Silicon wafer and method for producing it The invention relates to a silicon wafer having a greatly
reduced tendency toward oxygen precipitation, and to a method 5 for producing the silicon wafer, said
method comprising a thermal treatment. Prior art Silicon single crystals are usually pulled from a
silicon melt situated in a quartz crucible by means of the Czochralski method. As a result of corrosion
of the quartz crucible, oxygen passes into the silicon melt, and is incorporated into the crystal in
concentrations of a few 1017 to a few 1018 cmC3 (atoms per cubic centimeter). Said oxygen is initially
present in dissolved form, but is supersaturated at room temperature and typical temperatures that
prevail during the production of electronic circuits and components. Therefore, it precipitates during the

production of electronic circyits and:corapareaisOimRptberrtherpal deatments at similar
temperatures. So-called BMDs arise in the process. They are oxygen agglomerates with or without

additional defects which can arise during the thermal treatments directly in the vicinity of the oxygen
agglomerates’ Nucléi6F i@ BMB s &b YorméEd asceary asan the erystaf 25 ftiling process during
the cooling of the single crystah.df said-aucler exceed mr=terpperattrerdepeadent a critieaksize, they are

able to grow during.a thermal regtment. These,END nugle ¢apable of growth are referred to as stable

nuclei. 30 The density of the END nuclei cannot be determined directly on account of their small size.
In order to medstrd e Wehit)Tt'the stable END nuclei, the finished silicon. wafer (which, however,
has not yet been structured in the context of a component process) is usually subjected to a END test.
This 35 test may; gensist, for example, in holding the silicon wafer at a temperature of 780C for three
hours and subsequently at a temperature of 1000C for 16 hours. During this thermal treatment, stable
BMD nuclei are stabilized further in the first step in order that they can grow to form large detectable 5
BMDs inithe sEcohersteplatalGOTT XFtHih L6 B e Detectiory takes placé afferahg thérnal reatment by
means of Seceoweichad a fragtureedge et-adirpkenisiicanswafertindhe case-ef-an etching removal of

2.5 pm. This i3 gusiomary test [prexamining (he pxyash Arecinliation beliarlor ot silisgn yiafers. 10

&
In another END test which is often used, and which ar results, the silicon wafer is held at

a temperaturé’8f866C-forfout hotis SRt siFsequenity afa temperaiié ot 1006¢ fd*16 hours. M
The stable END yricigi that grow4o formiarge BMBs &sa teslit-of thefrmal tredtment cancipair the

funCﬂongﬁfﬂﬁ%gk%%ﬁﬁﬁpcentimeter). Sald oxygen is initially present in

dissolved form, but is supersaturated at room temperature and
typical temperatures that prevail during the productiocn of
electronic circuits and components. Therefore, it precipitates
during the producticn of electronic circults and components or

20 other thermal treatments at similar temperatures. So-called
BMDs arise in the process. They are oxygen agglomerates with or
without additional defects which can arise during the thermal
treatments directly in the vicinity of the oxyvgen agglomerates.
Nuclei for the BMDs can be formed as early as in the crystal

25  pulling preocess during the cooling of the single crystal. If
said nuclel exceed a - temperature~dependent - critical size,
they are able to grow during a thermal treatment. These RBMD

nuclel capable of growth are referred to as stable nuclei.

30 The density of the BMD nuclei cannot be determined directly on
account of their smzll size., In order to measure the density of
the stable BMD nuclei, the finished silicon wafer (which,
however, has not yet bsen siructured in the context of a
component process) 1s usually subjected toc a BMD test. This

35 test may consist, fcor example, 1n holding the silicon wafer at



circuits and components by e.g. producing short circuits or reducing the lifetime or the number of the
electrical charge carriers within the silicon wafers. 20 This problem has generally been solved hitherto
by means of a thermal treatment that leads to a denuded zone, at the surface of the silicon wafer.
0S2008/0292523A1 describes several methods for producing such a denuded zone. In that case, the
25 silicon wafer is heated to a temperature of above 1000C in a short time (a maximum of 100 ms) by
means of halogen lamps, xenon flashlamps or a laser,and is then rapidly cooled again. The END
nuclei are thereby eliminated in a thin layer below the surface. Stable BMD nuclei still exist, by
contrast, at a depth 30 of greater than 10 pm. After a flashlamp heat treatment for a duration of 1 ms at
? maximunréI _teén@%@@&ea_@t%%iy@@, ﬂ@eg W@g%ertﬂt%e\%:tﬂ%@f %Q‘o%%,@f@l%’%f %@9@()))2 .
corresponding to approximate . C : the thickness of the denuded layer is 0.6 pm. At a
maximum tem%eenrlgteg%%f‘l%o%c,}’o@ %he% régﬁ'lt ?‘Lsiq“d%ﬁﬂsdéd 33%? ﬁa@?ﬁbsa %%Eﬁngé“s of 0.8 pm, and 3
a BMD density 6521406 crfi 2 {corédPoridifig @6 approginediehi 281161 ehi2)inithetrest of the silicon
wafer. The BMR:gdensityapas measired:afier aikermakirgatment-at=80QC far-tpurdioursand «
subsequeptly g 000¢ (01 16,0uts: S,Ear companspis forwhich 3 shert fetime, of the harge cariers
within the silicon wafer such as is caused by the BMDs is harmful, silicon wafers having a high BMD
density intern&h?&fd Bty & thit? dEREEBaZzdnea e sufacd are Bnshitdsec 1 0RbW edér. Therefore,
methods havefaksotheen deévelopedawhichkarakeiil possible: tee fregrtherentire solumhezef the silicon
wafer of BMDJwelei, 056336968BJ1desaribes amethod.wherein.asilicon wafer is heated rapidly to a

