SILICON WAFER AND PRODUCTION METHOD THEREFOR 5 The present invention relates to a
silicon wafer and production technology therefor which is capable of suppressing generation of both
slip dislocation and warpage, in a field of production technology of a semiconductor wafer, in
particular, a device production 10 process. A silicon wafer to he used as a substrate for such as a
semiconductor device is produced by slicing a single 15 crystal silicon ingot, and performing heat
treatment or mirror finishing or the like. Among them, due to reasons that it is easy to obtain the single
crystal ingot having large diameter, or it is relatively easy to control defect, most.of single crystal silicon

ingot 20 are produced by AregOfAREK maihes: finreaffeny alemadio aarabromethod”). A single

crystal silicon grown by such a CZ method (hereafter referred to as "CZ-Si") has "Grown-in defect"
internally, in particular, supersaturated oxygen taken in among silicon lattices as 25 a supersaturated
state causes an inducement of micro defect called as Bulk Micro Defect (hereafter abbreviated as
"BMD"), during heat treatment (anneal) thereafter. 30 In general, BMD existing inside a crystal just
after thessinﬁg‘%rﬁﬁ%eﬁﬁ%nl&‘éﬁﬁﬁ ¥EPoR-if d&fect Arfosgencdéhd&it: Gisigtation, lamination
defect or theplikelinduced in adgevice-produictionr process) detetiorates sievice«characteristics,
therefore it is reﬁired no crystal defecct in a formation region aof. a femi%oindrtljctaor{ &ievice. However, on
the other hand fithas 5 Hlso BEen révealed fhat can e (tlized et ecﬁvely as a gettering site of
heavy metalsrermereaseiin mechanidakstrgngtiviof-thecsubstrateycdnebthusat present, it is required to

geneﬁneSu%%%%gkﬁ%&?%%%aﬁygépﬂNggnﬁg%ticular, a device production

10 process.

A silicon wafer to be used as a substrate for such as a
semiconductor device is produced by slicing a single

15  crystal silicon ingot, and performing heat treatment or
mirror finishing or the like. Among them, due to
reasons that 1t is easy To obtain the single crystal
ingot having large diameter, or it is relatively easy to
control defect, most of single crystal silicon ingot

20  are produced by a Czochralski method (hereafter referred
to as “a CZ method”). A single crystal silicon grown by
such a C7Z method (hereafter referred to as “CZ-517}) has
“Grown-in defect” internally, in particular,
supersaturated oxygen taken in among silicen lattices as

25 a supersaturated state causes an inducement of micro
defect called as Bulk Micro Defect {(hereafter
abbreviated as “BMD”), during heat tfreatment (anneal)

thereafter.

30 In general, BMD existing inside a crystal just after the
single crystal silicon growth (Grown-in defect, an

oxygen deposit, dislocation, lamination defect or the



In order to satisfy such requirements, there is usedgenerally at present a method for forming an
Intrinsic Gettering layer (hereafter referred to as "an IC layer") by annealing the silicon wafer at high
temperature and 15 inducing END inside the silicon wafer, as well as forming a Denuded Zone layer
(hereafter referred to as "an DZ layer") having extremely low crystal defect by making grow-in defect
on the surface of the silicon wafer disappear. 20 However, the DZ layer formed on the front and rear
surfaces of the silicon wafer by the annealing process at high temperature, decreases number of END
or dislocatior, Misich adhefst Withoxygen @ oxygen 25 impuBsLsEthe like, accompanying with

extreme decrease,of Qxygen concentration by qutward diffusion,of.axygen duringthe heat treatment,

and extremely decreases suppression force against extension of dislocation defect at the front and
rear surfaces 6FEReISICOI 30 Water: Thefdfsfe, dislocatiohraereétthef&aftsirefereéd to as "slip”)

easily extends:in;a-Bulkfram a mindte dlansen, the-frontand: rear surfaces,awhich was, dnfroduced in the
annealing step, raising a problem that strength of: the silicon wafer decreases by extension of such
slip dislocatiéh: Furftiei sty Gédrease ¥t theliticorwafsr shiehgt 8BuliinEdta Statd of wafer 5
damage or wader=destruction during:prodactic:stepsskHeweves; the Dt dayer i indispensible in
semiconductor device formation, therﬁforf it has been {quuired a sif&ic%g wafer%'which has the DI layer
and shows eXcéi ar’lrt”s?r%%gﬁfﬁr%%%ﬁies(? ngb FicTEr "W hahnea ing i5'10 %erformed for a wafer
supported byra deahtreatimeritboat @r the tiker, @ slirdistocation: bfteh exténds fromitie part supported
by the boat, gecaj_usthfna gqiglloecgtion generated at the contact part of the silicon wafer and the boat. In
addition, a slip Sis[bc‘éﬁon_ may extend 15 from the edge part of the silicon. wafer. In addition, in order
to prodliée a device, such as a device typified by formation of a thermally oxidized film, or activation of

a dopant injegted,into.a spyrae. 20 of draip region, heat.treatment of the silicon, waler is essential. In

general, heat treatment is classified to: batch heat treatment, where one packed treatment is
performed byZ&§semmbling BhgRuginal: severa e td hundiredhpieees or more-dfwaters held

horizontally; and 22,single wafetr heat.treatment, whete-heat tieatment is.performag-piece by piece. In
heat treatment, generation of temperature distribution on the silicon wafer surface causes thermal
sUessonthe@ﬁnﬁﬁ%ﬁﬁ%ﬁ&ﬁoﬁ%ﬁtélllcon wafer at high Temperature and

15  inducing BMD inside the silicon wafer, as well as
forming a Denuded Zone layer (hereafter referred to as
“an DZ layer”) having extremely low crystal defect by
making grow-in defect on the surface of the silicon
wafer disappear.

20
However, the DZ layer formed on the front and rear
surfaces of the silicon wafer by the annealing process
at high temperature, decreases number of BMD or
disiccation, which adhered with oxygen or oxygen

25 impurity or the like, accompanying with extreme decrease

| of ozxygen concentration by outward diffusion of oxygen

during the heat treatment, and extremely decreases
suppression force against extensicn of dislocatiom
defect at the front and rear surfaces of the silicon

30 wafer. Therefore, dislocation defect (hereafter
referred to as “slip”) easily extends in a bulk from a

minute flaw on the front and rear surfaces, which was



the distribution, and this thermal stress of over a 30 certain value raises a problem of not only a minute
Jevel difference on the wafer surface ¢alled as slip aforementioned but also warpage of the silicon
wafer. Technologies to suppress and prevent the generation of such slip dislocation or warpage are
known. For example, in JP-A-2008-166721, there is disclosed a 5 technology to produce a silicon
wafer, in which the predetermined amount of END plate is formed and an inter-lattice oxygen
concentration is equal to or lower than 5x1017 atoms/cm3, by performing heat treatment at a
temperature ¥af§e 81660 td 750Cor 109RInLEEs BLED 10 Fouks. HhdtheA thcrédsihg dhe temperature

up to 1000C at atemperature increasingJate, 9 Q.1 Cyminute 100, /minute-for §:40 56 hours, and
further subjectin%la_silicon substrate cut out from a silicon crystal to heat treatment at a temperature

range of 10001671 Z50€P s6 15 tRge Fiftkion IERGTH GTintet FathicEBXYGET /s oW ™0 to 30 um. In
addition, in JPrA:2008-160069, dheke istdisclosed a technolegtosproduee wesilicon wafer, in which the
20 predgtermined amount of octahedron END is formed and an inter-lattice oxygen concentration is
equal to"or IGREF#HAN Bx 103 7 Homsrcm3 By BBIGTHIING heaf featnient ata fediperature range of 600
to 750C for 3nwnutes ta 16 ourszanrd then increasing temperature spntd AQODC-ata- 25 temperature
increasing ra#g of 0.1 %1C /minl.lglte f%grhours to §(% hﬁ)urs,gnd furtheql?%gabjgcting a silicon

substrate wafer ¢ut ou %ﬁrﬁgls?llc’on crystGaEf t6 Reat treéatrsnen?%?aﬁg%perature range of 1000 to

1250C so that diffusionverdgth ofhnter-lattice oixygéliisi3® am 30:tb 50 ems. Further émt
JP-A-2009-164155, there, bas been disclosed a.technology to eantyol the changg of substitution-type

carbon concentration and inter-lattice oxygen concentration inside a silicon wafer between the states 5
before Hhd after hearseathwshtatobe withiapredeermined rangé, By Réépifg a fgat treatment

furnace or the like, a slip dislocation often extends from the
part supported by the boat, because of a dislocation
generated at the contact part of the silicon wafer and
the boat. In addition, a slip dislocation may extend

15 from the edge part of the silicon wafer.

In addition, in order to produce a device, such as a
device typified by formation of a thermally oxidized
film, or activation of a dopant injected into a source

20 or drain region, heat treatment of the silicon wafer is
essential. In general, heat treatment is classified to:
batch heat treatment, where one packed treatment is
performaed by assembling longitudinally several tens to
hundred piecés or more of wafers held horizontally; and

25 single wafer heat treatment, where heat treatment is
performed pisce by piece. In heat treatment, generation
of temperature distribution on the silicon wafer surface
causes thermal stress on the surface in proportion to
the distribution, and this thermzl stress of over a

30 certain value raises a problem of not only a minute
Jlevel difference on the wafer surface called as slip

‘aforementioned but also warpage of the silicon wafer.



by a low temperature heat treatment of 650 to 800C thereafter setting maximal temperature at 700 to
1000C and increasing the temperature at a temperature 10 increasing rate of 0.1 to 2C /minute; then
taking a silicon substrate out at 600C to 800C; further inserting the silicon substrate inside the heat
treatment furnace at a temperature of the furnace of 600 to 800C; increasing temperature of the heat
treatment 15 furnace at a temperature increasing rate of 5 to 10C /minute in a temperature range from
in the insertion up to below 1100C; and increasing temperature of the heat treatment furnace at a
temperature increasing rate of 1 to 2C /minute in a temperature range of 1100 to 1250C; 20 and

keeping a temperatyre.of the Q%@téigﬁté%géfué%ce?&oe%ﬁﬁn%ﬁ@ within, 10006, 19,1250C; thus

performing a heat treatment at a high temperature of 1100 to 1250C. 25 Fig. 1 shows a schematic
diagram of adypicalexdimple ot &fip ahehwarmpageinteduceethy-heatreathtent. The slip is introduced

from a contact:peint ef thereabsurface of theqwafer and a-wafer holding member or from the edge 30
of the wafer. The introduced slip extends in a 110 direction and incurs wafer damage or destruction

dependifig on e CaSES THEPWRARHGET® & plidnorishort dh&tthe Waféi deformdue to thermal strain

in heat treatpeat: Fo& example, anwafer of thetp0-plane; asshowmiadignd, may exhibit concave-type
warpage. Usually, war age of the silicon wafer, before heat 5 treatment is performed to bring desired
characteristics. Sutc g?s to-Be SUPFEssEa TS 8QUAIt ot SnaileT Brdn 10 UnY HowdVer, the heat
applied by heattreatmedt may genétate, abeight differenee;ofeencavesconvexof the silicon wafer that

reaches sevecreallntegrsapcmzlencjr:%asgg %Ofw 6%a%eod|§%gg cgrrgctl%x%%srtljr% ng a%%er_ril;gonductor device
pattern to the warer sur%éce, and causés decreased yield of the semiconductor device. The warpage

problenmendstorss significanewhen wafer diameteeisteguat teonlaegerthan 20041 and is also
significant when the.hgat treatment siep. of the device|s performeg in high tempetature-and long time.

On the other hand slip dislocation decreases when END amount increases, and, warpage increases
when END arfiokitit 28 ifereases.cThus, itkis khowhtHat the Slipant- Wwarsageraredn trade-off relation.

ACCOfdi_”Q')” therestill is, a,problem that.gengration,of slip;and 885?@%@9@5%3{83%’59 particular,
generation of warpage cannot be suppressed and prevented effectively. Because, total
treatment at a temperature range of 1000 to 1250°C so
I5 that diffusion length of inter-lattice cxygen is below

20 to 30 um.

In addition, in JP-A-2008-160069, there 1s disclosed a
technology to produce a silicon wafer, in which the

20 predetermined amount of cctahedron BMD is formed and an
inter-lattice oxygen concentration 1s equal to or lower
than 5x10Y atoms/cm®, by perfoiming heat treatment at a
temperature range of 600 to 750°C for 30 minutes to 10
hours, and then increasing tTemperature up to 1000°C at 2

25 temperature increasing rate of 0.1 to 1°C /minute for 5
hours to 50 hours, and further by subjecting a silicon
substrate wafer cut out from a silicon crystal to heat
treatment at a temperature range of 1000 to 1250°C so
that diffusion length of inter-lattice oxygen is 30 um

30 to 50 um.



25 density of END inside the silicon wafer results in a high concentration only by the technology, as
disclosed in JP-A-2008-166721 and JP-A-2008-160069, in which concentration of density of relatively
large END is decreased to suppress and prevent generation of warpage, 30 concentration of density of
relatively small END is increased to suppress and prevent generation of slip or slip length, and farther
shape of END is controlled to the predetermined morphology such as plate or octahedron to suppress
and prevent generation of slip or slip length, so as to adjust inter-lattice oxygen concentration and then
to secure oxygert adheredhto BB the prédetebmindtearmnolas |y additidasthedé $$la problem that
warpage caw&ﬁ&w@ww%@ﬁ prevented effectively, pnly by, a;methodyas gisclosed in
JP-A-2009-164155, for keeping number of oxygen or carbon adhered to BMD, by performing heat
treatment so~&stoPMafitainccHrb6n €BRcartFatibh &id oRydertEortent@tion existing in the silicon
wafer as mueh asfossible before heat treatment-and after-healdreatment ie the predetermined

amount fo the utmost, aIthouEh generation of slip Or slip length can be suppressed to some extent.
Therefore, eftfbodifeAts ofths predértt nvention ek to Provie %sificdh Wafer which is capable of
suppressinggesesationaft-heth:slip ghsloeationand warpage:during-a glevieerproduetiore process, and

production technolagy therefor. In view of the ahove problems, as a result of intensive study by the
present inve%t%r?, %g“éil}:c%rﬂpﬁgfaé?%? the Er%ge s %@%ﬂ‘ﬁ@% haga Bﬁé v?ﬁ g%ﬁagéc:nal length of 10 nm

