@
},J
[
la
5
D
wn
o
O
O
3
o8

e
[
|, I
ot
[0
3
Z,
o8
n
n
b
¢t
f
o]

°C/minute, and the coolin

T4
A



partial pressure during growth of the crystal, the cooling rate, and the pulling rate are all found to be
controlled within a specified range, the epitaxial wafer obtained by this production method generates a
limited number of bubble-like 30 void aggregates. Also, the number of bubble-like void aggregates as
one kind of hydrogen defects induced by the addition of hydrogen is kept below 0.4 relative to the total
void number. Thus, the epitaxial layer defect indu p by the bubble-like void aggregate can be
reduced. Examples The present invention will be €xplained below with reference to Examples and
Comparative Examples. It should be noted that the 5 present invention is not limited to the above
embodir'?ﬁeﬁtsgacr%ﬂrﬁéuf%ﬁOWﬂr}i@eefaorﬁ%I]ég.\”TﬁeaytgrEé e%en%p ér;?t Sniy. AS fohg as any of those having
substanfaliythessamel confiuratiop asahe technivahidea deseribed it tHesglaiis eBthesprésent
inventio ﬁiqg_“;hose having the similar function effect, they are considered to be within the technical
range of the present invention. 1. Production of the silicon substrate wafer In each of the present
Examples and Comparative Examples, an apparatus for the production of a silicon single crystal by
the usuahGzoghraiskimethod:s used Afirsbpuiler having-aygeneral eeelingzratesand @ second puller,
wherein a th rﬂmﬁgllshiglgiréjq plate is cooled by@ special method o increase the 20,cooling rate at
.1100 to “C “Wers usEd. 1tshéuld P hoted that, in‘performing the present invention, the puller is
not specifically limitedrasslongTas:it isscaipaiblerof-performifg thel growth condition of e prelsent
invention, Js Nitragen was added hy.putting awafer having acnitride.filp iptpsthe,silicon-melt so as to
set the concentration of nitrogen in the silicon single crystal to 1.8x1014 cm03. In addition, hydrogen
was addedbyFtrBdieing a mixed gas containing hydrogen into each of the pullers. It should be

10
The nitrogen concentration, the ccoling rate, and the hydrogen
partial pressure applied in the Examples and Comparative

Examples are gpecified in Table 1 beslow.

15 2. Measurement of the nitrogen concentraticn in the silicon

substrate wafer

h

The nitrogen concentration of the silicon substrate waler

obtained by slicing the crystal grown by the above method was
20 measured by using secondary lon mass spectrometry (S5IMS).
However, because a wafer having a nitrogen concentration equal
to or lower than 5x10 cm™ cannot be measured by using SIMS,
the nitrogen concentration determined by the following eguation

was used. This ecguation will be explained in detail below.

(%]
L

The nitrogen concentration incorporated into the crystal IZrom a
silicon melt used in the production method of the present

invention can be calculated by the following Equation 1:

30 Nitrogen concentration in the wafer

(k=1

= % x (1 - selidification ratio) *x (nitrogen concentration

in the melt)

It should be noted that the nitrogen concentraticn in the melt

35 may also be referred to as the initizl melt nitrogen



30 noted that the hydrogen partial pressure (mbar) in the puller was set to the condition described in
the following Table I. The cooling rate of the crystal at 1100 to 1200 C during growing the crystal in the
first puller was set to 2.5 C/minute, and the cooling rate in the second puller was set to 24 3.8
C/minute. The cooling rates of the temperature in each Example and each Comparative Example are
described in Table 1 below. 5 The silicon crystal grown by utilizing this apparatus had a
conduction-type of p-type and a crystal size (diaméter) of 300 . mm (12 inches). The resistivity of the
silicon single crystal was from 10 to 15 cm., T;e ulling rate in any case was below 1.2 mm/minute. 10
The n,tra§&r &oidehtration, the &ooling Fates ﬁﬁjt & hydrogen partial préssire apphied in the
Examples.and Comparative Examptes aretspecifieddnTablest below. 15:2. Measurement of the
nitrogen concentration in the silicon substrate wafer The nitrogen concentration of the silicon substrate
warfer obtained by slicing the crystal grown by the above method was 20 measured by using
secondaty iorfiiass speetiorery (SINS). Howdiersbecatse aWaferdhaving a nitrogen concentration
equal to-or |guerthan5x1014 onb3icanaet be measured by using SIMS [fhe nitrogesn egncentration
determined by the following equation was used. This equation will be explained in detail below. The
nitrogen concentration incorporated into the crystal from a silicon melt used in the production method
of the présentidverition, car: bé galcuteted by the following- Equatigrrdgation coefiicient

k, which is the ratio of the impurities incorporated into the
crystal after the solidification of silicon melt to the

0 concentration in the melt, is 7x107™ in the case of nitrogen (W.
Zulehner and D. Huber, Crystal Growth, Properties and
Applications, p. 28, Springer-Verlag, New York, 1882). The
measurement value of the nitrogen concentration (in atoms per

cublc centimetre) is shown in the following Table.
3. OSF evaluation ©f silicon substrate wafer

The OSF evaluation of the substrate cobtained by slicing the
P

crystal grown by the above method was p
Fir

e
20 following method. First, the silicon sub

.