temperature of at least 115%% and remains at this temperature for a number of seconds (at least 1 s)

in order to disSBVETHE Sre-Sxistifig BMDPAGEIEE "Afterwdrd- e &ilicon Wafdt 15 E68168ata Tooling rate
of at most'20 Kis t¢ateaiperdturessita miaxdmuig of D50C. Wstthe 720:thaihterancestémperature of at
least 1150C, a very high-eencentratior of crystaklaffice-vacancies arisessaighyascancies ngemally
becoming su aturated during cooling and greatly promating the origination of new BMD nuclei. By
means of thepg(g)?/v \go%ﬁ}ﬁrg,%t ey ahr%ulﬁtsenaélecg %ou%s%ﬁgﬁﬁ% d%2£5 %e%ogr%ﬁ%ﬁaj“fﬁ% same effect can be
achieved by keepthg-tHe*watér €4 €dnstant temperature in the range of 1150 to 950C for longer (e.g.
9 2 s at 1150C or -9- 2 min at 950C). The reduction of the vacancy supersaturation can be supported

by an oxygen-gontaining atragsphere becayse the- oxidatiop.of the 30, sugee generaies silicon

interstitials (interstitial silicon atoms) which recombine with the vacancies and thus reduce their density

further. The problentofthts M&thbdTs thafthe TEEArCIES Bind S oxygen at tépefatiires Baidiv 1150C
and their outdiffusion is thusimadesigrificaritly moee difficult because 35:theilyack reactions which

liberate the vacancias,agaieredUite-ame or the number of the electrical charge

carriers within the silicon wafers.

20
This problem has generally been sclved hithertc by means of a
thermal treatment that leads to a denuded zone, at the surface
of the silicon wafer. USZ2008/0232523A1 describes ssveral
methods for producing such a denuded zons. In that cass, the

25 silicon wafer is heated to a temperature of above 1000°C in =
short fime (a maximum of 100 ms) by means of halogen lamps,
xenon flashlamps or a laser and is then rapidly cocled again.
The BMD nuclel are thereby =sliminated in a thin layer below the
surface. Stable BMD nuclei still exist, by contrast, at a depth

300 of greater than 10 pm. After a flashlamp heat treatment for a
duration of 1 ms at a maximum temperature of 1250°C, the BMD
density within the silicon wafers is 3.8-10° cm™ (corresponding
to approximately 1.9-10* em™), and the thickness of the

denuded layver is 0.6 um. At a maximum temperature of 1300°C,

35  the result is a denuded layer having a thickness of 0.8 um, and



4 certain time. The method according to 056336968B1 therefore takes up a comparatively long time.
Therefore, the object was formulated of providing an economic 5 method for producing silicon wafers
which, despite an oxygen content in the customary range, have a significantly reduced density of
stable BMD nuclei in the entire wafer volume. Description of the invention 10 The object is achieved by
means of a silicon wafer having an oxygen concentration of 5,1017 to 7.5-1013 cnl3, which has the
following BMD densities after the following thermal processes, carried out alternatively: 15 - a BMD
density of at most 1-108 cm-3 after a treatment for three hours at 780C and subsequently for 16 hours
at 1000C, and - a BMD density of at least 1.109 cm-3 after heating of the silicon wafer at a heating

rate of 1 K/min feaip a;stast 20 temperaturgsof.300G to ﬁ@é@%@ﬁ@enﬁuaﬁ‘p@ré@%%%&@Subsequent
holding at 10020% _f%;l(ﬁ hows. . All oxygen#congentratlon In this description should be understood
] t

within the me&ning of the hetv ABTM Stardard (ASTR Z3F 12832 Ailicon walfer of fHis type can be
produced by meangssfaLkrethed comprising:the follewirignstepsan théGpecified éeder: haalrsroviding a
non-structured siicam-walgrhavigg an oxygen: 36-concemnration of 5-1017 to 7.510' cm- and a

thickness_of 0.6 to 1.2 mm, b) heating the non-structured silicon wafer to a preheating temperature in

the range of 600 to 1000C, and subsequently irradiating a side of the silicon wafer with flashlight for a
35 duration of £5 t6 AP Whetei i etler§y Hensity of 50 5"S 16096'6f tHeéérgy density
necessary fordaciplentty miettirig: thersuface ds radiated irsukhe methedaccosding,torthe iBveation,

\thh’om“ngy%ﬂﬁéyﬁgul, siliceon wafers having a high BMD density internally
and only a thin denuded zone at the surface are unsuitable,

10 howaver.