to 50 nm, whereing aftensity ©f therBMD whichl existscatraepositior of d @eptivoflégualdo or deeper
than 50 pm fr(g1 ai%lér;ae%quglthet iIicervr\(/‘LafeeLcji %%%ala:[% or ,i%herér%%r%g;gll/cre, and a ratio of {111}
plane in totaf planes surrounding i/ID, aégmbrpho ogy of the % is equal to or lower than 0.3.
Accordifig toithe fipstsaspect of thecpreSent invertich, thidreus provided a'silicbnowafer having a
nitrogen concentratign of fram. 1,5x1014 atoms/ema t0.5x1035 atamslem3, having a carbon
concentration of from 3x1015 atoms/cma3 to 2x1013 atoms/cm3 and having an oxygen concentration of
from 8x1017°at6fMsicig t&0R1613 hfesiis/EH3S akd domprising BMIF with?d diagonal length of 10 nm
to 50 nm, the diagonallength-beirg the lengthina <1:00>directiondn & plane image 9H BMD projected
orthogonally to any one of the {110} planes, wherein, a density of said BMD which exists at a position
of a depth oftéhtﬁa%{@o oF déBpErthan s ARG shifadof-<4id Sfton Waté- 8% gual to or higher
than 1X5011km3.zand atatio ob{ild} ptanesin tatat planassureotwndig BMD,; asomorphology of said
BMD, is equal to or lower thant0.3, wherein said ratio is determing(]j]as the ratio. of length of the {111}
plane to tota?f%ﬁrdﬂi“gf the dircumterence, when BMD is Ib%ﬁe%fédﬁn% 21105 diteétiott: In addition,
according tothe setond a3pect@f the: present mventign tthere: issprovideda method: far producing a
silicon wafer havi nitragen concentration of from 1.5x1014 atoms/c 5x10 toms/cma3,
having a caril;’(%areli %négﬁ%g‘ﬁ{trgﬁ]o%no %?or%%x%oi Ig}%c;grﬁg}%:%:?;etol )?foel%gé"trggﬂis grﬁ a{%l% %aving an oxygen
concentratiofi @f oM 8x1013 atois/emBaDIOX101 8 Broms/ens3, comprising:-thelsteps ©f pulling a
silicon gfystal apd ReLeg partial pressure of hydrogen inside acrystalpuli-up furnace for growing
said silicon crystal at 3 to 40 Pa and cooling the silicon crystal with a cooling rate at 1000C to 900C
which is equaPtot6t KigRE‘Rah SC/indte obtaining a sfﬂ%%%oéhbs%‘t’ém@?é?ﬁﬁ/r%ﬁﬁg out the silicon
crystal; subjectingthe silicop.substrate water 40, heahreatmentster (A) heattreatment step (B) and
heat treatment step (C): (A) the heat treatment step (A) comprising the steps of: inserting the silicon
substrate waférto & heat treatment furnace by setting a temperature thereof at 700C to 800C,;
increasing the temperature at a temperature increasing rate of 5C /minute to 10C /minute for a range
of the i5§ertion temperature of the silicon substrate wafer to a temperature of below 1100C; increasing
the temperature at a temperature increasing rate of 1C /minute to 2C /minute for a temperature range
of 1100C to F250C keepmgsthe temperaturectoche g:constant temperatare ef4200C:tac¥250C for 2 to
4 hours; decrselag;g‘%% F?Q}peéﬁ%‘r% e heat tr mﬁ@é&”m%%%%%ﬁ%mpeﬁ%resﬁige%i”9 rate of
1C /minute t0 10C /minute: taki g out the s?llcon substrate wafer to outside of the heat treatment
furnace at a iesmperann@ sfsrd 00 08 30; @ritcudling Ahe Siliedn Substrarewaler do@m to room
temperature,, {B). e heatdreatmentstep«B) comprising therstens of: inserting the @&g@ substrate

wafer to the heat treatment furnace by setting the temperature thereof at 700C to 800C; performing a

heat tréStmeht af tHe Bhiperaturd BBing & Eorstafttettpetatiire 9 F00E0B00E for from 30 minutes

to 5 hours; increasing he and incurs wafer damage or destruction

depending on the cases. The warpage 1s a phenomenon



temperature at a temperature increasing rate of 0.5C /minute to 2C /minute, up to a a temperature in
which + 50C is added to the constant temperature or higher; decreasing the temperature of the heat
treatment furnace at a temperature decreasing rate of 1C /minute to 10C /minute; taking out the silicon
substrate wafer to outside of the furnace at a temperature of 700C to 800C; and cooling the substrate
down to room temperature; (C) the heat treatment step (C) comprising the steps of inserting the silicon
substrate wafer to the heat treatment furnace by setting the temperature thereof at 700C to 800C,;
increasing theltempetatura &t & temperatarél it réssing Fatddt SE-Miinttel® T0C Iminute for a range

of the insertign-temppetature ef-thesiliconisubstrate, water o algmpesature 9f below;1100C; increasing
the temperature at a temperature increasing rate of 1C /minute to 2C /minute for a temperature range

of 1100C to FF50E:; Kéeping the terfiferafiire 16 He & ebRSERTeRFrdfFE®¥200C to 1250C for 1 to

4 hours; decreasig the temperature of the-heat tieaiment fiwnace atatemperature decreasing rate of
1C /minyte to 10C /minute; and talgin%out the sil)icon substrate wafer to outside of the heat treatment

furnace at a fenip&ratire dfirétn 700 fo"800C “Addbtding 1o ERibodiieRts-6fthe préSent invention,
by attaining that-the=density afthe Bibexistihgrat pogition afa depthnef eqemal tonardeeéper than 50
pm from the surface, of the silicon wafer is equal to or higher than Ix1011/cm3, and the ratio of the
{111} plane ihl%tal%%‘“ﬁee%esrdrrot&l‘dﬁl{)ge%%\ﬂg?gg aneé{pﬁ Ioﬁ?%%tﬁe‘ E‘fi‘/wrhlﬂq,elrs1 %q%%V to or lower than 0:3,
generation ofrbothreftslipzand:warpageiduringethet eviCeproductioncstep €andie suppressed to an

extremely smallleyel, apd urodyetian of.a deice capable of S prevepling deciease strength while
having the DZ layer, and having (typi rt

arge diameter (typically equal to or larger than 200 mm) and high
quality 1§ possibie 2Tise diliebn Wefecofthe Presentiavartioniprevents fromgerieration of slip

dislocation apd hashigher.qstiering 10,capability than amirror water-nothaving BMD inside the wafer.

Fig. 1 is .a drawing explaining slip and warpage 15 caused by heat treatment of a silicon wafer. Fig. 2
is a drawing SRGWFRSRTatiorship Bétween stHEpesIBMD hd didgorallength of BMD.  Fig. 3is a
drawing showing relationship between shape of BMD and diagonal length of BMD. 20Fig. 4 is a
photograph image of BMD existing_ in the silicon wafer the present invention by a transmission

electron, micrascopRrP2IEiF B8 adraifty Expiginitty Siskeafion gBhetHtion siacé bf BMD.

15, diameter is equal to or larger than 200 mm, and is alsc
significant when the heat treatment step of the device
is performed in high temperature and long time. On the
other hand slip dislocation decreases when BMD amount
increases, and, warpage increases when BMD amount

20 increases. Thus, it is known that the slip and warpage
are in trade-cff relation. Accordingly, there still is
a problem that generation of slip and generation of
warpage, 1in particular, génexation of warpage cannct de
suppressed and prevented effectively. Because, total

25 density of BMD inside the silicon wafer results in a
high concentration only by the technology, as disclosed
in JP-A-2008-166721 and JP-A-2008-16006%, in which
concentration of density of relatively large BMD is
decreased to suppress and prevent generation of warpage,

30 concentration of density of relatively small BMDlis
increased to suppress and prevent generaticn of slip or

slip length, and further shape of BMD is controlled to



25Fig. 6 is a photograph image of BMD where dislocation has generated by a transmission electron
microscope. Fig. 7 is a drawing showing a calculation method for the ratio of the {111} plane.30Fig. 8
is a graph of a change of heat treatment temperature relative to time in the production method of the
present invention. Fig. 9 is an outline cross-sectional view showing an example of a single crystal
production apparatus to be used in the present invention. 5 A first aspect of the present invention is a
silicon wafer having END with a diagonal length of 10 nm to 50 nm, wherein, a density of the END,
which exists ateosiienief-a depthedf egiiabtanopdgepardhamb0phate from thersiiréabeocaf the silicon

wafer, is equal to or higher than 1 cyilolllcm3r,l€1nd %ratif)a%‘.the {i”c};ﬁlan%i{] totalxplagis surrounding
END, as morﬁﬁ’oloﬁlﬁ HWEENDSS ecf’u%ﬂfoeor lower than 05745

ere y,%’ne %resen TAvention
provides a silicangrafer which is Gapabletaf supprassiiy and prevenling generationxafdpoth slip and

warpage to an oeﬁ%rgn}'erlségmc?rlll Ieve& ir@:g edgvigg p%)ed@%jgn B%gggﬁ. That Is. BMG which-exists at
position of a gept or% equaiLto or 20 deeper than 50 pm from thesurface of the siliCon wafer of the
present invertion: hiwephsifigeemmearasesistics of slip or warpage; and further, among the
influences, slip suppression effect of END having a diagonal length of equal to or longer than 10 nm is
25 large, and in the silicon wafer formed with END of a high density of equal to or higher than

Ix10n/cm3, géferafsH-6L8lp is hppresdéd B kiR lof @pidiAy @I t5BPAallEEthan 10 mm)
in a general dayigeduodugtiamprogess-dn additionsevan ifd®, only by a method,

as disclcsed in JP-A-2009-164155, for keeping number of
oxygen or carbon adhered tb BMD, by performing heat
treatment so as to maintain carbon concentration and
oxygen concentration existing in the silicon wafer as
much as possible before heat treatment and after heat
treatment, to the predetermined amount to the utmost,
although generation of slilip orx slip. length can be

suppressed to some extent.

Therefore, embodiments of the present invention seek to
provide a silicon wafer which is capable of suppressing
generation of both =lip dislocation and warpage during a
device production process, and production technology

therefor.

In view of the above problems, as a result of intensive
study by the present inventors, the silicon wafer of the
present invention has BMD with a diagonal length of 10
nm to 50 nm, wherein, a density of the BMD which exists
at a position of a depth of equal to or deeper than 50
um from a surface of the gilicon wafer is equal to or

higher than 1x10*'/cm’, and a ratio of {111} plane in



30 case where slip generated from a wafer support part in the device production process, the invention
can prevent the slip from going through the surface of the silicon wafer, or even in the case where slip
generated at the wafer edge, reaching of the slip to a region of the semiconductor device formation
can be prevented, and thus adverse influence on the device can be prevented. 5 Size (diameter,
thickness) of e wafes Bitaineddyrthepiasent imwantion sanshpteseneerpr alfsetice ofdope of various
elements are not particularly limited, and these features can be selected, as appropriate,
correspondinés.to‘%%%}d Bf};h%rsgrﬂfﬁgﬁdﬁ B sitiedr wafer required. Further, there is also no especial
limitation on the semiconductor device produced by using the silicon wafer of the present invention,

and it is applicable tq prodyction.of various semiconduct ice Specifi ilicon wafer of
the present ir‘lg\‘/%%%r% ﬁngpléﬁagféewi%réﬁ/% p%s’ u%%%su%%r :ge%% egprlt%%% gva#e%q%;nn%%}év‘lth an
epitaxial layetbrtiee susfaceradarithted SO Wafem arvsifeOX Wafsily SIMONX tSeg@ation By

Implanted Oxyggn). teatment, or an:SiGe,uafer formed 20 with an,giReayergn the,syiface and the

like. The silicon wafer of3the present invention has BMD with a diagonal length of 10 nm to 50 nm, at
position of a @éAdf efual ferordeepar thad SohnTREMAREEYFHEEE 28 theFeaMand pfeferably has

BMD with a digganal leprath ©f, 20 npn 1650 amgaLpesition of g depth-pfhgqualto opdegrer than 50 um
from the surface thereof. Itis estimated that when diaqqqnal length of BMD is 10 30 nm tg 50 nm, slip

suppression SRREFEEX &P becdtise of SifShg barfE eﬁecﬁ&?@ﬁp{f)?bpagﬁﬁ’on. fit&ddition, in such
a range, the lgagai=diagénaldangthamnshtns highesmensityprovide therbigher- effegt af ship
suppression, and thus it is_preferable, 5 "Diagonal Ign%rth of Ngé‘ in theg eseft desr%ription means
length in a <189>Wretfor? in Barie iy SFERD projadied Sttitdion }[l\?to &RPGe dfthe {110}
planes. For esamyle cdiaganaklengtdnof an octaheteald NDrshpsvnat FigM2(1 )(fes)as teniyth in a [001]

and diagonal gt 8T it Gotiecihedhil END, ot g S 281 fengir s oot as
direction amodgrfEg t(2)(2- BanhicBi®aninage projécted orltogenallpsd thieon of a

depth of equal to or deeper than 50 um from a surface of

said silicon wafer is equal to or higher than 1x10™/cm’,

and a ratio of {111} plane in total planes surrounding

BMD, as morphology of said BMD, is equal to oxr lower

than 0.3, wherein said ratio ig determined as the ratio

of length of the {111} plane to total length of the

circumference, when BMD is projected in a <110>

direction.

In addition, according to the second aspect of the
present invention, there is provided a method for
producing a silicon wafer having a nitrogen
concentration of from 1.5x10Y atoms/cm® to  5x10%°
atoms/cm®, having a carbon concentration of from 3x10°°
atoms/cm® to 2x10Y atoms/cm’® and having an oxygen
concentration of from 8x10Y  atoms/cm®  to  9x10Y
atoms/cm®, comprising the steps of pulling a silicon
crystal and setting a partial pressure of hydrogen

inside a crystal pull-up furnace for growing said



15(110) plane. Similarly as above, Figs. 3(1) (1-a) and (1-b) show shape of an irregular END, and

diagonal length thereof, respectively, and Figs. 3(2) (2-a) and (2-b) show shape of a partially irregular
END, and diagonal length thereof, respectively. Diagonal length 20 of END .is a parameter relating to
size of MD. Density of END existing at position of a depth of equal to or deeper, than SO um from the

surface of thessiliger-wafer-pktheiprasent invention, is£qualdo ephighey 2% Han Hslindem3, and it is
preferably from Ix 1012/cm3 to 1x1013/cm3. The density of the relevansta END of t%elo 1x2(0"/0m3
makes slip sUppY&Sdion Sfddt idsufiSent@nd formatibn bf ERD with adthsity 8Fa%ét 11T013/cm3 is

generally 30 difficalt bydhefollawing:teasann Selid golition®xygért mcideg ia genératgrowth

condition of a CZ single crystal is abaut Ix1018 atoms/cm3, and in a state that END is formed in a high
density of eqﬁeﬂ%g %%g‘ﬁ%g%er"%ﬁgﬁ 1x16¥ /e %%ﬁ%t 5 &Fof #1%%1 bSeJ(:t(i;l:anceoé1 de%rogfct%ggst’ate. Because
there is an uppepjimitcafitbe sbkd salufionoxpyérs it tgenerdiydifficul e forirrENR Driieaving a

diagonal Iengga'ﬁgggi%gl) to om%pgerttpgg .o, tQ ggpf a(gsansétxé)f %veeéléxlg}%é%%n%nd it is also

difficult gener make size of END having a density of equal to or higher than [x1011 /cm3 to be
over 50 nm. IBED EXisting in the silicon wafer of the present invention.; the ratio of the (111) plane in

total planes 1p:suriaunding ENP-ag mrrphology:of thg END, is-egualfo o dowerthan Os3, and more
preferably, the ratio of the {111} plane is equal to or lower than 0.1. "Ratio of the {111} plane in total

planes surroulifRF 26 END" fhithe prasddesciptiitmRaRs: ivaifine ifage df ERERSrojected
orthogonally to,art-anre, ef tﬁ@fl@}@la@ys,é@@alﬂg@gt@ofw@@@kgm arddegiregtion, that is,
orthogonal projection of the {111} plane) { (total of circumference length). For example, 25 in Fig. 7(a),
which is a plah@fler whife arf 88tahédron™$hapad END ist&%ogsﬁg%?%?o%ﬁgd togtﬁe (£10) plane,
because ENLx: eifgiamterence isialba sieiverticaldadhe <113 directimipthegatioof the{Ill} plane is
L and in 0. 7{0) wbichds 2 plan Yiegwhere dodecahiedial 20 ENRJs grihegongly prglected to the

gilicon substrate wafer to a temperature of Dbelow

1100°C; increasing the temperature at a temperature

increasing rate of 1°C /minute to 2°C /minute for a

temperature range of 1100°C to 1250°C; keeping the

temperature to be a constant temperature of 1200°C to

1250°C for 2 to 4 hours; decreasing the temperature of

the heat treatment furnace at a temperature decreasing

rate of 1°C /minute to 10°C /minute; taking out the

gilicon substrate wafer to outside of the heat treatment

furnace at a temperature of 700°C to 800°; and cooling

the gsilicon substrate wafer down to room temperature;