S
for 1 hour in an oxygen atmospheres

O o~
[

oxidized at 1100

containing steam. Then, the oxidized £ilm was removed with

9]

nydrofluoric acid, and then the epitaxial layer in a thickness

of 1.5 um was etched with a2 Wright etching solution. Then the
25 ellipse-like, half-moon-like or bar-iike OSF pits generated at

the surface were observed with an optical microscope. An OSF

s

surface density {(in defects per sguare centimetre) was

O

)

determined as OSF pit number per observation area by counting

rri

the number of the CSF pits while scanning the wafer in the

30 wafer diameter direction with a view field of a diameter of 2.5
mm using an cptical microscepe. An area having an OSEF surlface
density of egual to or higher than 100 cm™® was delined as an

OSF region. The inner diameter and outer diameter [cm] of the

[OREEOR

OSE region, determined in this way, are described in the
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30 Nitrogen concentration in the wafer x (I - solidification ratio)(k-1) xtrogen concentration in the melt)
25 concentration. Here, the solidification ratio (g) of the silicon crystal can be determined by Equation
2: Solidification ratio (g) of the silicon crystal 5- (Weight of crystallized silicon)/(Weight of initial melt) In
addition, it has been known that the segregation coefficient k, which is the ratio of the impurities
incorporated into the crystal after the solidification silicon melt to the Wconcentration in the melt, is
7x10-4 in the case of nitrogen (W. Zulehner and D uber, Crystal Growth, Properties and
Applications, p. 28, Springer-Verlag, New York, 1982). The measurement value of the nitrogen

concentration (in atoms per cubic centimetre) is shown in the following Table. 15 3. OSF evaluation of
silicon substrate waferratic of the number of bubble-like vold aggregates

relative to the total void number in the substrate, a value
determined by the above method is described in the following

5 Table.
4, Production of the epitaxial wafer and evaluation thereof

An epitaxial wafer was produced by slicing the silicon crystal
thi

10 grown by the above method, mirror-fabricating t subzstrate
wafer and depositing a silicon single crystal layer (the
epitaxial layer) by the epitaxial methed on the substrate

waf

D
!

15 5. BMD measurement of the epitaxisl wafer

The BMDe of the epitaxial wafer were measured by the following
method. First, the epitaxial wafer prepared by the above method
was subjected to a heat treatment at 1000 °C for 16 hours, and

20 thereafter the BMD density was measured with

8]

BMD analyzer
(MO-4) manufactured by Raytex Corp.

6. Msazsurement of the epitaxial layer defects cof the epltaxlal

<=

warer

b2
h

The epitaxial layer defects of the epitaxial wafer were
measuraed by the following method. First, the epitaxial £
was measured with the particle counter SP-1 manufactured by

KLA-Tencor Corp. to identify the positions of LPDs olnt

’_i
}_1.
G
g
el
k8

i
g
)

36 defects) equal to or larger than 0.09 um. After that, the
positions were measured with AFM to identify the LFD as an
epitaxial layer defect other than foreign substances adhered to
the surface. Among the epitaxial layer defects identified, the
epitaxial layer defects generated at the position corresponding

35  +to the 0SF region of the substrate were defined as N-induced



The OSF evaluation of the substrate obtained by slicing the crystal grown by the above method was
performed by the 20 following method. First, the silicon substrate wafer was oxidized at 1100 C for 1
hour in an oxygen atmosphere containing steam. Then, the oxidized film was removed with
hydrofluoric acid, and then the epitaxial layer In a thickness of 1.5 pm was etched with a Wright
etching solution. Then the 25 ellipse-like half-moon:like or bar-like OSF pits generated at the surface
were observed with an optical microscope. An OSF surface density (in defects per square centimetre)
was determined as OSFE pit number per ohservation area by counting the number of the SF pits while
scanning $hé Wafer iH the 30 witer Hiantatar direction wi “’a)f Y/i%\“/\/sfigl%no%"aadié%efé‘r"ﬁ%% mm using
an opticatmicrascopes Rnrareadravireran OTFE surfacesdemrsity of egdaltoisriigherthan 100 Cifi-2
was defined as,an OSF region. The.ipper.diameter and;outer diameter, [crm] ofdhe QSF region,
determined In this way, are described in the following Table 1. 26 As fore ratio of the number of
bubble-likeh&id ag§reghtes Mietatil@itoithé totaFdid ntimber in fiie*Substrate, a value determined by
the above method is described in the following 5Table. 4. Production of the epitaxial wafer and
evaluation thereof An epitaxial wafer was produced by slicing the silicon crystal W drown by the above
method, mirror-fabricating this substrate wafer and depositing a silicon single crystal layer (the
epitaxial layer) by the epitaxial method on the substrate wafer.



