1 Sem conductor Wafers of Silicon and Method for their Production The
invention relates to a nethod for produci ng sem conductor wafers of
silicon, conprising the pulling of a single crystal 5 growi ng on a phase
boundary froma nelt contained in a cructble and the cutting of

sem conductor wafers fromthe pulled single crystal, wherein heat is
delivered to a center of the phase boundary during the pulling and a radi al
profile of aratio VG fromthe center to an edge of the phase boundary is
controlled, 10 with G being the tenperature gradi ent perpendicular to the
phase boffIECPravg tan Waders of Hd isem angd: Meibhoghifer theirsiPrgdacddps: al
is pulled fromthe nelt. The invention also relates to defect-free

sem conductor wafers 15 of silicon, which can be produced by this nethod.
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The invention also relates to defect-free semiconductor wafers
15 of silicon, which can be produced by this method. Semiconductor
wafers of silicon in the context of the invention are referred
to as defect-free so long as neither OSF defects nor A-swirl
defects nor COP defects with a size of more than 30 nm are
detectable.
20
A method in the context of this invention is regarded as
economically viable when, in particular, it makes it possible
to pull single crystals with a diameter of at least 300 mm from
a crucible at a rate which is equal to at least 0.5 mm/min and
25 delivers defect-free semiconductor wafers with a high yield,

expressed in terms of the total yield of semiconductor wafers.

DE 103 39 792 Al describes a method for producing single
crystals of silicon, which are optimized in respect of their

30 defect properties. The focus of attention lies on intrinsic
point defects and their agglomerates, as well as the Voronkov
model which allows predictions regarding the formation of such
defects. In the case of intrinsic point defects, distinction is
made between interxstitial silicon atoms (interstitials) and

35 vacancies. If point defects enter supersaturation when cooling



2 the single crystal, then silicon interstitials will form aggl onerates
whi ch can be detected in the formof dislocation |oops (A-swirl defects,
LPITs) and smaller clusters (B-swirl defects). In the event of
supersaturation, vacancies formb5 vacancg aggl onerates (voids) which,
depending on the detection nethod, are feferred to inter alia as COP
defects (crystal originated particles, COPs), FPD (flow pattern defects),
LLS (localized light scatterers) or DSOD (direct surface oxide defects).

It is necessary to ensure that the sem conductor 10 wafers of silicon have
no A-swirl defects in the region relevant, for produci ng the conponents, and
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structure widths of the components or more. Semiconductor
wafers which fulfill these requirements are often referred to
15 as defect-free or perfect, even though their crystal lattice
generally contains smaller COP defects or B-swirl defects, or
both defect types. According to the Voronkov model, the
intrinsic point defect type which is incorporated in excess
into the crystal lattice when pulling the single crystal
20 depends essentially on the ratio of the pull rate V, at which
the single crystal is pulled from the melt, and the temperature
gradient G perpendicular to the phase boundary between the
growing single crystal and the melt. Often, instead of the
temperature gradient perpendicular to the phase boundary, the
25 axial temperature gradient directed perpendicularly to the
surface of the melt is also used in model calculations. If the
ratio V/G falls below a critical ratio, then an excess of
silicon interstitials is created. If the critical ratio is
exceeded, then the vacancies predominate. If there is an excess
30 of vacancies, the size of the COP defects being formed depends
egsentially on two process parameters, namely the
aforementioned ratio V/G and the rate at which the single
crystal is cooled in the range of from approximately 1100°C to
1000°C, the nucleation temperature of voids. The COP defects

35 are therefore commensurately smaller as the ratio V/G lies



crystal is cooled in the range of from approximately 1100C to 1000C, the
nucl eation tenperature of voids. The COP defects 35 are therefore
comensurately snmaller as the ratio VVGlies 3 closer to the critical ratio
and the faster the single crystal is codbled in said tenperature range. In
practice, attenpts are therefore made to control the two process paraneters
when pulling the single crystal, so that the defects created by 5
supersaturation of vacancies remain small enough not to interfere with the
production of el ectronic conponents. Since the structure wi dths of the
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suppress the 30 OSF formation, for exanple by reducing the concentration of
quartz, oxygen will enter the melt. The oxygen forms small so-
called precipitates in the single crystal (as grown bulk micro
defects, BMDs). These are desirable to a certain extent because
15 they can bind (getter) metallic impurities to themselves, and
this can be used in order to move such contaminants away from
the region of the surface into the interior (bulk) of the

semiconductor wafer,

20 If the single crystal is pulled under conditions in which the
ratio V/G lies only slightly above the critical ratio, then the
interaction of vacancies and oxygen atoms also forms seeds,
which give rise to OSF defects (oxidation induced stacking
faults). The presence of a zone with such seeds (OSF zone)} is

25 usually detected by subjecting a semiconductor wafer, cut from
the single crystal, to oxidation in wet oxygen at about 1100°C
for a few hours so that OSF defects are formed. Since this
defect type is likewise detrimental to the functional integrity
of electronic components, endeavors are made to suppress the

30 OSF formation, for example by reducing the concentration of
oxygen in the melt so that less oxygen is incorporated into the
single crystal than would be necessary in order to form OSF
defects. The OSF zone can also be avoided by modifying the
ratio V/G, for example by using higher or lower pull rates. The

35 formation of OSF seeds can moreover be reduced by higher



oxygen in the nelt so that | ess oxygen is incorporated into the single
crystal than would be necessary in order to form OSF defects. The OSF zone
can al so be avoided by nodifying the ratlo VI G for exanple by using higher
or lower pull rates. The 35 fornmation of4 OSF seeds can noreover be reduced
by higher 4 cooling rates (in the tenperature range of precipitation at
900C). It is furthernore known that in order to avoid OSF defects, it is
advant ageous for the single crystal to contain a snall concentration of
hydrogen. 5 Particular difficulties in controlling the ratio V/G result
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be taken into account especially when defect-free semiconductor
wafers of silicon with sizeable diameters are intended to be

15 produced economically.