{B) the heat treatment step (B} comprising the steps of:

inserting the silicon substrate wafer to the heat

treatment furnace by setting the temperature therecf at

700°C to 800°C; performing a heat treatment at the

temperature being a constant temperature of 700°C to

800°C for from 30 minutes to 5 hours; increasing the

8a



because side b and side e are vertical to the [-111] direction, and side c and side f are vertical to the [-
11-1] direction, the ratio of the {111} plane is (b c xe+ f) / (a +b+c-Ed+e+ f).In Fig_ 7(c), because side
b is vertical to the -11-1] direction, ratio of the {111} plane is b / (length of arc ab); 5 and because the
clear [111] plane is not observed in Fig. 7(d), the ratio of the {111} plane is 0. The present inventors

have found thatsguse efiwarpage af the-sifieen water byheatieataent iscgenemation of ¢0 dislocation
by BMD formed in a high densit n? e,%lﬁgl to or higher than 1x1011/cm3. Further, lgéir}l/estigation of
dislocation ge/ﬁ%}ﬁff&?m*e%hanig By THE-BMDE: Was fouhd tRBESEEHSR ihFil s Alreion where
the two {111}qlames teosagaeki other is Adlistomationdd gerention place (refer to.Flge 6). It is
supposed thaf&this regblion ha IilncrgasecélaS'EE[%HQ resy i ier_:] 8as geg;ra&io&e(ﬂ‘tdisgggatg)ne That is,
when thermaf*§tfése™¢ausad y%ea??%a%men? 50 goes beyon criticar va u€, plastic deformation
generates and taases=warpagenfdehdsilicen wiafgr, trasrefors, itliS Corsideretethatpreséfice of a large

dislocation geperglrplaces hste (e wo (L) pighes. sioss eashalbet, as,shayn 6. 5, brings

lattice 25 defect such as dislocation excessively insi e silicon wafer, by which critical value of
thermal stresodeefedmescdand Higchdnicaestrength ofthdSiieeT dareraaftefhedPfé&tmeERt weakens,

and thus warpage- easily ggperates,3Q Refertpg to Fig:6,because thgridge obEND uhich is a

generation place of the aforementioned dislocation, crosses with the {111} plane, it is considered that
a dislocation §&R&atet-s5fhe ridge easily moves and extends on the flill plane. Based on the above

findings, the presentiaveniars hav8atment step (C) comprising the steps of
inserting the silicon substrate wafer to the heat
treatment furnace by setting the temperature thereof at
700°C to B800°C; increasing the temperature at a
temperature increasing rate of 5°C /minute to 10°C
/minute for a range of the insertion temperature of the
silicon substrate wafer to a temperature of below
11¢0°C; increasing the temperature at a temperature
increasing rate of 1°C /minute to 2°C /minute for a
temperature range of 1100°C to 1250°C; keeping the
temperature to be a constant temperature of 1200°C to
1250°C for 1 to 4 hours; decreasing the temperature of
the heat treatment furnace at a temperature decreasing
rate of 1°C /minute to 10°C /minute; and taking out the
silicon substrate wafer to outside of the heat treatment

furmace at a temperature of from 700°C to 800°C.

According to embodiments of the present invention, by
attaining that the density of the BMD existing at
position of a depth of equal to or deeper than 50 um
from the surface of the gilicon wafer is egual to or
higher than 1x10*'/cm’, and the ratio of the {111} plane

in total planes surrounding



revealed that by controlling morphology of high density END formed inside the silicon wafer to be
irregular END 10so as to have less (1111 plane, as shown in Figs. 3(1) and (2); generation of
dislocation at the END decreases, resulting in decrease in warpage of the wafer after heat treatment.
Fig. 4 shows a TEN photo of typical END. 15 Here, as an index of morphology of END, the ratio of the
11111 plane in total planes surrounding END is adopted. That is, as shown in Fig. 7, ratio of length of
the {lll} plane to total length of the circumference is determined, when END is projected in a <110>
direction. 20 Aditeszabrdimdefaildy Examples kér, aceording:to expesimentsdy tha present

inventors, it vq?%foungntgrat %:{.Laor a%g maynt ggeg Egat tgea m‘ggt isa%léppcgggsed tq_%%ual to or smaller
than 10 pm w ierf a ratio of the (ELl 1 plane bécomés I3qu§l 0'0F 16Wer than'0.325 Based on the

above resultsighe siticon avhfer ofthe presentanversioruis exeellently supernioe it hawing small slip and
warpage generating inthe deviggproduciion prggess. More.sneifically, fhesiicon 30 wafer of the

present invention, particulariy in thesilicon wafer having controlled siz ensity and morphology of
END as abovet@&serbe isleraractetizéd inthatlengthofihe stipgenerdting alo in the heat

treatment as fallowing is,gxtremely.short (ypigally, the.slipis.saual o or sherter than 10 mm, and

increase of warpage of the wafer after heat treatment is equal'to or less than 10 um). In order to
measure the Migiphodlogy2 diagdnalengfi and htithbel of thevabioverdescHbbd-BMB tneasurement by

a usually knoyre method; isrpassible A Maf@esent invention prevents from
generation of slip dislocation and has higher gettering
10 capability than a mirror wafer not having BMD inside the

£

warer.

Fig. 1 is a drawing explaining slip and warpage

15 caused by heat treatment of a silicon wafer.

Fig. 2 is a drawing showing relationship betweén
shape of BMD and diagonal length of BMD.

Fig. 3 is a drawing showing relationship between
shape of BMD and diagonal length of BMD.

20 Fig. 4 is a photograph image'of BMD existing in the
silicen wafer the present invention by a transmission
electron microscope.

Flg. 5 1s a drawing explaining dislccaticen
generatilion place of BMD.

25 Fig. © is a photograph image of BMD whare
dislocation has generated by a transmission electron
microscope.

Fig. 7 is a drawing showing a calculation method
for the ratio of the {111} plane.

30 Fig. 8 is a graph of a change of heat treatment

th

temperature relative to time in the production method o

‘the present inventicn.

P T



10 specifically, measurement by a transmission electron microscope (hereafter referred to as "TEN") is
included. A measurement method and an evaluation-method for slip dislocation and warpage amount*
of the silicon wafer of the present invention are not particularly limited. 15 Measurement is possible by
a usually known method: as a specific measurement method for slip dislocation in the present
description, an X-ray topography is used; and as a specific measurement method for warpage amount
in the present description, it is possible to evaluate by 20 observation using FT-90A, manufactured by
NIDEK Co., Ltd, or theslike? ALsecondcaspect of theopreseatinventian isaemethodfonproducing a

silicon wafer, comgggng eth% §te£ss@‘8@%ugg§t§%%§ S ngaé%;%%teﬁ\ggfﬂ obtained by cutting out a

silicon crystaﬁlo Réat treatment step eat treatment step and heat treatment step (C): the heat
treatment stépe(A) Tomprising theostepsof: inB&ringisaid Silicon substrate wafer to a heat 30 treatment
furnace by setting a temperature thereof at 700C to 800C; increasing the temperature at a temperature
increasing rate of 5C /minute to 10C /minute for a range of the insertion temperature of said silicon
substraté wafer to a temperature of below 1100C; increasing the temperature at a temperature

increasing rate of Gy/minytedo 2G /minute for atemperature range of fom: 11006, to 1250C; keeping
the temperature to be a constant temperature of 1200C to 1250C for from 2 to 4 hours; decreasing the
temperature BRS&H Heat reatmeht Hiftdeeafa tenpératdradecredsing Yafd™f 1T finute to 10C
/minute; takinga] 0wt sait-siliconisubsiraie wafemnte ausidewt saidl heatdreatment furnace at a
temperature of 700C to 80Q"; and co Iin% said silicon substrate wafer Q%Vavﬂ tg foom temperature; the

heat treatme]gff)%qéﬁl(%]j1 cgmp?ism%pﬁﬁe S épse ol ks iEgeﬁiﬁg%%&f&J Sificon Stbstraté wafer to the heat
treatmelrit furface: bylsettingrd fermaperattitecthetdof at:7 00E€1e:800C; performingradieat treatment at

the temperature being a constant tempetature of 700C.to 800C for 30 minutes t ours; increasing
the 20 tempe%r’éit%l%((ee at ﬁ%gr%sérgtgre/igglréasﬁgg ragte% %léé: gr%in%fé‘g to@gg}ni Lﬁa&%pﬁtf a
temperature IoWhiEhr50Q fssaddett tothe igonskaht temperatiid erlhighier detheasil'the temperature
of said heat tﬁeoatg% furnace at a temperature geereasing rate of 1C /minute 25 to 10C /minute;
taking out said silicon substrate wafer to outside of the furnace at a temperature of 700C to 800C; and

cooling the substrate down to room temperature; the heat treatment step (C) comprising the steps of:
15 Thereby, the present invention provides a silicen wafer

which is capable of suppressing and preventing
generation of both slip and warpage to an extremely
small level, in a device production process. That is,
BMD which exists at position of a depth of egual to or

20  deeper than 50 um from the surface of the silicon wafer
of the present invention, gives influence on
characteristics of slip or warpage; and further, among
the influences, slip suppression effect of BMD having a
diagonal length of egual to or longer than 10 nm 1is

25  large, and in the silicon wafer formed with BMD of a
high density of egual to or higher than 1x10* /cm®,
generation of slip 1s suppressed to extremely low
(typically egual to or smaller than 10 mm) in a general
device production process. In addition, even in the

30 case where slip generated from a wafer support part in
the device production process, the invention can prevent

the slip from going through the surface of the silicon



30 inserting said silicon substrate wafer to the heat treatment furnace by setting the temperature
thereof at 700C to 800C; increasing the temperature at a temperature increasing rate of 5C /minute to
10C /minute for a range of the insertion temperature of said silicon substrate wafer to a temperature of
below 1100C; increasing the temperature at a temperatureincreasing rate of 1C /minute to 2C /minute
for a temperature range of from 1100C to 1250C; keeping the temperature to be a constant
temperature of 1200C to 1250C for from 1 to 4 hours; decreasing the temperature of said heat
treatment furnate at actentperature 10tdecreasing hatesof1C imimenteste 1@A /minutesand taking out

said silicon wgsggt'ee\g ger t%%%sﬂq% é’f g@idtrheeat érfﬂgcnggt féjr%%%%%tha Iﬁmreﬁréature of 700C to

800C. 15 Thereby, it is possible to produce a silicon wafer capable of suppressing generation of both

of slip and wafisEges e devide production siép,ad arréxtiemelysisall-ievel, and preventing the
silicon waferfrom degrease.in strength whilg having the.DZ layer.and.20 having-large diameter

(typically equal to or larger than 200 mm) and high quality. Hereinafter, éxplanation will be given on an
example’ of the preferable production method for the silicon crystal 25 of the present invention

thereafter the preductionmethod for thecsilicon waterafdhe prasent inventien, by segmenting to each
of the heat treatment steps (A) to (C). (The production method for the silicon cryst%% :30 known

production mEtREE Shch BEIRE CZbehidiskiTnéhta thclitifd ifdyngte fieldZppletd MCZ or the like),
a floating zore methed canrthene praducet-hby ther-Czechralski:method-is(preterabler SsAs for the
production mieth%d of silicon cQ/staI Olf th%géesent invention, e%ptlanation will be gi en below on one
example of prgfaergﬁigsen%gdimeen?se of the prbdﬁ(E:ﬁ’tioar}?ﬁfia?ﬁ)(S:dl or the Siticon %Pfsta “and the silicon
wafer 10 using alsimgle siliconecrystal praiviction apparatas;withereferene g o exdmples, along with

explanation on, fhe elevant single crystal silison prdustion apRaralls: £lg. § jsa,sohematic
cross-sectional view showing one examp?e of a single crystal production
semiconductor device produced by using the silicon wafer
of the present invention, and it is applicable to
production of various semiconductor devices.
15  Specifically, the silicon wafer of the present invention
is applicable widely to produce such as an epitaxial
wafer formed with an epitaxial laver on the surface, a
laminated S0I wafer, an SIMOX wafer by SIMOX (Separation
By Implanted Oxvygen) treatment, or an SiGe wafer formed

20 with an SiGe layer on the surface and the like.

The silicon wafer of the present invention has BMD with
a diagonal length of 10 nm to 50 nm, at position of a
depth of egual to or deeper than 50 um from the surface
25  thereof, and preferably has BMD with a diagonal length
of 20 nm teo 50 nm, at'position of a depth of egual to or

deeper than 50 um from the surface thereof.

It is estimated that when diagonal length of BMD is 10
30 nm to 50 nm, slip suppression effect is exerted, because

of strong barrier effect on slip propagation.