M 5. END measurement of the epitaxial wafer The BMDs of the epitaxial wafer were measured by the
following method. First, the epitaxial wafer prepared by the above method was subjected to a heat
treatment at 1000 00 for 16 hours, and 20 thereafter the EMS density was measured with a END

analyzer (M0-4) manu%rcmrgd‘byrl?aymp. 5. Measurement of the epitaxial layer defects of the
epitaxial wafer The epitaxial dayer defects of the |epitaxial waferwere measured by the following
method. First, the epltaXtaI vuafew was measured with th? particle counter SP-1 manufactured by
KLA-Tencor Corp. to |dent|fysthe posm S of Lﬁ:Fs (hght pomt eprtax al layer defect other than
foreign substances ad hefeddo the surf ezAnmng the ¢p|tax|a Iayer defects identified, the epitaxial
layer defects generated at the position corresponding 35 to the{OSF region of the substrate were
defined as N-induced 27 de?ects while the epitaxial layer defects generated inside from the OSF
region were defined as I-shm@uced cFefects The@number of the H-induced defects and the N-induced
defects determined in th% Wﬁy dre dsesg béo In: rable 1 0 D
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29 It should be noted that in all of the epihaxial wafers described in Table 1, the END density was
equal to or higher than 2x108 cm-3. In the Examples, the generation of H-induced defect was
improved compared to the Comparative Examples, while 5 the N-induced defects were not generated.
30 Claims 1. A method for producing an epitaxial wafer comprising: a step of growing a silicon crystal
by the Czochralski method comprising adding Shy#fogen and nitrogen to a silicon melt and growing
from the silicon melt a silicon crystal having a nitrogen concentration of from 3x1013 cm-3 to 3x1014
cm-3, wherein the hydrogen is added to said silicon.melt by growin |S¢ id silic rystal under an
atmospHéreSfithtathydfogen partial Sresstire of from Of%' ?nb%’rD to %%r%a?éﬁ%r%vghe.rein the cooling
rate of saidssilicor érystals116010 1200 G setagsalto 6ias equal to or nigher

than 2x10% em™. In the Examples, the generation of H-induced
defect was improved compared to the Comparative Examples, while

5 the N-induced defects were not gensrated.



10higher than 3.5 C/minute, a step of preparing a silicon substrate by machining said silicon crystal,
and a step of forming an epitaxial layer at the surface of the silicon substrate. 152, The method
according to claim 1, wherein the nitrogen concentration in the silicon crystal is 5x1013 cm-3 to
2x1014 cm-3. 3. The method according to claim 1 or 2, wherein the hydrogen partial pressure is 0.2
mbar to 0.35 mbar. 20 4. The method according4g claim 1 or 2, wherein the number of bubble-like
void aggregates having a plurality of irregular voids aggregated relative to the total number of voids
existing in said silicon substrate is below 0.4. 255. An epitaxial wafer having an epitaxial layer formed
at the surfade'd# silicon substrate wafer which comprises a nitrogen concentration in the range of
3x1013 cm-3 to 3x10" cm-3, wherein the number of bubble-like void aggregates having a plurality of

irregular voids agaregated felafivg, 9, e databRiinbehghyRids existing in said silicon substrate is
below 0.4.
a step of growing a silicon crystal by the Czochralski method comprising adding

5 hydfogen and nitrogen io a sificon melt and growing from the siicon melt a sificon
crystal having a nitrogen concentration of from 3x10"° cm-3 fo 3x10™ cm-3, wherein
the hydrogen is added fo said silicon melt by growing said silicon crystal under an
atmosphere with a hydrogen partial pressure of from 0.1 mbar fo 0.4 mbar and
wherain the cooling rate of said silicon crystal at 1100 fo 1200 °C is set equai fo or

10 higher than 3.5 °C/minute,
a step of preparing a sillicon substrate by machining saic silicon
crystal, and a step of forming an epitaxial layer at the surface of the silicon
substrate,

13 2. The method according to claim 1, wherein the nitrogen cencentration in the silicon
crystal is 5x10" cm-3 to 2x10™ cm-3.

3. The method according to claim 1 or 2, wherein the hydrogen partial pressure is 0.2
mbar {o 0.35 mbar.

20
4. The method according to claim 1 or 2, wherein the number of bubble-tike void
aggregates having a piurality of irregular voids aggregated relative to the total number

of voids existing in said silicon substrate is below 0.4.

25 5. An epitaxial wafer having an epitaxial layer formed at the surface of a silicon
substrate wafer which comprises a nitrogen concentration in the range of 3x1 0% em-3
to 3x10™ ern-3, wherein the number of bubble-like void aggregates having a plurality
of irregular voids aggregated relative to the total number of
voids existing in said silicon subsirate is below 0.4