In the aforementioned DE 103 39 792 Al, it is proposed to
induce a transport of heat directed from below toward the
center of the phase boundary. This is intended to achieve two
20 effects. On the one hand, the increase in the temperature
gradient G concomitant with the heat transport is intended to
make it possible to increase the pull rate V correspondingly,
without defects therefore being generated. On the other hand,
it is intended to homogenize i.e. equalize the radial profile
25 of the ratio V/G, so that it varies as little as possible from
the center to the edge of the phase boundary and lies as close
as possible to the critical ratio. With this strategy, it is
feasible to produce defect-free semiconductor wafers with a
diameter of 300 mm, in which case the single crystal can be

30 pulled at a rate of 0.36 mm/min.

US 6,869,478 B2 describes that a phase boundary curved in the
direction of the single crystal generates a temperature
gradient which is steepest perpendicular to the phase boundary.

35 Taking into account the Voronkov model, according to which



di aneter of 300 mm in which case the single crystal can be 30 pulled at a
rate of 0.36 mimn. US 6,869,478 B2 descri bes that a phase boundary curved
in the direction of the single crystal generates a tenperature gradient
which is steepest perpendicular to the phase boundary. 35 Taking into
account the Voronkov nodel, according to which 5 point defects diffuse in
the direction of the tenperature gradient and according to which silicon
interstitials diffuse faster than vacancies, it is furthernore described
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predictions for defect distributions, even when they take the

radial distribution into account, differ commensurately more
15 strongly from the defect distributions found in experiments as

the rate at which the single crystal is pulled is faster, and

as the diameter of the single crystal is greater.

Fig. 1 shows an extreme example of this observation. A single
20 crystal of silicon with a nominal diameter of 300 mm was pulled
at a high pull rate and an inhomogeneous radial profile of V/G
was adjusted. In the central region, V/G was adjusted to be so
low that the formation of A-swirl defects could be expected in
this region according to the predictions of the Voronkov model.
25 In fact, however, COP defects with a diameter of more than 30
nm were found. In the edge region, the ratio V/G was adjusted
to be so high that large COP defects should be formed there. In

fact, however, A-swirl defects were found.

30 These results showed that the strategy hitherto followed in the
prior art, of adjusting a ratio V/G whose radial profile
changes as little as possible and which corresponds as far as
possible to the critical ratio, will not be successful when
defect-free semiconductor wafers of silicon are intended to be

35 produced economically.



30 These results showed that the strategy hitherto followed in the prior
art, of adjusting a ratio V/G whose radial profile changes as little as
p055|ble and which corresponds as far as possible to the critical ratio,
will not be successful when defect-free®seni conductor wafers of silicon are
intended to be 35 produced economcally. 6 It is therefore an object of
the present invention to renmedy this situation by providing a nethod which
wor ks econom cally. 5 The invention relates to a nmethod for producing

sem conductor wafers of silicon, conprising the pulling of a single crystal
growi ng on a phase boundary froma nelt contained in a crucible and the
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single crystal is pulled from the melt, and wherein the radial
15 profile of the ratio V/G is controlled so that the effect of

thermomechanical stress fields in the single crystal, which

adjoin the phase boundary, is compensated for in respect of the

creation of intrinsic point defects.

20 After intensive studies, the inventors have identified
thermomechanical stress fields as a possible cause, by which
the experimental observations may be explained plausibly.
Thermomechanical stressg fields can influence the concentration
of intrinsic point defects, and therefore indirectly also the

25 defect formation, in a surprisingly strong way. According to
the inventors' discoveries, the strength of the
thermomechanical stress fields must be reduced and their effect
must be compensated for in the configuration of the radial
profile of V/G, so that in particular single crystals with a

30 diameter of at least 300 mm, which deliver defect-free

gsemiconductor wafers, can be pulled economically.

K.Tanahashi and N.Inoue, Journal of Materials Science:
Materials in Electronics 10 (1999) 359-363, have addressed

35 thermomechanical strese fields in crystallizing silicon and



30 dianeter of at |east 300 mm which deliver defect-free sem conductor

waf ers, can be pulled economcally. K Tanahashi and N.|noue, Journal of
Materials Science: Materials in Electronics 10 (1999) 359-363, have

addr essed 35 thernomechanical stress fields in crystallizing silicon and 7
their effect on the diffusivity and solubility of intrinsic point defects.
Al t hough they cone to the result that the formation of silicon
interstitials is thernmodynamically pronoted in the region of tensile stress
and the formation of 5 vacancjies in the region _of conpressive stress, their
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prerequi gife B ddPensated for in respect of the creation of intrinsic

point defects. This is expediently done by keeping the

15 temperature gradient G, in a region of the single crystal which
is under compressive stress and adjoins a central zone of the
phase boundary, greater than in a region which is under tensile
stress, adjoins an edge region of the single crystal and
extends as far as the phase boundary. The greater temperature

20 gradient in the region of the compressive stresses makes a
larger number of silicon interstitials available, which
eliminate the vacancies also present owing to the compressive
stresses. The smaller temperature gradient in the region of the
tensile stregses makes a larger number of vacancies available,

25 which eliminate the silicon interstitials also present owing to
the compressive stresses. A balanced ratio of vacancies and
gilicon interstitials is obtained as a result, which is
desirable because it is a crucial prerequisite for the
production of defect-free semiconductor wafers.