15 apparatus to be used in the present invention. The single crystal production apparatus shown in
Fig. 9 has a member for melting a semiconductor material and a mechanism for pulling up a grown
single crystal; the member for melting a semiconductor material is held 20 inside a heating chamber
2a; and the mechanism for pulling up the single crystal is equipped at the inside and the outside of a
pull-up chamber 2b, which constitutes a part of an upper structure body made separable from this
heating chamber 2a. This upper 25 structure body has a intermediate chamber 2c as well. Inside the
heating charhber2al id ¢rucibléretating motendiguid Lds equippedbiag potatiod 8h&fES, and this

crucible is supperted.in;a free rotation and free 30 hoisting state, apd the rotation shaft ﬁ is rotated and

hoisted by a drive unit not shown. The drive unit ascends the crucible just by lowered changed of liquid
surface to comkpersate icvering of thedkuid sifade &é&smparying with pulling up a single crystal S,
and , in order to stir the molten liquid L, the unit rotates the crucible always in the predetermined
rotation 5 frequency. The crucible is constituted by a quartz crucible 3a, and a graphite crucible 3b
protectiny thist At #r8: 8itle VoA 6Pt criitiBie, Ehédtér BF6ERRRindRRESHbAIS arranged so as to
surround its gircupferencs.rAtithe putside of this deates4, annlGinsulating matesabt2, to prevent
direct radiation of heat from this heater 4 to }he heating chamber 2a, is eqﬁ'g%{aed SO as to surround its

circumferencd” AtERE pf-upcHEMBESH. A pdll-uf wire's Whichls 18%huhg through the top wall of the
.ceiling of theintermsediateochamber2e and onewend] theteoftis fixéd torawiresvindler 111 is provided;
and at the lower end of this pull.up wire 8, a chuck 10 for holding a seed crystal 9 is attached. The wire
winder 11 pu%/lg%pstﬁ%‘“ﬁb s‘irr?;fyel ryst%?g)gr(wvir?gkgrla%u”’éﬁ{/l %?E & fower g%’sjidg of the seed crystal 9,
accordil to dhe grovithrspeedithefeaf or 2He ik antllat the: sameitimermakes: thielérystal rotated

always in anopposite gitegion (o, aotation direction of e cpugible, 25,Fromagasolet 13 formed at

the holding part for the pull-up chamber a gas mixture of argon and hydrogen is introduced, and

this mixed gaseistischafged frdvs acasabnt 14E4fer ifcufating thelifisidé of the hedting 30 chamber
2a. Reason fox cirgylating the mixer gas inside the.chamber ipthisyvay, ds, as(described above, to
prevent contamination of 5i02 gas or 002 gas into molten

b}, which is an image projected orthogenally to the

15 (110) plane. Similarly as above, Figs. 3(1} (1-a) and

{1-b) show shape of an irregular BMD, and diagcnal

length thereof, respectively, and Figs. 3(2) (2-a) and

(Z-I) show shape of a partially irregular BMD, and

diagonal length thereocf, respectively. Diagonal length

20 of BMD is a parameter relating to size of BMD.

Density of BMD existing at positicn of a depth of equal
to or deeper than 50 um from the surface of the silicon
wafer of the present invention, is equal toc or higher

25  than 1x10"/cm®, and it is preferably from 1x107/cm’® to
1x10% /cm’.
The density of the relevant BMD of below 1x10"/cm’ makes
slip suppression effect insufficient, and formation of
BMD with a density of over 1x10%/cm’ is generally

2t e s

30 difficult by the following reascn.

T



silicon liquid, because the gas generates inside the Chamber accompanied with melting of silicon by
heating with the heater 4: 5 At the upward of the crucible inside the chamber, a liquid cooling structure
21 and a cooling body 22 are arranged so as to surround the growing single crystal. The .liquid cooling
structure 21 is a structured body in which a liquid coolant is circulated inside. In Fig. 9, 10 the liquid
cooling structure 21 iS configured as a water cooling chamber made of stainless steel, using water as
the coolant. The cooling body 22 made of a high thermal conductivity 15 material is arranged so as to
cool the growing sihgie trystalrS.o& materiahcompesing theseoaing lbady-22 ban be selected from

substances with high.heat condugtivity, heat radiation rate, for examplessilver, a silver alloy,
carbon, copper or the |I§é.oAs g rr{?ate%/aﬁ%gﬁ Z%Lﬁ%%%%a% gor%ﬂ%%git;na]f;b%vell as having no concern
of contaminatibeo$ thiemoleertliguid or 3he Sihgiderysiif.lusesoffsiveedr asilveraldy is most

preferable. A method for, coating, gold.or silver or, an allgy thereotonto the surfage of copper or a

copper 25 alloi canﬁbe adoptéed as well. The cooling body 22 is jointed to the liquid cooling structure
21, and the jGinted Part BEthe 66Ty BodEP2 ahl $he fiGaitlToolifg SHueturé 2258rms an 30

explosively jaintegpart-25 jeinted-explasively: insexplasive jainting, maaterials themselves to be jointed
are arranged in parallel each other with a suitable - space apart. On one of materials, suitable amount
of an explosiv€ IErfothtedviad Gfér matdriaiMard ExiBsiondf thisordBhtis iFfidted with a
detonator, tocollisieaathipaterialsowith pregress obexplosion, bangdhothmetals:shaye viscous
fluid-like behavior at the eellision point by.very high deformatjon speed and hi ressure, generating
metal jet flowof\c"r)eravi\'”/alld‘ from tﬁsg Collisio point. e%ah%g a#?%&i%@?ilrﬁe&%r@g@ dsorbed layer on the
metal sifaceniskrensaved byf tH&D having a density of egual to or higher

than 1x10"* /cm® to be over 50 nm.

In BMD existing in the silicon wafer of the present

invention, the ratio of the {111} plane in total planes
13 surrounding BMD, as morphology of the BMD, is equal to

or lower than 0.3, and more preferably, the ratio of the

{111} plane is equal to or lower than 0.1.

“Ratioc of the {111} plane in total planes surrounding
20 BMD” in the present description means: in a2 plane image
of BMD projected orthogeonally to any one of the {110;
planes, (total length of wvertical side to a <111>
direction, that ig, orthogonal projection of the {111}
plane) / (total of circumference length). For example,
25 in Fig. 7{a), which i1s a2 plan view where an octahedron~
shaped BMD 1s orthogonally projected tc the (110} plane,
because BMD circumference is all a side vertical to the
<111> direction, the ratio of the {111} plane is 1; and
in Fig. 7{(b), which is a plan view where a dodecahedral
30 BMD is orthogonally projected to the (110) plane,
because side b and side e are vertical to the {-111]

direction, and side ¢ and side f are vertical to the [-

- 14 —



10 metal jet flow, a clean surface thus appeared is adhered closely by high pressure, and both

~ materials joint completely with metal structure. Because the joint part of the cooling body 22 and the
15 liquid cooling structure 21 is explosively jointed, a good joint part is formed, irrespective of being a
joint part of different kind of metals, and further it is possible to secure nearly 100% of contact ratio in
the contact area. Therefore, heat transfer from the cooling 20 body 22 to the liquid cooling structure 21
proceeds extremely good, and it is possible to decrease temperature of the cooling body 22. The
cooling body122 is]ardanged:-atypositite to-shield radiation heht fronpthenerucible or thecmolten liquid L
to the single 25 _crystal S by taking nearly rotation symmetrical shape to t nter axis of the growing
single crystaizs?a%d ?sl)joi}r)ue( W-E![?]Dtl’?é I%qu %itogrllin%rsr%[ruistdre 2§1pl a?tqh%'uzf)(e%%phrt of the cooling body
22. 30 In Figr9-thescodlingehdelyiz? isssHowrato Havetdginded shdpe, dirdkbcontast-area of the

explosively jointed,part 25:0f the cooling bady 22 and the Jiguidi¢oaling,, structure 21 has nearly the

same area of cross-section of the main body of the cooling body. As for surface property of the cooling

body 227 by AakirtEthalfifer-side of #5e cadiing! bthE22 faeind - tHePSiRGIESGyStal 5 S black, heat

radiation irragdiaingcam be absorped: fhe putelside of thecooling hody 22 facing to the crucible can
be a surface with high reflectance, so as to reflect heat radiation irradiating. 10 The liquid cooling
structure 21 is a water cooling chamber having doughnut-like shape, and is arranged between the side
wall of the intermesliate chamberlc-and thesheating.ghamber2a: dbskirstly, inspragieing the single
crystal S, the upper structure body, havin th,eé)uél-u wchamberth, the intermediate chamber 2c and
the liquid co&lng é}?uc?ﬁrélffgxpl%éﬁgly j%inli‘.le(il withi thé E%Sﬁng EIJ(C)‘S’dfrJ 35?%%@[)%?&%6 from the
heating ¢haniber:2a:zRalycrystallisied formed in a high density of equal to

or higher than 1x10/cm®. Further, by investigation of
dislecation generation mechanism by the BMD, it was
found that, as shown in Fig. 5, a region where the two
{111} planes cross each other is a dislocation

15 generation place (refer to Fig. 6). It 1s supposed that
this region has increased strain, resulting in easy

generation of dislocation.

That is, when thermal stress caused by heat tresatment

20 goes bevond critical wvalue, plastic deformation
generates and causes warpage of the silicon walfer,
therefore, 1t is considered that presence of a large
dislocation generaticn places where the two {111} planes
cross each other, as shown in Fig. 5, brings lattice

25 defect such as dislocation excessively inside the
silicon wafer, by which critical value of thermal stress
decreases and mechanical strength of the silicon wafer
after heat treatment weakens, and thus warpage zasily
generates.

30
Fig. 6 shows a TEM photograph image of dislocation

generated place, where the two {111} planes cross.

— 15 -



20 silicon material as a raw material, impurities of very trace amount as dopants (for example
phosphorous in the case of an n-type, boron in the case of-a p-type, etc., selected as appropriate to
obtain a desired semiconductor), and if necessary, a nitrogen-containing 25 substance and a
carbon-containing substance are inputted into the crucible, and then the upper structure body is
attached again to the heating chamber 2a. By turning the heater 4 on in this state, melting of the
semiconductor material inside the crucible is waited. 30 When the semiconductor material becomes a
molten state Rayidrogen s inpuiied. if Aecessarysintaatmasphpee inSideithe erystat pul-up furnace for
growing the silic&q cr;cgisttg;llé anthQe gu{l}l-ﬁptwire a8fig deesece%r%d%d Q}é %fcltlﬁt{i)n theovr\}/ire winder 11, so
that the seecfc%sta?ﬁ attached 1o the chuck 10 contacts with the surface of the molten liquid L. When
the single crystal$ startsi5 to growingohithelseed, crigtal 9, incthisisiates theémbypulling up the wire
winder 11 at fhe, predetermingd speed, thesingle.crystal s is made grown. A method for adding

nitrogen or carbon to the silicon 10 crystal (or the silicon substrate Wafer cut out from the silicon crystal
grown) i& noepdricalargtiniited, Ahdal cémartionally known method can be used preferably. In more
specifically, as the addition method of nitrogen, by adding a silicon substrate having a nitride 15 film to
molten liquid for pulling up the silicon crystal, nitrogen concentration of the resultant silicon substrate
wafer can be*adjtistet” and asthe Giditior metiod dFGarBéR, 35 adding SarssPp6wdsr to molten
liquid for pulling-dp thaisiieen crystal searben 20-coreentration f therresulfantsilicon-substrate wafer
can be adjusted. Thus, in the process of growing the single crystal S while %g“n up. from the molten
ot S TAHES thes ok

liquid L, radidht light 35 %font fte- Shgle EryStat S-irvadiites the-Coding Bods/ It a high thermal

conductivity material tBetcause thecooling bpdy22is explosively-rjoitedwith the liguid cooling
structure 21 goojed by a liayid coolant and kept atlow temperature, exghange of the radiation
resulting in decrease in warpage of the wafer after heat

treatment. Fig. 4 shows a TEM photo of typical BMD.

15 Here, as an index of morphology of BMD, the ratio of the
{111} plane in total planes surrounding BMD is adopted.
That is, as shown in Fig. 7, ratic of length of the
{111} plane to total length of the circumference is
determined, when BMD is projected in a <110> direction.

20 As described in detail in Examples later, according to
experiments by the present inventors, it was found that
warpage amount after heat treatment i1s suppressead to
egqual To or smaller than 10 um when a ratio of the {111}
plane becomes equal to or lower than 0.3.

25
Based on the above results, the silicon wafer of the
present invention isg excellently supericr in having
small slip and warpage generating in the device
production process. More specifically, the silicon

30 wafer of the present invention, particularly in the
gilicon wafer having controlled size, density and

morphology of BMD as above-described, is characterized

— & -



30 heat with the single crystal S is good, and cooling rate of the single crystal S can be enhanced. In
addition, because rapid cooling of the single crystal S during pulling up is possible, generation of
crystal defect of the single crystal S decreases extremely. Then, the pulled up single crystal S, which is
the 5 silicon crystal of the present invention, can be obtained. By cutting out the single crystal S pulled
up, and by polishing (mirror finishingY if necessary, the silicon substrate wafer (or a mirror wafer) of
the present invention can be obtained. By subjecting the 10 silicon substrate wafer obtained here to
the heat treatmentisteps Ay td: (C)fofithe présentdavention; the silican waferof the present invention
can be prodched. {_!’he silicon gu%rate wafer ofetQ% pé?nselnt in\ﬁgtign g@n 15 be frepared as a desired

one, specificaﬁﬁ%ymselﬂt"abﬁf con ﬁr‘ﬁ“ Isli%gllescrystaT groewt¥| condition (%Py%?gl*ptﬁling up rate, crystal

cooling rate, thucibléiptatiors gas flowcand thehlike) ein additiory, linmitatioarot sizex(diameter, thickness
or the like) 0f,20 the slligon wafer, (or the:silican substrate wafer).of the present invention, and limitation
of presence or absence of dope of various elements are not especially required, and they can be
selectecdPas apprepfatetina@spénseto-kind and performance of the silicon wafer 25required. "Silicon
substrate wafer" in the present description means the silicon wafer which is not heat-treated before the
heat treatment steps (A) to (C) of the present 30 invention, including wafers subjected to a step other
than the heat treRf&Rt SUCHESENiffering ROApHopRdie afferadittitgodtihe sHicHHerystal of the

present inventionse Siliconiwaferin-the present egcrption means wafers:after performing the heat
UeaUnentggﬂgégfggrgggﬁgigg%ggg.is possible. In more
10 specifically, measurement by a transmission electron
microscope ({(hereafter referred to as “TEM”) is included.
A measurement methed and an evaluation method for siip
dislocation and warpage amount of the silicon wafer of
the present invention are not particularly limited.

I5  Measurement is possible by a usually known method: as a
specific measurement method for slip dislocation in the
present description, an X-ray topography is used; and as
a specific measurement method for warpage amount in the
present descripticn, it is possible to evaluate by

20  observation using FT-90A, manufactured by NIDEK Co.,

Ltd, or the like.

A second aspect of the present invention is a method for
producing a silicon wafer, comprising the steps of

25  subjecting a silicon substrate wafer obtained by cutting
cut a silicon crystal to heat treatment step (A), heat
treatment step (B) and heat treztment step (C):
the heat treatment step (A} comprising the steps of:
inserting said silicon substrate wafer to a heat .

30 treatment furnace by setting a temperature thersof at
T00°C to 800°C; increasing the temperature at a

temperature increasing rate of 5°C /minute to 10°C

[



(The heat treatment step (A)) 5 The heat treatment step (A) of the present invention comprises the
steps of: inserting the silicon substrate wafer to a heat treatment furnace by setting a temperature
thereof at 700C to 800C; increasing the 10 temperature at a temperature increasing rate of 5C /minute
to 10C /minute for a range of the insertion temperature of the silicon substrate wafer to a temperature
of below 1100C; increasing the temperature at a temperature increasing rate of 1C /minute to 2C 15
/minute for a temperature range of from 1100C to 1250C; keeping the temperature to be at a constant
temperature 6f1200€ t6c250C fordrone £ toehdursedédreasingithe tempetatafe 6Fthe heat

treatment furpace at 2 temperatuure decteasing rate of 1G /minute Jo 10G,29 finute; taking out the

silicon substrate watfer to outside of the heat treatment furnace at a temperature of 700C to 800C; and
cooling the silitBA Substraerwaferdowi® roofr termperature 25 AsSBP efféetéfthe step (A) on

morphology of,BMD, it isdinderstogd as-fellows Usually, afier-grawth.of the:silican crystal, in cooling
process of the crystal to room temperature, oxym,éﬁoint defects, and other elements in the silicon

crystal aygreg@te o forii-Micrd SEEBRIID AGEE, 'y exisCin'the Siifcon stitgRatéwafst. By subjecting

such silicon substeate wafer tocheat teeatmept Axygenaggregates arguncbihese BMD nuclei as the
center to form BMD with observable size. BMD forme$ in such a process tends to a morphology

accompanying the {1119 plane®Ort thePother REAG,/intfi& Ca8S Wherd e sifichi stbstrate wafer is
subjected to heattreatment:5 atrequal4o or highe: thar 1200€ ssuciras the=heat treatment step (A),

the micro BMCP nuclei dissolve once, A{tg& t%\!’gﬁ itlilsclén%%rsao?rﬂcetﬂ?}n%&?%njnqg]]{e BMD nuclei again

in the heat tregtcr:ﬁ":éaﬁtssjtélg (§f%endojrowmg it'in the heat trea step (C), alonglv{/lltqn by effect 10 of

carbonidér hydrogematoches déscribeddates tBMEE whick is difficuitite adeompany the (EBD) plane, is

formed. In the step A, If.the fyrace temperature whep INSerting 7opoc <o 800°; and
cooling salid silicon substrate wafer down to room
teﬁperature; |
the heat treatment step (B) comprising the steps of:

15  inserting said silicon substrate wafer to the heat
treatment furnace by setting a temperature thereof at
700°C to 800°C; performing a neat treatment at the
temperature being a constant temperature of 700°C to
800°C for 30 minutes to 5 hours; increasing the

20 temperature at a temperature increasing rate of 0.5°C

/minute to 2°C /minute, up to a temperature in which +
50°C is added to the constant temperature or higher;
decreasing the temperature of saild heat treatment
furnace at a temperature decreasing rate of 1°C /minute

25 to 10°C /minute; taking out said silicon substrate wafer
to outside of the furnace at a temperature of 700°C to
800°C; and cooling the substrate down to room
temperature;
the heat treatment step (C) comprising the steps of:

30 inserting said silicon substrate wafer to the heat
treatment furnace by setting the temperature therecf at

T00°C teo B00°C; increasing the temperaturs at a

- 18 -



the silicon substrate wafer inside the furnace is set at 15 below 700C, it incurs decrease in life time of
a furnace heater and thus it is not-preferable, while the temperature of over 800C deteriorates a
furnace member and thus it is not preferable. 20 Reason for setting a temperature increasing rate of
from 5C /minute to 10C /minute for a range of insertion temperature of the silicon substrate wafer to a
temperature of below 1100C, and a temperature increasing rate of from 1C /minute to 2C /minute or a
25 temperature range of 1100C to 1250C is that such temperature increasing rate can be attained by a
general heattreatment furnade;carck edmbe matemperatut € intreéasing rate itiieh shortens total heat
treatment tim}e. f’r(z) ﬁréhilgggr thqu;llZgogllpr% %time e L%aj!é%o QEOI{}}?eIr:éhcan % hogrssgigf:cause it is
capable of ma mgﬂ & ratio of the ?19[11} plane of BMD to équalfoo Tower than %73, and suppressing
warpage to egjualitodess tiart 5aiGpme after completioniof the high tempetature heat treatment step of

the heat treatept-step (¢). The temperature of she heat treatment furnace of oyer 1250C causes

severe deterioration of an annealing 10 furnace member, and thus it is not preferable, while the time
for keepihg at AcorBEaHtdempletattfe of Bveid RBS i5hot preféfable: e f§Heérease in productivity.

Temperaturerdegreasing rate g prefesably frgm 1C/minuteto:106G Aminufe, whieh cap be attained by a
15 general furnace. The furnace temperature of below 700C, when taking out gherubstrate to the
outside of thé flfREEE Itifs fite BBcroases fife'fime YFife fiirHace Réater,“and-ths it is not

preferable, while the teraperature of aver 8096 deteriarates the: fusnace-20 smamber; and thus it is not
preferable. (The heat treatment step (B)E% The heat treatrpent steI[gl (B%of the present invention
comprises th8 stés 6 irerting teSficon stpdratg @+ & tehwstatuze

10 decreasing rate of 1°C /minute to 10°C /minute; and
-taking out said silicon substrate wafer to outside of
said heat treatment furnace at a temperature of 700°C to

800°C.

15 Thereby, it is possible to produce a silicon wafer
capable of suppressing generation of both of =lip and
warpage, in the device production step, to an extremely
small level, and preventing the silicon wafer from
decrease in strength while having the DZ layer, and

20 having large diamster (typically egual to or larger than

200 mm) and high guality.

Hereinafter, explanation will be given on an example of
the preferable production method for tThe silicon crystal

25 o©of the present invention thereafter the productiocn
method for the silicon wafer of the present invention,
by segmenting to each of the heat treatment steps (A) to
(Cy.

(The production method for the silicon crystal)

The silicon crystal of the present invention is not

particularly limited, as long as 1t 1s one obtained by a



25 wafer to the heat treatment furnace by setting a temperature thereof at 700C to 800C; performing a
heat treatment at the temperature being a constant temperature of 700C to 800C for 30 minutes to 5
hours; increasing the temperature at a temperature increasing 30 rate of 0.5C /minute to 2C /minute,
up to a temperature in which + 50C is added to the constant temperature or higher; decreasing the
temperature of the heat treatment furnace at a temperature decreasing rate of 1C /minute to 10C
/minute; taking out the silicon substrate wafer to outside of the furnace at a temperature of 700C to
800C; and coolimgrthp subdstratecb dwxrht@cfosmtenmeranme CBy perfaiming the relevant heat
treatment step, gi ith&r{rglcro BMD rlucl dISS Ived once mVF e heat%reatr’ﬂent Ztep A) can be formed
again. 10 In t eat treatmen ste (%) tjhe*heaaﬁ a’t“menf urnace tempera ur elow 700C does
not provide Bﬁﬂl&bmﬁatlmsaﬁmmlydaecauée @ﬁmsﬂﬁmbmeciﬁﬁm&rortbéoxygen and thus it is not

preferable, whilg even ll&‘ﬁ’hﬁgéﬁ% femperafure.| is. %§E8OOC there are many uselessness, because

there is little influence on BMD optimization, and thus it is not preferable. The time of heat treatment,
performéd at a constant 20 temperature of from 700C to 800C, of below 30 minutes is insufficient as

time for formationr gf-BM2 wG&EuWQ'E%W%E“%@éOM@ %D@y%@ﬁe%’ ?%%Sa@rqgflcg}&'éy extremely, and
thus it is not preferable. 25 Further, the temperature increasing rate of the low rate region of below

0.5C /mlnutéjca?ﬁ%?geém\é%i%%ﬁenﬁfé?&%?é incr@ading rateSwhitd tie petatiire increasing rate

of over 2C /minute-soing tisappear BMB depesitathand-tbus it is not peeferahie,When the 30 final
temperature of tgz t§m erat re ing égr ﬁ#o is below a temperatulre which is_+ 509C higher than
the keeplng EmpeTatuTe of 1 Io%ﬂee]rﬁ & fle silicon wafer

using a single silicon crystal production apparatus,
with reference to examples, along with explanation on
the relevant single crystal silicon production
apparatus. Fig. 9 is a schematic cross—-sectional view
showing one example of a single crystal production

15  apparatus to be used in the present invention. The
single crystal production apparatus shown in Fig. 9 has
a member for melting a semiconductor material and a
mechanism for pulling up a grown single crystal; the
member for melting a semiconductor material is held

20 inside a heating chamber 2a; and the mechanism for
pulling up the single crystal is eguipped at the inside
and the outside of a pull~up chamber 2Zb, which
constitutes a part of an upper structure body made
separable from this heating chamber 2a. This upper

25 structure body has a intermediate chamber 2c¢ as well.

Inside the heating chamber 2a, a cruciblie retaining
molten liguid L is equipped by a rotation shaft 5, and
this crucible is supported in a free rotation and free
30 hoisting state, and the rotation shaft 5 is rotated and
hoisted by a drive unit not shown. The drive unit

ascends the crucibkble just by lowered changed of liquid



treatment step, the END, which was formed during temperature increase, vanishes in the next step C,
and thus it is not preferable. (The heat treatment step (C)) 5 The-heat treatment step (C) of the present
invention comprises the steps of: inserting the silicon substrate wafer to the heat treatment furnace by
setting a temperature thereof at 700C to 800C; increasing the 10 temperature at a temperature
increasing rate of 5C /minute to 10C /minute for a range of the insertion temperature of the silicon
substrate wafer to a temperature of below 1100C; increasing the temperature at a temperature
increasing rate of 1C/ninutector2O 51minute forlatenmperature Yange of $300€%6 1250C; keeping the

temperature ta b ggn tant temperature of 1200C 10 1250¢ for from 1 10 4 hours; decreasing

temperature of the treatment furnace at a temperature decreasing rate of 1C /minute to 10C 20
Iminute; anditaking B the sitiedn stbstrateiiafer to-atsiticlof thBheat treaffiehHafnace at a

temperature.of from 7006 e 800G, By Rerferming the;heat treatment step. (G}, END nuclei, 25 which

are difficult to accompany the (111) plane, can be grown. It is considered that in the heat treatment

step (C)} by S&ttifl TR keephytemperafire at 8qGalts of high? 30%than 1206EZ or the retention time

at equal to orlongertharei hogrdt is Rossible te atiaindhe diaganat tengtl of BYIR of equal to or
longer than 10 nm bygr_owth of Er;e BMD nuclei, tzjgrij slip after the he tt%eatmené%n be suppressed

to equal to of fesstRart 105 By sl shidlding It i€ cONSiasred that by STbjetiifg the silicon

substrate wafertoshe heat treatmentz wiich includesithese:heattnehtinent steps (A) to (C) as an
inseparable gne.set, BMD.which s, lfil to.accompany wifh the 44 plape is formed, then.
generation of Slip and 10 warpage in the device production process can be both extremely suppressed
10  insulating material 12, to prevent direct radiation of
heat from this heater 4 to the heating chamber Za, 1s

eguipped so as to surround its circumference.

At the pull-up chamber 2Zb, a pull-up wire 8, which ié

15  hung through the top wall ¢f the ceiling of the
intermediate chamber 2¢ and cne end thereof is fixed to
a wire winder 11 is provided; and at the lower end of
this pull-up wire 8, a chuck 10 for holding a seed
crystal 9 1s attached. The wire winder 11 pulls up the

20 single crystal S growihg gradually at the lower end side
of the seed crystal 9, according to the growth speed
thereof or the like, and at the same time, makes the
crystal rotated always in an opposite direction to a

rotation direction of the crucible.

235
From a gas inlet 13 formed at the holding part for the
pull-up chamber 2b, a gas mixture of argon and hydrogen
is introduced, and this mixed gas is discharged from a
gas vent 14, after circulating the inside of the heating
30  chamber 2a. Reason for circulating the mixed gas inside

the chamber in this way is, as described above, to

prevent contamination of 5i0; gas or CO» gas into molten

— 8 -



Atmosphere of the heat treatment steps (A) to (C) is not particularly limited, and they may be
performed under 15 nitrogen atmosphere, hydrogen atmosphere, oxygen atmosphere, rare gas (Ar or
the like) atmosphere; and there is no limitation on apparatus to be used in the heat treatment steps (A)
to (C), and a conventionally known apparatus can be used preferably. Specifically, a 20 usual
batch-system vertical-type furnace, a batch-system vertical-type furnace having RTA (rapid thermal
treatment) or oxygen purging function etc. are included. As for the production method for the silicon
wafer of 25 thelpresentlinyention littis preferable thatthe silicontsubsiratel@afdrof the present

invention contains, nirogen f s Recatise by cporaining niioderin B substzater insgease amount o
warpage can be turther suppressed to a small level (typically, equal to or 30 smaller than 5 um). Thus,
it is becausey byfukther Sggpressifg increase amount of warpage, a higher performance device can be
produced. Nitrogen concentration inside the silicon substrate wafer of the present invention is
preferably 1.5x1014 atoms/cm3 to 5x1015 atoms/cm3, and_more preferably 4x10'4 5 atoms/cm3 to
5x1015 AtorAs/ci3e TREVHFSYEH cobhcerftiatioh orbeldi i abdve FgEMakes surface defect

remained after J?%L&mte&%réﬁ_@ﬂgeg@ﬁw@a%em and dhus itis:netpreferable; whiledhe nitrogen
concentration of over the above range generates 10 polycrystallization_and could decrease yield, and
thus it is not PreferasIe. Fftheroducibrmetfod for the STCoIT water of the presért invention, it is
preferable that.the silicon 15substrateswaferaf the pleseat invention containscarpohnCarbon
concentration. is preferably from 3x1015 atoms/cm3 to 2x1017 atoms/cm3,.and.more greferably from
5x1015 aton%}&rg t9 &fdﬁ%%t&r%glﬁ?npﬁ The g&rﬁ%ﬁ%%%%ént%ﬁo”n%f'belé%vg tﬁg%bo%é range makes
the rativ020 afitheplageiof BMDlaftey completionof the high températurechesd tredtimentstep (C) be

over 03, and fhus, i not pigferableayhie the atbon,qoncenisation of puer fe aboye range

generates p(ﬁ?gryéf]afﬁizatlon and could decrease’yield, and thus 25 it is not preferable. In the
production nmgtkod: forltha silicon wafer of the present invention, it is preferable that oxygen

The cooling body 22 made of a high thermal conductivity
15 material is arranged so as to cool the growing sing.e
crystal S. A material composing the ccoling body 22 can
be selected from substances with high heat conductivity.
and heat radiation rate, for example, silver, a silver
alloy, carbon, copper or the like. As a material with
20 high heat conductivity, as well as having no concern of
contamination of the molten liguid or the single
crystal, use of silver or a silver alloy is most
preferable. A method for ceating gold or silver or an
alloy therecf onto the surface of copper ©or a Copper

25 alloy can be adopted as well.