30
In respect of the ratio V/G, the invention teaches that a
maximally homogeneous radial profile of V/G is not to be
sought, but instead an inhomogeneous radial profile with a V/G
at the phase boundary in the region of the compressive stresses

35 which is less than the critical ratio, and with a V/G at the



production of defect-free sem conductor wafers. 30 In respect of the ratio
V/IG the invention teaches that a naximlly honbgeneous radial profile of
V/IGis not to be sought, but instead an i nhonogeneous radial profile with a
V/ G at the phase boundary in the region_of the conpressive stresses 35
which is less than the critical ratio, afnd wwth a VG at the 8 phase
boundary in the region of the tensile stresses which is greater than the
critical ratio. The critical ratiois the ratio VVGwhich is a prerequisite
in the case of a flat phase boundary according to the Voronkov nodel, so
that a defect formng excess of point_defects is not created. Fig. 2 shows
that the ?g??%5Q?%P$%r hE™ redt ohsI 0Pt Ak “hfier FRTRt Rt €258 rBECE| &8 ds
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Commercially available programs may be used for the
calculation, for example the Flow Module program from
Semiconductor Technology Research, Inc.

15
Fig. 3 shows that in particular it is the ratio between V/G in
the region of the compressive stresses and V/G in the region of
the tensile stresses which is important. The radial profile of
V/G is preferably controlled so that (V/G}t / (V/G)c is at

20 least greater than 1.5, preferably greater than 1.8 and more
preferably greater than 2, where (V/G)c is the lowest ratio V/G
in the region which is under compressive stress and (V/G)t is
the highest ratio V/G in the region which is under tensile
stress. A strategy based exclusively on the Voronkov model,

25 such as the one formulated for example in DE 103 39 792 Al,
attempts for a radial profile of V/G which is homogeneous and
which differs as little as possible from the critical ratio. A
strategy which furthermore takes into account the radial
diffusivity of silicon interstitials and is formulated for

30 example in US 6,869,478 B2, discloses a radial profile of V/G
in which the ratio (V/G)t / (V/G)c always lies significantly
below 1.5 and may therefore be referred to as virtually
homogeneous. Although semiconductor wafers of silicon which are
regarded as defect-free in modern terms can be produced with

35 the latter strategies, this can only be done by methods which



which differs as little as possible fromthe critical ratio. A strategy

whi ch furthernore takes into account the radial diffusivity of silicon
interstitials and is fornulated for 30 exanple in US 6, 869, 478 B2, discloses
aradial profile of VG in which the raPio (VW Gt / (VVGc always lies
significantly below 1.5 and may therefore be referred to as virtually
honogeneous. Al t hough sem conductor wafers of silicon which are regarded as
defect-free in nodern terns can be produced with 35 the latter strategies,
this can only be done by nmethods which 9 nust be regarded as econonically
unvi abl e."IHe Bf asrgarded\amhte GIMOVieraorte it ab lshorTropreesithce t he met hod
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whi ch is e fleasindow inn avewmatesarie pddsibledmabtcaln Wateatat ool at
| east 0.5 ' ' cl.or. which are also suitable as
substr at €8 oégr%ar%%% nvzaef(;gpﬁc%)ar}g# asfﬂsle('yné’%{cg]rslﬂ:tsolrn%r\l/a% Ty sé%ag]' SSOthelo waf ers,
can alsso dismesasht |of ditsitdingis sttedl dasom 33Ef ewt -dridevisierhi cordymiredaf er s of
silicon which co fromsingle crystals |l ed in the known way, and

speci fi cat ISFB/ 1 }?aa(rlg A2 Brorgy & g]fealsfgtbaﬁei“f“lfd@ré‘ngl e B of oxygen and
dopant striations. The Voronkov nodel predicts that single crystals for
defect-free 15 sem conductor wafers can principally be pulled rapidly only

it the tBHEESEWPUIURINYAESLS i s &are GisP ishitaleads can the pul |
rate V besupireased @nd dhsndidd @lidalif Ydai Bl e dvpletdargamnt i ne.

The i ncreased heat supply neans ~that the phase boundary assunes the shape

of a Sur ferfe i VAN 20 o dsAdichiardt stHisirjied dnon defepie fes@ent of the
curval Ur erf@b B HRAC I R Do 101 (il uniTH Sy |10 AR Lol gf ance
etween the surface of the nelt and the center of the phas oundary. 1n
t he case willgidhgire tdrey duraven whaeh airde gredidd caddgorki rthe aradieali rusritilon,
the Curvacgf'rﬁeOfattﬂecLRﬁasa%&)loéJ@agﬁl oxygen and dopant striations. The
Voronkov model predicts that single crystals for defect-free
15 semiconductor wafers can principally be pulled rapidly only if
the temperature gradient G is increased. Only in this way can
the pull rate V be increased and the critical ratic V/G
maintained at the same time. The increased heat supply means
that the phase boundary assumes the shape of a surface curved
20 convexly toward the single crystal. The extent of the curvature
can be specified by a height h. This is the same as the
distance between the surface of the melt and the center of the
phase boundary. In the case of single crystals which are pulled
according to the invention, the curvature of the phase boundary
25 is considerable. The phase boundary may alsoc be regarded as an
isothermal surface, i.e. as a surface which is formed by points
at which the same temperature prevails. The concentration at
which oxygen and dopants, for example boron, phosphorus,
arsenic or antimony, are absorbed into the single crystal
30 depends sensitively on the temperature in the region of the
phase boundary. Inevitable temperature variations not only lead
to the axial position of the phase boundary varying by small
amounts in the course of time, but also to a take-up of oxygen
and dopants into the single crystal which varies as a function

35 of time. The different concentrations of these elements can be



25 i s considerable. The phase boundary may al so be regarded as an

i sothermal surface, i.e. as a surface which is fornmed by points at which
the sane tenperature prevails. The concentration at which oxygen and
dopants, for exanple boron, phosphorus,loarsenic or antinony, are absorbed
into the single crystal 30 depends sensitively on the tenperature in the
regi on of the phase boundary. Inevitable tenperature variations not only
lead to the axial position of the phase boundary varying by small anmounts
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val ue ran@@icator for the application of the method according to the

invention.

15
The invention therefore also relates to a semiconductor wafer
of silicon which has neither OSF defects nor A-swirl defects
nor COP defects with a size of more than 30 nm, with a radial
profile of growth striations of oxygen or dopants in which an

20 attitude angle © between a horizontal line and the tangent
applied to the growth striations lies in a value range,
expressed in degrees, which is described by the inequality 6 <
-17 x {r/rmax) when the attitude angle 6 is determined in a
range of from r/rmax = 0.1 to r/rmax = 0.9, where r is the

25 radial position at which the tangent ie applied to the growth
striations and rmax denotes the radius of the semiconductor
wafer. A semiconductor wafer is therefore a semiconductor wafer
according to the invention whenever there is at least one
attitude angle & in the range of from r/rmax = 0.1 to r/rmax =

30 0.9, the value of which falls within the value range specified

by the inequality.

It is preferable for the attitude angle 6 in the range of from
r/rmax = 0.1 to r/rmax = 0.9 to remain entirely in said value

35 range. According to the preferred definition, a semiconductor



expressed in degrees, which is described by the inequality 9 -17 x (r/rmax)
when the attitude angle O is determned in a range of fromr/rmax = 0.1 to
rfrmax = 0.9, where r is the 25 radial position at which the tangent is
applied to the growmh striations and rpax denotes the radius of the

sem conductor wafer. A sem conductor wafer is therefore a sem conductor
wafer according to the invention whenever there is at |east one attitude
angle 9 in the range of fromr/rmax = 0.1 to r/rmax = 30 0.9, the val ue of
which falls within the value range specified by the inequality. it is

pr ef er abl t.h idude angle 9 in the range of from r/r = 0.1to
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pr ef er r ed raefritiicni dif, exvesgmacanducteormnyle Wafier the tdaeref erfe fa-osem/aaacuct or

waf er accordi.ng to the inyentian if. eyvery attitude angle Bi.n e range of
fron1r/rﬁh£'1:%€.fﬁﬁT%ﬁf‘ X@Eld?§ Fpeﬁ%F%V @evgﬁﬁgergﬁﬁg%ﬂﬂﬁigﬁb& t he
i nequal i tiyiecmalltitiys particularly preferable for the attitude angle B in the

range_of fromr/rmax = 0.1 to r/rmax = 0.9 to renmain entirely in a value
range5mhich is described by the nodified inequality -50 x (r/rmax) < B <

-17 x (r/mhes) paAtaeidiard vt @riefe ri®irarbrCdhar by thkeker ked1defd Nt icoR, a
sem conductor wafer is therefore a sem conductor wafer according to the
i nvent i oF&nNge &Fefy Ot &/EN@& andl-d B F/EReXr ane ot of FEMALNY @it 1xedyl to

rirmax =40 @ bt Rablde VA1 Hange stRadkl 3}% Ryiet e gTadicd qq'lecfu%qgt&g,l ity.
15 Fig. 4 graphically fepresents the way in i ch sem conductor ~ wafers
accor di ng S0 %t He /gt i<o® canm 1di #F dir/iomes) t-héseostlinge topither art. If the

at intlygeipg&gg%ﬁfagﬁypbqfeff%%%@aid%%an%qonna‘;i WenQboHiRAYT GARlycLy wafer,

therefore a semiconductor wafer according to the invention if
every attitude angle 6 in the range of from r/rmax = 0.1 to
r/rmax = 0.9 lies in the value range specified by the modified
inequality.

15
Fig. 4 graphically represents the way in which semiconductor
wafers according to the invention can differ from those of the
prior art. If the attitude angle 6 is plotted against the
radius of the semiconductor wafer, then it is only for

20 semiconductor wafers according to the invention that the
resulting line lies in a zone that is described by the
specified inequality. The zone is restricted to radial
positions r/rmax of from 0.1 to 0.9, because the attitude angle
8 in the adjoining regions can only be determined inaccurately.

25 For comparizon, Fig. 4 respectively also indicates the profile
of the attitude angle 6 obtained for semiconductor wafers which
are produced according to the method described in US 6,869,478
B2 or DE 103 39 752 Al.

30 Besides oxygen and at least one dopant, the semiconductor
wafers according to the invention preferably also contain at
least one member of the elements carbon, nitrogen and hydrogen.
If nitrogen is present, then the concentration is preferably
from 2.0x10* to 1.0x10'® atoms/cm’. The presence of carbon,

35 nitrogen or both elements assists the formation of BMDs and



20 sem conductor wafers according to the invention that the resulting line
lies in a zone that is described by the specified inequality. The zone is
restricted to radial positions r/rmax of fromO0.1 to 0.9, because the
attitude angle B in the adjoining regiods can only be deternined

I naccurately. 25 For conparison, Fig. 4 respectively also indicates the
profile of the attitude angle B obtained for sem conductor wafers which

are produced according to the nethod described in US 6,869,478 B2 or DE 103

39 792 Al. 30 Besides oxygen and at |east one dopant, the sem conductor
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| ow. TFhe Pprydwncrrofertychtogen t rekereongre ftorveelty driadf. OSF  defects. It is
therefore particul arly advantageous for the 5 oxygen concentration to be
conparatively high. For controlling the radial profile of the ratio V/IG
accor di ngFott acdriteroivieny itdre radipl nmedqfiid eamyf rdas wa ImW A o shiger
which is §nqﬁ? to have an effect, on._ane of these paraneters. 10 Singce there
s 1Tt & At B U PhERHE RIS T SRARE T (B SHAHIDh of

havi ng t avthiecrahle Krowatldo asaec atond ddty orioriss e and dheiaiorse. as
rapi dl y as, possible, nost, measures, are ained at, adjysting the radial
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accordi nglye AlniQ byt AN $.4BARUEMia1 profile of the temperature