The cooling body 22 is jointed to the liguid cooling
structure 21; and the jointed part of the cooling body
22 and the liguid cooling structure 21 forms an

30 explosively jointed part 25 jointed explosively. In
explosive jointing, materials themselves to be jointed

are arranged in parallel each other with a suitable

A



.concentration of the silicon substrate wafer of the 30 present invention is preferably from 8x1017
atoms/cm3 to 9x1017 atoms/cm3. The relevant oxygen concentration of below the above range
causes BMD density to be below .1x1011 /cm3, and thus it is not preferable, while the oxygen
concentration of over the above range could decrease yield of the crystal, and thus it is not preferable.
5 In the production method for the silicon wafer of the present invention, it is preferable that hydrogen
partial pressure inside the crystal pull-up furnace when pulling-up the silicon crystal is 3 to 40 Pa, and
more 10 preferabhe3@te 40 Pa. Theosetting ofitieshyidrogen paltiat plessure torbe 3tox0 Pa can

make the ratig}%ig% i]v]el}ipgq%%%@g/gp gq_ge gqﬂglﬁ@é}r Igl\é/%mlqsaggcause of the addition of

constant amount of hydrogen into the crystal along with by effect of carbon. The 15 case where the
hydrogen parfiaPpressire insidelthe sifton<erystafpuiitip ferhate s below SP6IRGWET 40 Pa

decreases pulling-up yield of the-crystab.and thus itis not preferaple, 2Qtis fugher.preferable that for
the silicon crystal of the present invention, nitrogen and carbon are doped In the silicon melt liquid, and

the silicon cryStal i€ YrowRTNeF gas AtmddpieraSnduding Tytisgditiiite theSiiddhterystal pull-up
furnace. Anddbisifugthen 2p qpreferalle-thathydragen padiahpressure inside thecrystahpull-up furnace
for growing the silic%n gysta(lal is 3 t% 40 Pa, an nitrgge@ff 4x%%14 gorc?x 1@5maLE rrés/cmB and carbon
of 5x1015 to Ix101 7 Hi6msicm3 afe added int6 the Silicon Cr)nwoltenﬁ?'&w . crystalat 000C to 900C is
equal to or highérfthansCiminute. Thescooling rate of-befow thie abdve renge provides the ratio of the

{111} plane of EMS,0f gvet,0.3, afier completipn of the heat reatment sten;(G), 5and.thus it is not

preferable. Carbon concentration, nitrogen concentration and oxygen concentration in the silicon
crystal, Bhd camien: condentration, RittogenTconébatatiort and oxygenred is adhered

closely by high pressure, and both materials joint

completely with metal structure.

Because the joint part of the ccooling boedy 22 and the

[5 liguid cooling structure 21 is explosively jointed, a
good Joint part is formed, irrespective of being a joint
part of different kind of metals, and further it is
possible to secure nearly 100% of contact ratio in the
contact area. Therefore, heat transfer from thé cooling

20 body 22 to the liguid cooling structure 21 proceeds
extremely good, and it is possible to decrease
temperature of the cooling body 22. The cooling body 22
is arranged at position to shield radiation heat from
the crucible or the molten liguid L to the single

25 crystal S by taking nearly rotation symmetirical shape to
the center axis of the growing siﬁgle crystal 5, and is
jointed with the ligquid cooling structure 21 at the

upper part of the ceooling body Z2.
30 In Fig. 9, the cooling body 22 is shown to have cylinder

shape, and contact area of the explosively jointed part

25 of the cooling body 22 and the liguid cooling

I



10 concentration in the resultant silicon wafer are substantially the same. As the silicon crystal of the
present invention, it is particularly preferable that by setting hydrogen partial 15 pressure inside a
crystal pull-up furnace for growing said silicon crystal at from 3 to 40 Pa and controlling a cooling rate
of said silicon crystal at 1000C to 900C to be equal to or higher than 5C/minute, nitrogen concentration
of the silicon substrate wafer obtained by 20 cutting out said silicon crystal is from 1.5x1014
atoms/cm3 to 5x1015 atoms/cm3; and oxygen concentration is from 8x1017 atoms/cma3 to 9x1017
atoms/cm3; aatcarbonr eofidentrationds 8k$01b atermsem3 toe2x10 17atemséen3d {as: converted by

JEITA). 25 Thersilsan waley ofdhs prasent Invenuion shaws synergjeticgffec, by doping nitrogen and

carbon to the silicon molten liquid-as above, and also By using the silicon substrate wafer grown under
gas atmosphéreCBo ifcludihgMiregent insitlebthievsiicon &rystad paiitp firmacenmraddition to the heat

treatment steps (A) 10y can sHRRIESS @nek preyert.gengration ef.slin.and warpage:and generation
of slip dislocation in the device production process. A measurement method for concentrations of

nitrogen, 5 carbéit &Rl oxyGah indadéd inthe i sUbstrate fafdt afha difcdn wafer of the

present inventiog is:netpardicdlarly fimited as>wellnand: ey can e meagured preferably by a
conventionall&lignowg method. More speci 'ca%, as rﬁe metgod f%r_ measuring nitrogen 10

concentration, nﬁ%ﬂgejnecocnacrén}?r%tign A beTeds Jﬁ)ﬁusiﬁge ls%%%ﬁagﬁ/ iofi mass spectrometer

(SIMS). As theamethbdfor: mMeastrimg oxygerrand:casbiorm canecentrations, these concentrations can be
measured by using an infrared absorption method, and determined by value of 15 JEITA (Japan

Electronics and Information Technology Industries Association) as a conversion factor. EXAMPLES
10 The liguid cooling structure 21 1s a water cooling

chamber having doughnut-like shape, and is arranged
between the side wall of the intermediate chamber Z2¢ and

the heating chamber 2a.

15 Firstly, in producing the single crystal S, the upper
structure body, having the pull-up chamber Zb, the
intermediate chamber Zc and the liquid cooling structure
21 explosively jointed with the cocoling body 22, is
separated from the heating chamber 2a. Polycrystalline

20 silicon material as a raw material, impurities of very
trace amount as dopants (for example phosphorous in the
case of an n—-type, boron in the case of a p-type, etc.,
selected as appropriate to cobtain a desired
semiconductor), and if necessary, a nitrogen-containing

25 substance and a carbon-containing substance are inputted
into the crucible, and then the upper .structure hody 1is
attached again to the heating chamber Z2a. By turning
the heater 4 on in this state, melting of the
semiconductor material inside the crucible 1s wailted.

30 When the semiconductor material becomes z molten state,
hydrogen is inputted, if necessary, intc atmosphere

inside the crystal pull-up furnace for growing the

— 4 —



Explanation will be given below on Examples of the 20 present invention. However, the present
invention should not be limited to the following Examples. That is, the following Examples are merely
exemplifications, and any one should be encompassed in a technological scope of the present
invention, as long as it has 25 technological concept and substantially same constitution and exerts
similar action effect as described in the claims of the present invention. Example 1 30 Pulling-up of a
single crystal silicon was performed using a silicon crystal production apparatus. The silicon crystal
production appatdtusrusedsinthé present tExamplelisacsingle <rystalsprodactoniagparatus having the

tooling body 22..shown in £19..9, Sych an apparalus is.used i a siicon coystal praduction by the usual
CZ method, and crucible diameter used in the apparatus was 5 22 inch, a silicon semiconductor

material introdicetFirelctucibre WaS 280 Ke, 4Rl the Single &y stdl S grewrawas @h 8 inch crystal.

Silver was used as:@ materialof the cooling/bedy 22..1Q 9&%1@1%@@8@&6@1‘ the goaling body 22

was 260 mm, outer diameter thereof was 300 mm and length thereof was 280 mm. As the liquid

cooling structlife 9124t a Wonfigiirafich Wasiisthat the'ityuid coliig structlire?81 Was set as a

doughnut-shapediwatereeoting: chambet; 15 davingia geoling:wates pipelineiinside and attached to the

lower part of the intermediate chamber 2c. S ?cgicg%/, the, relevantrproduction apparatus is a pull-up
20 coole

furnace 1 whérea heat sf}ﬁercd}ﬁlgg Sdf 36 %a% Iaab?/eth%%%%ve method for increasing
pulling-up rate at equal to or higher than 1100C; or a pull-up furnace 2 having general pulling-up rate.

'e”X:)rl‘gslif’\g'&“j%ziiﬁt‘}e%a.%o]d aoint pait;of the cooling hody. 22 and the liguid.cooling strycture 21 was

10 crystal (or the silicon substrate wafer cut out from the
silicon crystal grown) is not particularly limited, and
a conventionally known method can be used preferably.
In more specifically, as the additicn method of
nitrogen, by adding a silicon substrate having a nitride

15 film to molten liguid for pulling up the silicon
crystal, nitrogen concentraticn of the resultant siliceon
substrate wafer can be adijusted; and as the addition
method of carbon, by adding-cazboﬁ powder o molten
liquid for pulling up the silicon_crystal, carbon

20 concentration of the resultant silicon substrate wafer

- can be adjusted.

Thus, in the process of growing the single crystal 8
while pulling up from the molten liquid L, radiant light
25 from the single crystal S irradiates the cooling body 22
made of a high thermal conductivity material. Because
the cooling body'ZZ ig explosively jointed with tThe
liguid cocling structure 21 cooled by a liguid coolant
and kept at low temperature, exchange of the radiation
30  heat with the single crystal § is good, and cooling rate
of the single crystal 3 can be enhanced. In addition,

because rapid coocling of the single crystal § during
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25 On the other hand, in the pull-up furnace 2, a joint part of the cooling body 22 and the liquid cooling
structure 21 was bolt jointed. The pull-up furnace 1 was used to attain the cooling 30 rate of 5C
/minute at 900C to 1000C, and the pull-up furnace 2 was used to attain 2C /minute. The silicon crystal
grown by utilizing this apparatus was p-type (boron doped-type) of-a conduction-type, and crystal size
(diameter) was 200 mm (8 inch). 5 The addition of nitrogen was performed by inputting a wafer having
a nitride film into the silicon molten liquid. The addition of carbon was performed by inputting carbon
powder into theisilicow maitendigeid: Nitrbgen eceneentiation ofithe siliconwafef ebtained by 10 slicing

the crystal pug%@-ugi\y@% @e@rc,%e@algy gs@g&ggc‘soépa%%%mgﬁ spectrometer (SIMS). Oxygen and

carbon concentrations were measured by an infrared light absorption method, using value of JETTA
(Japan Electronics and Information Technology Industries 15 Association). That is, the conversion

factor of interfattice oxygen cencentration;is 3:03x10fliama, and the:conversion factor of carbon
concentration is 8,1x1016/cm2. 20 The wafer having a nitrogen concentration of equal to or lower than

5x1014 atomSEins-Eahriot belféasireld’by bEivG SIMS! tHgtefore hitrégeh &6ncentration determined

by the following expression was used.ibxplanatiomwilldie.givendelew in dgtaihomsuch an expression.

25 The method for ad ir]génitrogen in the production ,etho%of the present invention is not particularly
ho

limited, and kRbwnThethdds Can be isel, these tlude fof exdhple; a MEtHOEfoF itroducing nitrogen
gas during 30tdisselvingasilicom rw miateralf amethodformiking avsilicon) subStrate: deposited with

ann”debyaé%égent invention can be obtained. By subjecting the
10 silicon substrate wafer obtained here to the heat
treatment steps (&) o (C) of the present invention, the

silicon wafer of the present invention can be produced.

The silicon substrate wafer of the.present invention can
15 be prepared as a desired one, specifically, by suitably
controlling single crystal growth conditions (crystal
pulling up rate, crystal cocling rate, crucible
rotation, gas flow and the like). In addition,
limitation of size {(diameter, thickness or the like) of
20 the silicon wafer (or the silicon substrate wafer) of
the present invention, and limitation of presence or
absence of dope of various elements are not especially
reguired, and they can be selected as appropriate in
response te kind and performance of the silicon wafer

25  reguired.

“Silicon substrate wafer” in the present description
means the silicon wafer which is not heat-treated before
the heat treatment steps (A) to (C) of the present

30 invention, including wafers'subjeéted to a step other
than the heat treatment such as chamfering as

appropriate after cutting out the silicon crystal of the
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method or the like, during dissolving a raw material. Segregation coefficient k, which is ratio of
impurities taken in the crystal after solidification of the silicon molten liquid, relative to concentration in
the molten liquid, is 7x10-4 for the case of nitrogen (W. Zulehner 5 and D. Huber, Crystal Growth,
Properties and Applications, p28, Springer-Verlag, New York, 1982). Nitrogen concentration taken into
the crystal from the silicon molten liquid to be used in the production 10 method of the present
invention is calculated as follows: Expression 1 Nitrogen concentration in the wafer - k x (1- 15
solidification rates £kwuz>< miteoger-eancentrationdmthesmolen liguich Nitsogereeancentration in the

molten liquid may alslo %('j%alIﬁgaanssinit?}gQgrsogaeg_tcgrrlcegtrgti%gngn the%rgglt%réz liquid. Here,
solidification rate (?fﬁ of the Silicon crysvfal iS determined 88 Tdelﬁ)ws‘:plé%(p‘r‘ession 5" Solidification rate (9)

of the silicon drystatmgweight 25sofcsilicorecrystatiized) A (imitialtrnotten liquid weight) Measurement
values [atoms/(qm{g] ef.nitrogen gglggg@tr%tj%bargpgqscribed in the following Table 1. 30 The addition of
hydrogenswas performed by introducing hydrogen mixed gas to each of the pulling-up furnaces.

The heat treatment step (A} of the present invention
comprises the steps of: inserting the silicon substrate
wafer te a heat treatment furnace by setting a
temperature therscof at 700°C to 800°C; increasing the

10  temperature at a temperature increasing rate of 5°C
/minute to 10°C /minute for a range of the insertion
temperature of the silicon substrate wafer to a
temperature of below 1100°C; increasing the temperature
at a temperature increasing rate of 1°C /minute to 2°C

15  /minute for a temperature range of from 1100°C to
1250°C; keeping the temperature to ke at a constant
temperature of 1200°C to 1250°C for from 2 to 4 hours;
decreasing the temperature of the heat treatment furnace
at a temperature decreasing rate of 1°C /minute to 10°C

20 /minute; taking out the silicon substrate wafer to
outside of the heat treatment furnace at a temperature
of 700°C to 800°C; and cocoling the silicon substrate

walfer down to room temperature.

25 As for effect of the step (A) on morphology of BMD, it
is understood as follows. Usually, after growth of the
silicon crystal, in cocling process of the crystal to
reom temperature, oxygen, point defects, and other
elements in the silicon crystal aggregate to form micro

30 BMD nuclei, which exist in the silicon substrate wafer.
By subjecting such silicon substrate wafer to heat

treatment, oxygen aggregates around these BMD nuclel as
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~ As the hydrogen partial pressure [Pa], conditions described in the following Table 1 were set. In this
way, a plurality pieces of substrates were cut 5 out from the .same site of this single crystal using a
wire saw, then, they were subjected to mirror finishing to obtain the silicon substrate wafer (a thickness
of about 725 pm). Thereafter, the relevant silicon wafer was used as a substrate to prepare the
annealed wafer, 10 by performing heat treatment according to a heat treatment pattern shown in Fig.
8. Heat treatment was performed under atmosphere of 100% argon. Examples 2, 3 and 4 15 Silicon
wafers were produced by the samerwagias i Example 4y vadereconditions shawrrirthedollowing

Table 1. (Mea&sryr%@ggt gnd evaluggogé)rggwe nnealed Wag;%r]) 20 On eggh ogrtlhe ann%%lgd wafers

obtained under the preparﬁl{)%cceonditlons, fhe %Ilgwrl{ﬁogrr%eas“t?r%%ean and svaluation wére performed.
(1) Measurenient of BMBrdensiti 25t F EM sampienas taken-fremasositiorhat'a& depth of 100 pm from

the surface of:the annealed, wafer. The, FEM samplewas.observed with, TEM.to.coynt BMD having a

diagonal length of equal to or longer than 10 nm, for at least 10 or more pieces. Volume of the

observed regith STAS cafcutated o fotal afeal dierved With TEM andtsdifipile thickness, and
volume densityref:zBME wWas tealculated fram BNMB-countmumber andolymef the ebserved region.