gradient G, particularly in the regions of the compressive and
15 tensile stresses, according to the specifications of the
invention. This is best achieved by suitably configuring and
influencing the closer vicinity of the single crystal, the so-
called hot zone, and, accordingly, also by suitable measures
for supplying heat to the single crystal and dissipating heat
200 from the single crystal. Measures which are already described
in DE 103 39 792 Al for controlling the ratio V/G, for example,
are particularly preferred. By mention of the document, they
are also intended to apply as disclosed elements of the present
invention. An example particularly to be menticned is the use
25 of a heat source, by which heat can be transported in a
particular degree to the center of the phase boundary, and
particularly in the configuration of a heater which is arranged
below the crucible center and can be raised and lowered with
the crucible. Such a heater is particularly preferred when it
30 generates a radial temperature profile at the crucible bottom,
with a pronounced temperature maximum at the center of the
crucible bottom. In addition, the crucible bottom may be heated
with the aid of a heat source which is arranged statically
under the crucible and is therefore not raised together with

35 the crucible when pulling the single crystal. Together with a



for supplying heat to the single crystal and dissipating heat 20 fromthe
single crystal. Measures which are already described in DE 103 39 792 Al
for controlling the ratio V/G for exanple, are particularly preferred. By
mention of the docunment, they are also Pnt ended to apply as discl osed

el ements of the present invention. An exanple particularly to be nmentioned
is the use 25 of a heat source, by which heat can be transported in a
particul ar degree to the center of the phase boundary, and particularly in
the configuratian of a . heater which. i,s arranged below the crucible center

and can EETENEEErd S @55 h Wilcd engdPses. teecir T r heat is

parti cul atus prefferaed ywaen iMers@ genehat aeld hadicdireeeRRg/At ute profile at
the crucible bottom with a pronounced tenperature nmaxi numat the_ center of

the crulHHEHotEoh HATERIT T e tovrpe Sh6t Comtedy Ae theab&@sen th
the aid foumdiedt meQUEABMYEC Brichigt! aR@Re shatbtalling Whdel-tha akUahl e
and is therefore not raised together with 35 the crucible when pulling the
singl & crioyst &ingtegerwatali iR &Nes sageneeRsconalvesi dhovaly &he Wmicsieagrc| oses
the crucidt @ cheatphsS adhles FQEEQ%%EV Q%Egﬁﬁﬁgﬁ.t% he eMeldaiic] Jninegseeys.
The desired heat transport directe tghar the center of the phase

boundar y ofayagines iise fiieddight iab@atr thyuletrationg zomé adr ddiedlds aad CFSPhe si ngl e
crystal im0t e t gh st i ngrea of reby achi eved
is |less gggﬁgéngggir%§%ﬁﬁggé§§iQ%ggg Q&?Q%Sdf%ﬁggﬁblprFS%FQ%, in particular
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L oFOTSSAT B 98 AL.onugeRd DS R I Sy YL e kel 100 o0
particul driedide dw tpakitd cad areane fouithddesiarg meansl forf Ifowustingh ai wmedicr ect ed
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wher e t hgolpdaWoP ahideltdae@paes headn THisy @FFkbiC iROpazentallafiigl d, |ies at
pronounced when the neutral plane of the CUSP field, where the
15 CUSP field equates to an axisymmetric horizontal field, lies at
a distance above the surface of the melt which is equal to at
least 50 mm. A further instrument for increasing the
temperature gradient G is a cooler, which surrounds the single
crystal and effectively dissipates heat from the single
20 crystal. Likewise suitable for controlling the temperature
gradient G, but also for reducing thermomechanical stresses in
the single crystal, is a heat source which heats an edge of the
single crystal adjoining the phase boundary, particularly
preferably in the configuration of an annular heater

25 surrounding the single crystal near the surface of the melt.

The annular heater and the cooler are preferably operated in
such a way that the axial temperature profile on the surface of
the single crystal can be described by a curve which has at

30 least one point of inflexion, i.e. can be approximated by a
polynomial of at least third order, and which therefore differs
from the parabolic temperature profile described in US
6,869,478 B2. The preferred axial temperature profile is
represented in Fig. 5. The single crystal is preferably not

35 cooled until a distance above the surface of the melt, which is



a di stance above the surface of the nelt which is equal to at |east 50 nm
A further instrunment for increasing the tenperature gradient Gis a cooler,
whi ch surrounds the single <crystal and effectively dissipates heat fromthe
single 20 crystal. Likew se suitable fort%ontrolling the tenperature
gradient G but also for reducing thernonechanical stresses in the single
crystal, is a heat source which heats an edge of the single crystal
adj oi ning the phase boundary, particularly preferably in the configuration
of an annul ar. heat er ﬁﬁéi{roundln t he S|nq1e crystal near the surface of

the nelt. X SHERAMARC I drheare et stfadiie s ed in
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honogeneous as possi bl e and cl ose tothe criti ratlo(F 6a d on
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radial phefiile fo W /G iiSs Qﬂﬂ*fﬂ]g_:}ﬂx%ii humaRIROE 1Yy, tm@h & NRYH i % for mred
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adj oi ns & Tett din AR Ve PHERSL FHEOEHY PHTAHWKSHE th strongly
pronouncesdbi@idi®e stresses, which adjoins a central zone of the phase

boundary, and a region with strongly pronounced tensile

15 stresses which adjoins an edge region of the single crystal and
the phase boundary. The consequence of this is that the ratio
V/G adjusted to the critical ratio differs significantly in
both regions from the value which would be necessary in order
to avoid a defect-forming excess of intrinsic point defects. In

20 contrast to this, the different spacing of the isothermal lines
in Fig. 6éb shows that such a detrimental adjustment of the
ratio V/G does not take place with the method according to the
invention. A high temperature gradient G is adjusted in the
region of the compressive stresses and a lower temperature

25 gradient G in the region of the tensile stresses, as a result
preventing a defect-forming excess of intrinsic point defects
from being created. Fig. 6b furthermore shows that the strength
of the stress fields is reduced by using the annular heater,
and it is therefore easier to counteract their effect on the

30 defect formation by adapting the radial profile of V/G
according to the invention. The height h is preferably at least

20 mm.