After that, it i1s understcod that by forming the BMD

nuclel again in the heat treatment step {B}, and growing

it in the heat treatment step (C), along with by effect
10 of carbon or hydrogen to be described later, BMD, which

is difficult to accompany the {111} plane, is formed.

In the step A, 1f the furnace temperature when inserting
the silicon substrate wafer inside the furnace is set at
15 below 700°C, it incurs decrease in life time of a
furnace heater and thus it is not preferable, while the
temperature of over 800°C detericrates a furnace member

and thus it is not preferable.

20 Reason for setting a temperature increasing rate of from
5°C /minute to 10°C /minute for a range of insertion
temperature of the silicon substrate wafer to a
temperature of below 1100°C, and a temperature
increasing rate of from 1°C /minute to 2°C /minute or a

25 temperature range of 1100°C te 1250°C is that such
temperature increasing rate can be attained by & general
heat treatment furnace, and can be a temperature
increasing rate which shortens total heat treatment
time.

30
In the step for keeping the wafer at a constant

temperature, reason for setting the temperature zgqual to
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(2) Morphology of BMD 5 A TEM sample was taken from position at a depth of 100 pm from the
surface of the annealed wafer. The TEM sample was observed from the <110> direction to determine
the ratio of the {111} plane of BMD, according to the method of Fig. 7. At least 10 BMDs were \
observed 10 to determine an average value of the ratio of the [MI plane. (3) Slip length The annealed
wafer was subjected to the following heat 15 treatment using RTA. The heat treatment under the
following condition was repeated 10 times. Insertion: room temperature Temperature increasing rate:
50C /minute 20 Reterition: at4£00C §6r° T minuteyEermprratarguddcreasing raten 38€ /minute Taking
out: room te rature At phere: argon. The annealed wafer after the.heat treatment was
observed 25%%%% X-%)? %gpoﬁ%aegﬁf% a%%emjééirﬁ"aﬁ Igﬁﬁﬁf_’rﬁor?g%s%a e:h%?nsto Sserved was adopted
as a represeritativeovalie L4 Ameodnt of\earpagé FHe ahnealedavaferwas subjetted to the following

heat treatmenty,as the @?su;meti%% a device process, 30(A)Heat igatment 780G, 3:-hpurs + 1000C,
16 hours, dry oxygen atmosphere Deposition of an oxidized film
57710 um, after completion of the high tTemperature heat

treatment step of the heat treatment step ().

The temperature of the heat treatment furnace of over
1250°C causes severe deterioration of an annealing

10 furnace member, and thus it isg not preferable, while the
time for keeping at a constant temperature of over 4
hours is not preferable due to decrease in productivity.
Temperature decreasing rate 1s preferably from 1°C
/minute to 10°C /minute, which can be attained by a

15 general furnace. The furnace temperature of below
700°C, when taking out the substrate to the outside of
the furnace incurs’thg decrease in life time of the
furnace heater, and thus it is not preferable, while the
temperature of over 800°C deteriorates the furnace

20  member, and thus it is not preferable.

{The heat treatment step (B))

The heat treatment step (B) of the present invention
comprises the steps of: inserting the silicon substrate
25 wafer to the heat treatment furnace by setting =a
temperature thereof at 700°C to 800°C; performing a heat
treatment at the temperature being a constant
temperature of 700°C to 800°C for 30 minutes té 5 hours;
increasing the temperature at a temperature increasing
30 rate of 0.5°C /minute to 2°C /minute, up to a
temperature in which + 50°Cris added to the constant

temperature or higher; decreasing the temperature of the
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950C, dry oxygen atmosphere, a film thickness of 15 nm (C) Deposition of a nitride film CVD, 780C, a
film thickness of 150 nm (D) Heat treatment by RTA 5 Heat treatment under the following condition -
was repeated 10 times. Insertion: room temperature Temperature increasing rate: 50C /minute 10
Retention: at 900C for 1 minute Temperature decreasing rate: 30C /minute Taking out: room
temperature Atmosphere: argon And, warpage of each of the annealed wafers, before the 15 pseudo
device process heat treatment and after the pseudo device process heat treatment, was measured
using FT-90A ) arnufactaieteby NFDEKaCe., 4td.atocdetermineinereased aumaunt of avatpage -

warpage afterolge%totgemer%% gvagga%% bgfo;%%$g£g§a%ng%nfh20 O(Lllicacjehgf measurement results and
evaluation results of the annealed wafers) In Table 1, on annealed wafers prepa’réﬁ under
substrate wafer to outside of the furnace at a

temperature of 700°C to 800°C; and ccoling the substrate

5 down to room temperature.

By performing the relevant heat treatment step (B), the
micro BMD nuclei dissolved once in the heat treatment
step (A) can be fcrmed again.

10
In the heat.treatment step (B), the héat treatment
furnace temperature of below 700°C does not provide BMD
formation sufficiently because of insufficient diffusion
of oxygen, and thus it is not preferable, while even

15 when the temperature is over 800°C, there are many
uselessness, because there is little influence on BMD

optimization, and thus it is not preferable.

The time of heat treatment, performed at a constant

20 temperature of from 700°C to 800°C, of below 30 minutes
is insufficient as time for formation of BMD nuclei,
while the time of over 5 hours decreases productivity

extremely, and thus i1t is not preferable.

25 Further, the temperature increasing rate of the low rate
region of below 0.5°C /minute cannot secure stable
temperature increasing rate, while the temperature
increasing rate of over 2°C /minute could disappear BMD
deposited, and thus it i1s not preferable. When the

30 . final temperature of the temperature increasing step is
below a temperature which is + 50°C higher than the

keeping temperature of the low temperature heat
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preparation conditions shown in Table 1, as Examples and 25 Comparative Examples, density and
inter-lattice oxygen concentration of BMD having predetermined size measured, and slip and warpage
amount, generated by the pseudo device process heat treatment, are summarized. a) roi 33 =30.0
30S02*00IT E'B2

treatment step, the BMD, which was formed during
temperature increase, vanishes in the next step C, and
thus it is not preferable.

(The heat treatment step ({))

The heat treatment step (C) of the present invention
comprises the steps of: inserting the silicon substrate
wafer to the heat treatment furnace by setting a
temperature therecof at 700°C to 800°C; increasing the

10 temperature at a temperature increasing rate of 5°C
/minute to 10°C /minute for a range of the insertion
temperature of the silicon substrate wafer to a
temperature of below 1100°C; increasing the temperature
at a temperature increasing rate of 1°C /minute to 2°C

15  /minute for a temperature range of 1100°C to 1250°C;
keeping the temperature to be a constant temperature of
1200°C to 1250°C for from 1 to 4 hours; decreasing
temperature of the heat treatment furnace at a
temperature decreasing rate of 1°C /minute to 10°C

20 /minute; and taking out the silicon substrate wafer to
outside of the heat treatment furnace at a temperature

of from 7C0°C to BO0°C.

By performing the heat treatment step (C), BMD nuclei,
25 which are difficult to accompany the {111} plane, can be

grown.

It is considered that in the heat treatment step (C), by
setting the keeping temperature at egual to or higher

30 than 1200°C, or the retention time at equal to or longer
than 1 hour, it 1is possible to attain the diagonal

length of BMD of equal to or longer than 10 nm by growth

T
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of the BMD nuclei, then, =lip after the heat treatment
can ke suppressed to egual to or less than 10 um by slip

shielding effect.

5 It is considered that by subjecting the silicon
substrate wafer to the heat treatment, which includes
these heat Treatment steps (A) to (C) as an 1lnseparable
one sét, BMD which is difficult to accompany with the
{111} plane is formed, then, generation of slip and

10 warpage in the device production process can be both

aextremely suppressed

Atmosphere of the heat treatment steps (A} to (C}) is not
particularly limited, and they may be performed under

15 nitrogen atmosphere, hydrogen atmosphere, oxygen
atmosphere, rare gas (Ar or the like) atmosphere; and
there is no limitation on apparatus to be used in the
heat treatment steps (A) to (C), and a conventionally
known apparatus can be used preferably. Specifically, a

20 usual batch-system vertical-type furnace, a batch-system
vertical~type furnace having RTA (rapid thermal

treatment) or oxygen purging function etc. are included.

As for the production method for the silicon wafer of

25 the present invention, it is preferable that the silicon
substrate wafer of the present invention contains
nitrogen. It is because by contalning nitrogen in the
substrate, increase amount of warpage can be further
suppressed to a small level ({(typically, equal tc or

30 smaller than 5 um} . Thus, it is bkecause, by further
suppressing increase amount of warpage, a hligher

performance device can ke produced.
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Nitrogen concentration inside the silicon substrate
wafer of the present invention is preferably 1.5x10%
atoms/cm”® to 5x10%° atoms/cm®, and more preferably 4x10

5 atoms/cm® to 5x10%° atoms/cm®. The nitrogen
concentration of below the above range makes surface
defect remained after high temperature heat treatment,
and thus it is not preferable, while the nitrogen
concentration of over the above range generates

10 polycrystallization and could decrease yield, and thus

it is not preferable.

In the produciicon method for the silicon wafer of the

present invention, it is preferable that the silicon
15 substrate wafer of the present invention contains

carbon. Carbon concentration is preferably from 3x10°°

atoms/cm®

to 2x10Y atoms/cm®, and more preferably from
5x10°° atoms/cm® to 1x10Y atoms/cm’. The carbon
concentration of below the above range makes the ratio

20 of the {111} plane of BMD after completion of the high
temperature healt treabtment step (C) be over 0.3, and
thus it is not preferable, while the carbon
concentration of over the above range generates

polycrystallization and could decrease yield, and thus

25 it is not preferable.

In the production method for the silicon wafer of the
present invention, it is preferable that oxygen
concentration of the silicon substrate wafer of the

30 present invention is preferably from 8x10Y atoms/cm® to
9%x10Y atoms/cm®. The relevant cxygen concentration of

below the above range causes BMD density to be below
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C1x10t /Cm3, and thus it is hot preferable, while the

oxygen concentration of over the above range could
decrease yield of the crystal, and thus it is not

nreferable.

In the production method for the silicon wafer of the
present Invention, 1t 1s preferable that hydrogen
partial pressure inside the crystal pull-up furnace when
pulling-up the silicon crystal is 3 to 40 Pa, and more
preferably 30 to 40 Pa. The setting of the hydrogen
partial pressure to ke 3 to 40 Pa can make the ratio of

the {111} plane of BMD to be equal to or lower than 0.3,

pecause of the addition of constant amount of hydrogen

inte the crystal along with by effect of carbon. The
case where the hydrogen partial pressure inside the
silicon crystal pull-up furnace is below 3 Pa or over 40
Pa decreases pulling up yield of the crystal, and thus

it -is not preferable.

It is further preferable that for the silicon crystal of
the present invention, nitrogen and carbon are doped in
the silicon melt liguid, and the silicon crystal is
grown under gas atmosphere including hydrogen inside the
silicon crystal pull-up furnace. And, it is further
preferable that hydrogen partial pressure inside the
crystal pull-up furnace for growing the silicon crystal
is 3 to 40 Pa, and nitrogen of 4x10' to 5x10™ atoms/cm’
and carbon of 5x10% to 1x10%7 atoms/cm’ are added into

the silicon molten liguid.

In the production method the present invention, 1t is

preferable that cooling rate in pulling-up the silicen
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crystal at 1000°C to 900°C is equal to or higher than
5°C/minute. .The cocling rate of below the above range
provides the ratio of the {111} plane of BMD of over
0.3, after completion of the heat treatment step (C),

and thus it is not preferable.

Carbon ceoncentration, nitrogen concentration and oxygen
concentration in the silicon crystal, and carbon
concentration, nitrogen concentratiocn and oxygen
concentration in the resultant silicen wafer ére

substantially the same.

As the silicon crystal of the present invention, it is
particularly preferable that by setting hydrogen pértial
pressure inside a crystal pull-up furnace for gfcwing
sald silicon crystal at from 3 to 40 Pa and controlling .
a Cool;ng rate of said silicon crystal at 1000°C to
900°C to be equal to or higher than 5°C/minute, nitrogen

concentration of the silicon substrate wafer obtained by

~cutting out said silicon crystal is from 1.5x10%

atoms/cm’ to 5x10% atoms/cm’; and oxygen concentration

P tao 9x10 atoms/cm’; and carbon

is from &x10' atoms/cm
concentration is 3x10Y atoms/cm® to 2x10"7 atoms/cm® {as

converted by JEITA}.

The silicon wafer of the present invention shows
synergistic effect, by doping nitrogen and carbon to
the silicon molten liguid as above, and also by using
the silicon substrate wafer grown under gas atmosphere
including hydrogen inside the silicon crystal pull-up
furnace, in addition to the heat treatment steps (A) to

(C), can suppress and prevent generation of slip and
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warpage, and generation of slip dislocation in the

device production process.

A measurement method for concentrations of nitrogen,

5 carbon and oxygen included in the silicon substrate
wafer and the silicon wafer of the present invention is
not particularly limited as well, and they can be
meazured preferably by a conventionally known method.
More specifically, as the method for measuring nitrogen

10 concentration, nitrogen concentration can be measured by
using a secondary lon mass spectrometer (5IMS). As the
method for measuring oxygen and carbon concentrations,
these concentrations can be measured by using an
infrared absorption method, and determined by vaiue of

15 JEITA (Japan Electronics and Information Technology

Industries Association) as a conversion factor.

EXABMPLES
Explanation will be given below on Examples of the

20 present invention. However, the present invention
should not be limited to the following Examples. That
is, the following Examples are merely exemplifications,
and any one should be sncompassed in a technoiogical
scope of the present invention, as long as it has

25  technological concept and substantially same
constitution and exerts similar action effect as

described in the claims of the present invention.

Example 1
30 Pulling-up of a single crystal silicon was performed
using a silicon crystal production apparatus. The

silicon crystal production apparatus used in the present
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Example is a single crystal production apparatus having
the cooling body 22, shown In Fig. 9. Such an apparatus
is used in a silicon crystal production by the usual CZ
method, and crucible diameter used in the apparatus was
22 inch, a silicon semiconductor material introduced in
the crucible was 100 kg, and the single crystal S grown

was an 8 inch crystal.

Silver was used as a material of the cooling body 22,
and inner diameter of the cooling body 22 was 260 mm,
outer diameter thereof was 300 mm and length thereof was
280 mm. As the liquid cooling structure 21, such a

configuration was used that the liguid cooling structure

31 was set as a doughnut-shaped water cooling chamber

having a cocling water pipeline inside and attached to

the lower part of the iﬁtermediate chamber Zc.

Specifically, the relevant production apparatus is a
pull-up furnace 1 where a heat shielding body 36 was
cocled by the above method for increasing pulling-up
rate at egual to or higher than 1100°C; or a pull-up
furnace 2 having general pulling-~up rate. In the pull-
up furnace 1, a joint part of the cooling body 22 and
the liguid cooling structure 21 was explosively jointed.
On the other hand, in the pull-up fuﬁnace 2, a Jjoint
part of the cooling body 22 and the liguid cooling

structure 21 was bolt jointed.
The pull-up furnace 1 was used to attain the cooling

rate of 5°C /minute at 900°C to 1000°C, and the pull-up

furnace 2 was used to attain 2°C /minute.
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The silicon crystal gfown by utilizing this apparatus
was p-type (boron doped-type) of a conduction-type, and

crystal size (diameter) was 200 mm (8 inch).