The oxygen concentration in the single crystal is preferably

35 likewise controlled, so that no OSF defects are formed even if



15 stresses which adjoins an edge region of the single crystal and the
phase boundary. The consequence of this is that the ratio V/ G adjusted to
the critical ratio differs significantlé in both regions fromthe val ue

whi ch woul d be necessary in order to a¥6id a defect-form ng excess of
intrinsic point defects. In 20 contrast to this, the different spacing of
the isothernmal lines in Fig. 6b shows that such a detrinental adjustnment of
the ratio V/G does not take place with the nmethod according to the

invention. A high tenperature gradient Gis adjusted in _the region of the
conpr essitV¥ SIS STHRFAE IIchdi s erngdar eorslifiamsembich paametedittn of
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formation by adapting the rad of WV according to the invention.
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singl e cryst i ref e i I,.56,1€0 SO F defects
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Cont 181 | & U ST @1 (TG FAundtR S the it % diach ARCEhe
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whi ch an inert gas, for exanple argon, is fed through the pulling system
or by a CEHRSTEETSH -offeh E8F X GR L eR Y FignSdn FERFST ddhtent in the

single crdledlddnt on the melt flows. With rotation of the single
crystal and the crucible in the same sense, for example,

15 increased crucible rotation leads to a higher oxygen content.
Field strengths of at least 10 mT {7960 A/m) to 80 mT (63700
A/m) in the melt are particularly preferred in the region of
the pulling axis, as well as a pressure-flow rate ratio of from
0.004 to 0.03 mbar/(1/h).

20
Comparative Example:

An attempt was made to pull a single crystal of silicon at a
rate of 0.64 mm/min, with the aim of obtaining as many defect-
free semiconductor wafers as possible. In order to achieve this

25 aim, the radial profile of the ratio V/G was controlled
according to the strategy formulated in DE 103 39 792 Al, i.e.
to obtain a maximally homogeneous radial profile lying at the
critical ratio. The maximum difference from the critical ratio
was actually no more than 9%. With this strategy, however, no

30 defect-free gsemiconductor wafers could be obtained.

Example:
In order to produce semiconductor wafers according to the

invention, the same device was used as in the comparative

35 example.



dependent on the nelt flows. Wth rotation of the single crystal and the
crucible in the sane sense, for exanple, 15 increased crucible rotation

| eads to a higher oxygen content. Field strengths of at |east 10 niT (7960
Alm to 80 mI (63700 A/m in the nelt dre particularly preferred in the
region of the pulling axis, as well as a pressure-flow rate ratio of from
0.004 to 0.03 nbar/(1/h). 20 Conparative Exanple: An attenpt was made to
pull a single crystal of silicon at a rate of 0.64 mMminmin, with the ai mof
obtai ning as many defect- free sem conductor wafers as possible. In order to
achieve this 25 aim the radial profile of the ratio V/ G was controll ed
accor di ngrie ddiel s rdpp@sdrydnl] it atid N Dok i3 d X2 Aucib® gto obtain a
maxi mal |y honogeneou radial profile lying at the critical ratio. The

mexi mum di9te frsmsle e ixdidahirtaad fraUAing idie than 9%
Wth thiscsidiadiegy adlaweMeras N0 hdft dafeoly f e S LM ko Wafigls 15pul d
be obtained. Exanple: |In order to produce sem conductor wafers according to

the PPnveIRBIH LY Magnafl ddiield el s & vasi dhn agneredmshraatGUEP BRIty e.

16 The dewdice r8Rfeseatbn hddhr ¢ UPIAAL AT Gic GO A ng the
melt and a side heater 6 surrounding the crucibl’e, as well as a heat shield
2. Furt hérmanrapanic neuthedt w6 W osnte mughathec ghasled bepindary wii dihe
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heat er 3.surface, as well as an annular heater 3.

A map, which reveals thermomechanical stress fields in the
single crystal, was compiled for this hot zone with the aid of

15 simulation calculations. The aforementioned Flow Module
program, which two-dimensionally calculates the elastic
stresses axisymmetrically and isotropically, was used as the
simulation program. The calculations were based on a Young's
modulus of silicon, E = 150 GPa, the Poisson ratio v = 0.25 and

20 the linear expansion coefficient o = 2.6x10°%/K. As shown by
Fig. 8, thermomechanical stresses of up to -26 MPa were found
in the region of the compressive stresses, and up to 7.53 MPa
in the region of the tensile stresses. In order to take account
of this observation, the radial profile of V/G was modified and

25 adjusted according to the representation in Fig. 3, with a
ratio (V/G)t / (V/G)c of approximately 1.93 and (V/G)c /
(V/G)crit of 0.7 and (V/G)t / (V/G)crit of 1.35 and with
(V/G)cerit being the critical ratio.