The addition of nitrogen was performed by inputting a
wafer having a nitride f£ilm into the silicon molten
liquid. The addition of carbon was performed by
inputting carbon powder into the gilicon molten liguid.
Nitrogen concentration of the silicon wafer obtained by
slicing the crystal pulled-up was measured by using a
secondary ilon mass apectrometer {SIMS). Oxygen and
carbon concentrations were measured by an infrared light
absorption method, using value of JEITA (Japan
Electronics and Information Technology Industries
Association). That is, the conversion factor of_inter—
lattice oxygen concentration is 3.03x10Y/cm®, and the

conversion factor of carbon concentration is

8.1x10%/cm?.

The wafer having a nitrogen concentration of egual to or
lower than 5x10' atoms/cm’ cannot be measured by using
SIMS, therefore nitrogen concentration determined by the
following expression was used. Explanation will be

given below in detail on such an expression.

The method for adding nitrogen in the production method
of the present invention is not particularly limited,
and known methods can be used, these include for
example, a method for introducing nitrogen gas during
digsolving a gilicon raw material; a method for mixing a
siiticon substrate deposited with a nitride by a CVD

method or the like, during disscliving a raw material.
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Segregation'coefficient k, which is ratio of impurities
taken in the crystal after solidificdtion of the silicon
molten.liquid, relative to concentration in the molten
liquid, is 7x107* for the case of nitrogen (W. Zulehner
and D. Huber, Crystal Growth, Properties and

Applications, pZ28, Springer—-Verlacg, New York, 1982;.

Nitrogen concentration taken inte the crystal from the
silicon molten liquid to be used in the production
method of the present invention is calculated as

follows:

Expression 1
Nitrogen concentration in the wafer = k x {1-

{k~1}

solidification rate) x nitrogen concentration in the

molten liquid

Nitrogen concentration in the molten liguid may alsoc be

called as initial nitrogen concentration in the molten

liguid. Here, sclidification rate {(g) of the silicon

crystal is determined as follows:

Expression 2
Selidification rate (g} of the silicon crystal = {weight
of silicon crystallized) / (initial molten liguid

welght)

Measurement values [atoms/cm’] of nitrogen concentration

are described in the following Table 1.

The addition of hydrogen was performed by introducing

hydrogen mixed gas to sach of the pulling-up furnaces.
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As the_hydrdgen partial pressure [Pal, conditions

described in the following Table 1 were set.

In this way, a plurality pleces of substrates were cut
out from the same site of this single crystal using a
wire saw, then, they were subjected to mirror finishing
to obtain the silicon substrate wafer (a thickness of
about 725 pm). Thereafter, the relevant silicon wafer
was used as a substrate to prepare the annealed wafer,
by performing heat treatment according to a heat
treatment pattern shown in Fig..S. Heat treatment was

performed under atmosphere of 100% argon.

Examples 2, 3 and 4
Silicon wafers were produced by the same way as in
Example 1, under conditions shown in the following Table

1.

(Measurement and evaluation of the annealed wafer)
Cn each of the annealed wafers cbhbtained under the
preparation conditions, the following measurement and

evaluation were performed.

(1) Measurement of BMD density

A TEM sample was taken from position at a depth of 100

“pm from the surface of the annealed wafer. The TEM

sample was obsgerved with TEM to count BMD having a
diagonal length of egual to or longer than 10 nm, for at
least 10 or more pieces. Volume of the observed region
was calculated from total area cbserved with TEM and

sample thickness, and volume density of BMD was
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calculated from BMD count number and volume of the
chserved region.

(2) Morphology of BMD

5 A TEM sample was taken from position at a depth of 100
pm from the surface of the annealed wafer. The TEM
sample was observed from the <110> direction to
determine the ratio of the {111} plane of BMD, according
to the methoed of Fig. 7. At least 10 BMDs were observed

0 to determine an average value of the ratioc of the {111}

plane.

{3} Siip length
The annealed wafer was subjected to the following heat
15  treatment using RTA. The heat treatment under the

following condition was repeated 10 times.

Insertion: room temperature
Temperature increasing rate: 50°C /minute
20 Retention: at 1100°C for 1 minute
Temperature decreasing rate: 30°C /minute
Taking out; room temperature
Atmosphere: argon
The annealed wafer after the heat treatment was observed
25  with an X-ray topography, and maximal length among slip
lengths observed was adopted as a representative value.
(4y Amount of warpage
The annealed wafer was subjected to the following heat
~freatment, as the assumption of a device process.
30 {A) Heat treatment
780°C, 3 hours + 1000°C, 16 hours, dry oxygen atmosphere

(B) Deposition of an oxidized film

.41 —
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15

20

25

950°C, dry oxygen atmosphere, a film thickness of 15 nm
{C) Deposition of a nitride film
CvD, 780°C, a film thickness of 150 nm
(D} Heat treatment by RTA
Heat treatment under the following condition was

repeated 10 times.

Insertion: room temperature

Temperature increasing rate: 50°C /minute

Retention: at 900°C for 1 minute

Tenperature decreasing rate: 30°C /minute

Taking out: room temperature

Atmosphere: argon

And, waxrpage ¢f each of the annealed wafers, before the
pseudo device process heat treatment and after the
pseudo device process heat treatment, was measured using
FT-90A, manufactured by NIDEK Co., Ltd., to determine
increased amount of warpage = warpage after heat

treatment - warpage befcre healt treatment.

(Fach of measurement results and evaluation results of

the annealed wafers)

In Table 1, on annealed wafers prepared under
preparation conditions shown in Table 1, as Examples and
Comparative Examples, density and inter-lattice oxygen
concentration of BMD having predetermined size measured,
and slip and warpage amount, generated by the pseudo

device process heat treatment, are summarized.

P
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PATENT CLAIMS 1. A silicon wafer having a nitrogen concentration of from 1.5x1014 atoms/cm3 to
5x1015 atoms/cm3, having a carbon concentration of from 3x1015 atoms/cm3 to 2x1017 atoms/cm3
and having an oxygen concentration of from 8x1017 atoms/cm3 to 9x1017 atoms/cma, and comprising
BMD with a diagonal length of 10 nm to 50 nm, the diagonal length being the length in a <100>
direction in a plane image of BMD projected orthogonally to any one of the {110) planes, wherein, a
density of sa dBRE ﬁ\’%&h"%xists at a position of a depth of equal to or deeper than 50 pm from a
surface of said silicon wafer is equal to or higher than 1 )( 1 On/cm3, and a ratio of {111} plane in total

planes surtounding,BYR A5 PMRURIORN BRI SRR kST s R Gidnberein said ratio
is determined as the ratio of length of'the {111) plane to total Ieng{th Qf the %%:vgﬁlference, when BMD
i

is projected iAd 110 FBHIAY™E ATHEFLERSERIBIRL R ARificon WArS: 3 a nitrogen
concentratioroftiosto thBearhd 2Adateving cm Stygsr Lo S airatins! criTByrh Aritg) zatamsemEsncentration of

from 3xL013logmsle i Do AIGIIAE BRI PYIAGAR RGR BroR Y 8UGRIOT from Bx10L7
atoms/cm3 to 9x1017atoms/cm3, comprising, the steps of pulling a ilicon cr st?l w setting a partial
pressure of HadBRNH Saat ke tisiansip ‘f?.1f3n<a1c0éP 61"8?5\?}}{8 @éﬁnﬁlf@&%@s‘?{a at 3 to 40 Pa and
cooling the spicfsvied/sthogattaty doaliyg ratef e (100 tanee0Eharticheisenpiilcics o frtfher than
SC/minute; opiaining Asiligon sHastacuRiesR, cAtling aubiaesiicen sryaiat subieeiing the silicon
substrate wafer to heat treatment ste éA), heat t éeatrg’ge gst%%(Bri Ci‘and ea érquml%lqt step (C): (A) the
heat treatmeht ﬁ@ﬁﬁﬁ?@o‘ﬁ?ﬁ?@ﬁﬁqﬂ?& e A Ll n PR R SRS D st Rt e 8%er to a heat
treatment furmatoipysetingratetingeiMiresdwoaicuiyedcad BOUT s equnldeaisiviethe temperature at

a temperaturg,incseAsiAgEASRS R RIBMEHRLOGS iR for ananastss thednserios temperature of

said silicon substrate wafer to_ a te%EeratuYr'gI of W lgog&ééqgraeg @t&}g@éﬁ&perature ata
temperature REFFSHGFAE SRR Y St Mma 5 S temPeratire Tanga of 1100C to 1250C:

keeping the temperature to be a constant temperature of 1200C to 1250C for from 2 to 4 hours;

decreasing the temperaiHea Rl ARG FentBRRLiU RamPh AlegRctaltarseasing rate of 1IC

/minute to 10C /minute;., . takin ?u%s 'qssi][icon su;ogtarate W%Eéo 8ur§gidn(% ré)tg %aé fpo%at treatment
furnace at a tféﬂ‘?bé%me 8 toBOO' and O&%ﬁﬁg ARG SIbSraTe Warer down to room
temperature; §B)tfiethestarsdmiant Steosiae rapsisainthansespeesfeoncemisetiamgf & silicon
substrate waigt{@the,ReRhireatnestt hetaeey seHbRsiR SR BRI iR tmssom 700C to 800C;

performing a heat freatment at the temperature, being a constant temperature.of 700¢ to 800C for 30

minutes to 5 A rseegtg?ﬁgat%aeﬂ{%rﬁﬁasrsa G ara ?ﬁ]pig?é%raecl crea?sméjF?a e o C /minute to 2C

/minute, up tgwwmpeidiieomamsieha S Parnsresine herdican trpisemitfccaritgher;
decreasing the#empesature ebhsaidiss Kealmesidusgase than seDnpriatsbeeengasing rate of 1C
/minute to 10C /minute; taking out said silicon substrat i ide, e furnace at a
temperature 31‘;‘?%81%5"%%8?%%%%% |Ha ?Hlé iy %ﬁ%\ e %%@ﬁ%@}%%ﬁﬁ%rg%ﬁgﬁre; (C) the heat
treatment stepUBYesrwpfsitag ans Eeafasst skitihGas treaiesnt siipParWaReF to the heat treatment
furnace by seting-ibe tespperature thereof at 700C to 800C; iIncreasing the temperature at a

temperature increaséﬂ‘%ﬁathe g{ t?% é%néﬁygtaeéo( }]K%gn[\gy'g”iéeﬁgrs?eégr@e of the insertion temperature of
e of below 0C; |

said silicon substrate Wwafer to a temperatu - increasing the temperature at a
temperature increasi§ e sid elinenruesitrEavaisia® 16rERAIMRIENFESa Y ST 1100C to
1250C; keepipgrihe-ierapesaione: trobecasenstant temperature of 1200C to 1250C for from 1 to 4

hours, decreasing the femperglue of.saifSPL USRS iaAGR AL e BPeR g gieasing rate of

1C /minute to 10C /r!nnf:rﬁ%?e; out said silicon substrate wafer to outside of said heat treatment
furnace at a témperaifiie fgqrﬁdﬁq;g@g%n% inepydion femperature of said silicon subsirate wafer
to a temperature of below 1100°C; increasing the temperature at a temperature

increasing rate of 1°C /minute to 2°C /minute for a temperature range of 1100°C fo
1250°C; keeping the temperature to be a constant temperature of 1200°C to 1250°C
for from 2 to 4 hours;

decreasing the temperature of said heat treatment furnace at a temperature
decreasing rate of 1°C /minute to 10°C /minute;

taking out said silicon substrate wafer to outside of said heat treatment

furnace at a temperature of 700°C to 800°; and
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3.The method for producing the silicon wafer according to claim 2, wherein setting a partial pressure of
hydrogen inside a crystal pull-up furnace for growing said silicon crystal at 3 to 40 Pa and controlling a
cooling rate of said silicon crystal in 2000C to 900C to be equal to or higher than 5t/minute; setting an
oxygen concentration of the silicon substrate wafer to be from 8x1017 atoms/cm3 to 9x1 D17
atoms/cm3; and setting a carbqn concentration gt e s(gcon substrate wafer to be from 3x1013

atoms/cm3 to 2x10 FaOMRE FRASHER R BRIy TREETHRNG & 'SSRLERPSIBI St the silicon substrate wafer
to be from 4x10" atoms/cm3 to 5x1013 atoms/cm3. ABSTRACT SILICON WAFER AND

PRODUCTION MEE’@@Q@;@@&E@R&&% c})eo\q@@d@gl-@é{g)ms with a diagonal length of from 10
nm to SO nm, wherein, a density of the END whi ? ts at ?lp |t|or]c Pf a depth o e equal to or deeper
than SO pm from tH@WQ@@‘S?@gﬂi‘ﬁHBgﬁ ?l% &{1 SFRIGHar { glnai%%%ﬁ 3, and a ratio of

the {111} plangdémpetalupahessaramding”’ Em%%mﬁhmm@hﬂ%fmgmgnw% to or lower than
0.3. Figure 8tamperature being a constant temperature of 700°C to 800°C for 30 minutes to 5

hours; increasing the temperature at a temperature increasing rate of 0.5°C /minute
fo 2°C /minute, up to a temperature in which + 50°C is added to the constant
temperature or higher;

decreasing the temperature of said heat treatment furnace at a temperaiure
decreasing rate of 1°C /minute to 10°C /minute;

taking out said silicon substrate wafer to outside of the furnace at a
temperature of 700°C to 800°C; and cooling the substrate cown to room
tempearaiure; .

(C) the heat freatment step (C) comprising the steps of:
inserting said silicon substrate wafer to the heat treatment furnace by setting the
temperature thereof at 700°C to 800°C;

increasing the temperature at a femperature increasing rate of 5°C /minuie o
10°C Jminute for a range of the insertion temperature of said silicon substrate wafer
to a temperature of below 1100°C; increasing the temperature at & temperaiure
increasing rate of 1°C /minute to 2°C /minute for a femperature range of from 1100°C
to 1250°C; keeping the temperature o be a constant temperature of 1200°C to
1250°C for from 1 to 4 hours; decreasing the temperature of said heat treatment
furnace at a temperature decreasing rate of 1°C /minute to 10°C /minute; and taking
out said silicon substrate wafer to outside of said heat freatment fumace at a
temperature of from 700°C o 80G°C.

3. The method for producing the silicon wafer according to claim 2, wherein
setting a partial pressure of hydrogen inside a _crystal pull-up furnace for growing said
silicon crystal at 3 to 40 Pa and controlfing a cooling rate of said silicon crystal in
1000°C to 900°C to be equal to or higher than 5°C/minute; setting an oxygen
concentration of the silicon substrate wafer fo be from 8x10" atoms/cm® to 9x10%7
atoms/om®: and setting a carbon concentration of the silicon substrats wafer to be
from 3x10' atoms/cm® to 2x10'7 atoms/cm® and setting the nitrogen concentration of

the silicon subsirate wafer to be from 4x10" atoms/om® fo 5x10™ atoms/om?®,
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