30 From the single crystal pulled under these conditions at a rate
of 0.6 mm/min, defect-free semiconductor wafers of silicon with
a diameter of 300 mm could be obtained with high yield. Neither
A-swirl defects nor FPD nor OSF defects could be detected on
the silicon wafers. The examination for COP defects was carried

35 out with a scattered laser light meter of the MO-4 type from



A map, which reveal s thernonmechanical stress fields in the single crystal
was conpiled for this hot zone with the aid of 15 sinmulation calculations.
The af orenenti oned Fl ow Modul e program which two-di nensionally cal cul ates
the elastic stresses axisymetrically &A7d isotropically, was used as the
simul ati on program The cal cul ati ons were based on a Young's nodul us of
silicon, E = 150 GPa, the Poisson ratio v = 0.25 and 20 the |inear expansion
coefficient a = 2.6x10"6/K. As shown by Fig. 8, thernomechanical stresses
of up to -26 MPa were found in the region of the conpressive stresses, and
up to 7. %W: Mmzﬁw,r édicorprafl ided- icansif] evhsitttesiseslesaridratbrian t ake

account ﬁé} t| th I R, ‘Béi e JeEs |figed and 25
adj ust ed acc (fs é to t eérjcgpres:in Z‘%an In 4 ?Aﬂ%th a rdti odS?V/ ot /
(VI § c ofVapprioxiNmtdd .y 20083 apd 1(2\#76)1(2 3. O @Q:Er idefofct(s wihid VI Gt /
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found. 5 Figs 9a and 9b s ow the result of a phot oscan, by which the

prof il0e GfonIE Ufbigkt sgq‘qlm crErane raay &4l am qu m@%tqfocthe Q\éﬂ(ﬁéi
carriers safrf‘gdl% c’Pé) Aad Q%/l as;}; z.lé c_ﬂ{ﬁ% Q@{ee 'vﬁﬁtc&i C@Héh ag_ 9a
shows the side vi ap neI ongltu section t roug an 80
nn1|ong|pngﬁ;hﬁ qﬂu;Qﬁ“augitude angle B is establlshed by evaluating
the side view of a cross section through the semiconductor
wafer. The radial profile established for the attitude angle 8
15 in the example corresponded to the profile represented in Fig.

4.

As an alternative or in addition to the evaluation of dopant
striations, the radial profile of the attitude angle 6 may also
20 be established by a similar evaluation of oxygen striations.
The oxygen striations are revealed by etching the fracture edge
after the precipitation of oxygen by a heat treatment, and

assessing it by oblique exposure to UV light.



single crystal. Fig. 9b represents the way in which the radial profile of
the attitude angle O is established by evaluating the side view of a cross
section through the sem conductor wafer. The radial profile established for
the attitude angle 0 15 in the exanple &&rresponded to the profile
represented in Fig. 4. As an alternative or in addition to the eval uation
of dopant striations, the radial profile of the attitude angle 0 may al so
20 be established by a sim | ar evaluation of oxygen striations. The oxygen
striations are reveal ed by etching the fracture edge after the

preci pi t RatemtofClddMfen by a heat treatnent, and assessing it by oblique
exposure to UV light. 18 Patent Cains: 1. A nmethod for producing

sem conductor wafers of silicon, conprising the pulling of a single crystal
growi ng dn & piedged fssumkadudingmsenisiandtoriicad waf ans @fcraididsian.and t he

cutting ]+ if rom. [ ; I ein
heat is ?@W@%{E@S@?‘? gélnl}t%rﬁié ﬁaergplh g?&h%%a@y l?r%\l(lﬁ{ ﬁﬁa‘ a [?u El"ri&ng and
a radisal hrwiddry dran mamied tvV/cGritadmedhe re enteeructidl earareti geneofoutthia gh ase
boundary js .contyolled, wt bei th Q 1 enperat ure gradi ent .
per pendi csuﬁ%ércqnéf%#@rgﬁaa?éa ou§nr o ;%aen(?%lv]\lneti E\%ené:ﬁ e a;a)lUI Iwr}}eaﬁeemat whi ch
t he singlheetr yist aleliisrermd Ited 4 rcemtdre ofeltthe aithashdrrimidme dadirad tireof il e
of the ratio V/Gis controlled so _that,the etfeﬁ} of . t her nopmechani ca

stress fiBds % asﬁ‘?dléﬂcrg}"sq le @ éh HHiq Vi Edde SHheds, is
conpensatfd ddje IJF r@RPHad BAIHAWALIDRGt rd1Nldd NS @ BeidRf ates. 2.
The nmethod as clainmed in claiml1l, wherein the tenperature gradient G in a

regi off of " YMRETSA TS TFAAHSHT WMHIRENE GHEST £ 6 heo Rl iIRRINGa86 £1ghd
adj oi ns  gyiGanty @Jeiﬁ@"%l’@( gie phase foundalty tHe é@.‘?@l%ré%lﬁqﬂ hanh in a

region which is undeér tensile stress and adjoins an edge region of the
singl e crsitlfgd from the melt, and wherein the radial profile of the

ratio V/G is controlled so that the effect of thermomechanical
stress fields in the single crystal, which adjoin the phase
15 boundary, is compensated for in respect of the creation of

intrinsic point defects.

2. The method as claimed in c¢laim 1, wherein the temperature
gradient G, in a region of the single crystal which is under

20 compressive stress and adjoins a central zone of the phase
boundary, is kept greater than in a region which is under
tensile stress and adjoins an edge region of the single crystal

and the phase boundary.

25 3. The method as claimed in c¢laim 1 or claim 2, wherein the
radial profile of V/G is adjusted so that V/G is lower in the
region of the compressive stresses, and higher in the region of
the tensile stresses, than a critical ratio V/G which is a
prerequisite in the case of a flat phase boundary so that a

30 defect-forming excess of point defects is not created.

4. The method as claimed in claim 3, wherein the radial profile
of V/G is adjusted so that (V/G)t / (V/G)c is at least greater
than 1.5, where (V/G)c is the lowest ratio V/G in the region



and the phase boundary. 25 3. The nethod as clainmed in claim21 or claim 2,
wherein the radial profile of VVGis adjusted so that VVGis lower in the
region of the conpressive stresses, and higher in the region of the tensile
stresses, than a critical ratio VVGwhich is a prerequisite in the case of
a flat phase boundary so that a 30 def ect> f or ni ng excess of point defects is
not created. 4. The nethod as clainmed in claim3, wherein the radial profile
of VIGis adjusted so that (VQt / (M Gc is at |east greater than 1.5,
where (V/Gc is the lowest ratio VVGin the region 19 which is under

conpr essi ve §tress a d (MGt is, the highest rag) o V/Gin the region which
i s under Tenst e stIEss. CEPHHE R FIF S @ e $F drie e ahast to 4,

wherei n tietid wigglre wheysteddidrs wiildied vy Aty 300 Mmor nore at
an average pull rate of at least 0.5 mimn. 6. The nethod as clainmed in one
of claimse 1 to 5 wherein the single crystal is cooled at a distance above

the surfage Te tehokD 4B ld1a WHEN A Srly @8t 1 dihan @ deightaly AL | he
. 7. The

center of the phase boundary and the surface of the nelt . nmet hod as
cl ai méd iHHHE FrvEtainet s Ryl led whditeian i amedgiro e of3 dthans oy eoxs yadt al
adj oi ni nguf eydilde iguieatad U acl3 Ay o gfature profile at the

[

edge of the singl'e crystal results, ch has at 1east one point of
inflexion. 8. The nethod as clainmed in one of clains 1 to 7, wherein a CUSP

magnetic fi rJ t_al etic fiel r_a.2Q travel.ing .magnetic
fieldis 6fa(p(mi)#klgee ett"?)’lt ée{sfre%lrjtaqnberaa%he et r?ofz cfaisacic Sailh%c? isff c‘”fheﬁx%]él, %ﬁar ein a
CUSP magrsitriagle famtstadi tis aardied @t surdiatanaoshiabodd eheatsureasie 2 MhRaabove

t he rf of the.nmelt, is . applied to.the [t. 25 10. A sem conduct or
waf ersMof %geﬁtl’cﬁll\ﬁr?l v f%seaﬁeqqfﬁ@anﬁ he&@#’gglhs Behwerms \ihe GRSt ©fhor cop
def ect s wileh phesiez doaindmne and the surface of the melt.

7. The method as claimed in one of claims 1 to 6, wherein a
region of the single crystal adjoining the melt is heated and
15 an axial temperature profile at the edge of the single crystal

results, which has at least one point of inflexion.

8. The method as claimed in one of claims 1 to 7, wherein a
CUSP magnetic field or a horizontal magnetic field or a

20 traveling magnetic field is applied to the melt.

9. The method as claimed in claim 8, wherein a CUSP magnetic
field with a neutral surface, which lies at least 50 mm above
the surface of the melt, is applied to the melt.
25
10. A semiconductor wafer of silicon which hasg neither OSF
defects nor A-swirl defects nor COP defects with a size of more
than 30 nm, with a radial profile of growth strips of oxygen or
dopants in which an attitude angle & between a horizontal line
30 and the tangent applied to the growth striations lies in a
value range, expressed in degrees, which is described by the
inequality 8 < -17 x (r/rmax) when the attitude angle 6 is
determined in a range of from r/rmax = 0.1 to r/rmax = 0.9,

where r is the radial position at which the tangent is applied



than 30 nm with a radial profile of growh strips of oxygen or dopants in
which an attitude angle 8 between a horizontal line 30 and the tangent
applied to the growmh striations lies in a value range, expressed in
degrees, which is described by the inedfality 8 < -17 x (r/rmax) when the
attitude angle 8 is determned in a range of fromr/rmax = 0.1 to r/rmax =
0.9, where r is the radial position at which the tangent is applied 20 to
the gromh striations and rmax denotes the radius of the sem conductor
wafer. 11. The sem conductor wafer as clainmed in claim10, wherein the 5
attitude tnhdhe growtthetrdgdd oor mrremfrrmEenetest the radime ©f ¢he | es

W t hout exGRRdRIMdtdA Re sl ue range of 8 < -17 x (r/rmax). 12. The

sem conductor wafer as clained in claim10 or claim1l, 10 wherein the
attitude angle 8 in the range of fromr/rmax = 0.1 to r/rmax = 0.9 lies

wi t hout cepion, f l; r gnge stkhe -subr bei
describeg Y teegfﬁg§§§???§%&g§a%§rt?%rﬁgxlugdsq% ?%?Egleiyrnax§.l?5t%%. The
sem condwdttdrtt ugef engds @ dmnediel maoge off dhramms/tharo = 12,1 conpr/irsiaxg =t he
addi tion .of, gt. | e n I . fraom roup _of el enents i.ch is forned
by the eﬂé@eﬁf?scgﬁggﬁyi %F?%%%éﬁnaﬁﬁ %3 rggéﬁg f@n?f.o$ﬁ§ §eggggﬁﬂuctor
waf er as (ad/ameed .in claim 13, having a nitrogen concentration of from
2.0x1013 to 1.0x1015 atoms/cnB. 15. The sem conductor wafer as clainmed in
one of clains 10 to 14, having an oxygen concentration of from 5x1017

at oms/ cnfi 2t.0 Theb senBx AL AR/aGRE: as claimed in claim 10 or claim 11,

10 wherein the attitude angle 6 in the range of from r/rmax = 0.1
to r/rmax = 0.9 lies without exception in a subrange of the
value range, the subrange being described by the inequality -50

x (r/rmax) < 8 < -17 x (r/rmax).

15 13. The semiconductor wafer as claimed in one of claims 10 to
12, comprising the addition of at least one element from the
group of elements which is formed by the elements carbon,

nitrogen and hydrogen.

20 14. The semiconductor wafer as claimed in claim 13, having a

nitrogen concentration of from 2.0x10% to 1.0x10"® atoms/cm’.

15. The semiconductor wafer as claimed in one of claims 10 to

14, having an oxygen concentration of from 5x10' atoms/cm’ to

017

25  6.5x1 atoms/cm’.