Therefore, methods have alsc been developed which make it
possible to free the entire volume of the silicon wafer of BMD
nuclei. US6336%68B1 describes a method wherein a silicon wafer

15 1s heated rapildly to a temperature of at least 1150°C and
remainsg at this temperature for a number of seconds (at least
1 s) in order to dissolve the pre-sxisting BMD nuclei.
Afterward, the silicon wafer is cooled at a cooling rate of at
most 20 K/s to a temperature of a maximum of 950°C. At the

20 maintenance temperature of at least 1150°C, a very high
concentration of crystal lattice vacancies arises, said
vacancies normally becoming supersaturated during cocling and
greatly promoting the origination of new BMD nuclei. By means
cf the slow cooling, they are intended to be outdiffused

25 beforehand. The same effect can be achieved by keeping the
wafer at a constant temperature in the range of 1150 to 950°C
for longer (e.g. 2 2 s at 1150°C or 2 2 min at 950°C}. The
raeduction o©of The vacancy supersaturation can be supported by an
oxygen-containing atmosphere because the oxidation of the

30  surface generates silicon interstitisls {interstitial silicon
atoms) which recombine with the vacancies and thus reduce their
density further. The problem of this method is that the
vacancies bind to oxygen at temperatures below 1150°C and their
outdiffusion is thus made significantly more difficult bhecause

35 the back reactions which liberate the vacancies again reguire a



5 of a short flash of light, comprises superfast heating to a maximum temperature and superfast
cooling immediately afterward, only reduces the size of the BMD nuclei without, however, high
vacancy supersaturation being established in the entire wafer volume. Moreover, the vacancies are
bound to the oxygen to a significantly lesser extent than in the method described in US6336968B1.
The fast heating from one side by means of flashlamp heat treatment for a duration of 15 to 400 ms,
preferably 20 to 50 ms, produces a temperature profile in the silicon wafer with the temperature falling
from the front side toward the rear side. In this description, front side denotes the side irradiated with
flashlight. As will be explained later, this is not necessarily the side on which electronic components

are subsequeptly- produced..The temperatuse is.s0-highin the entite volime of the sflicon 20 wafer,
however, that stable grown-in BMD nuclei shrink. This leads to a supersaturation of the vacancies that

falls from the front Side” to%vfr%%rraété%%?d@, and'to &h"Bverall lower level of the vacancy concentration
after compensation by diffusion during cooling. Therefore, according to the invention it is not 25
necessary to outgiffuse the vacanegies-Therefore.mritherapaintenance dimes ihthe-terperature range
e L0 “ROC BOLINE £00Ig fates ol eps ianor el Q20 K/ iEhaLe |
comparatively very low for RTA processes ("Rapid Thermal Anneal"), are necessary ggcordlng to the
invention. It 3678 ikREWise'nbt ReEESEATY16 SUPPOFEthe FetfuclioR SFthe vataney ¢otitEitration by
means of an adizing atmosphere: BFhersilicon wafercaecardingto thefkwentionrdiffers from the
non-precipitating silicon wafer in accordance with US6336968B1 35 in that the grown-in BMD nuclei
are substantially not or only 6 partly dissolved, rather instead they shrink to a size which is smaller
than the criticAPEZEBF iR 8#3\/?7%?1%&%&%“ thermal processes such as the BMD test. The
silicon wéfer according to the invention with shrunken BMD nuclei is 5 characterized by the fact that it
hi'sls avery |0V\1‘hlBeM@m@@l‘fﬂtﬁf@'|%%E&ﬁeﬁmtﬂgafﬁ@"@\ﬂ/i@ @JIEQIHB@L' %msd%ameg Qut 6(115 an
alternative to the BMD test, in which process the silicon wafer. is;slowly, heated.to 1000C an
subsequently held at tﬁgqgﬁnnp%rrg%ulrg%F%LSGE@E}S, the slfi\iiaéonl ?vafe%mexhigf S, %}f/ W@or%gst, avery
high BMD derisity* ©orisediintie ohidccount oF s véry siall BMDhidleirthe siicorawafet-according
to the inventiareisrdistinguisheddaraarery different behavior in two different thermal processes. In 15
this case,it should:hg taken.into copsideration thatthess progesses are not caried out sequentially,

but rather as alternatives. This means that a silicon wafer is either broken into two parts and one part
is subjected t& T7E firStIREFmAF plddeds g e R8R6ha part'to the €cdid fiierdalptoteSs, in 20

order to asceraim whether a silicon wafer according to the invention is involved. However, it is also

possible to use twa:siiconwafers whigh havedieen produged in-an identical ;panper.and for this

reason have the.same properties. (The¥ may be, for exam le, two sigcon wafers which originate from
. liicon water at 'a H arcl g ﬁate Q K m%q ﬁfm a star .
two directly 25 adjacent positions on thé samé silicon single crystal and were processed further in an

identical ¥hanhéery Oire-sf thetive Watersts subjesteeto-therise processt ahtPtheCoties wafer to the
second processpigeafges torascertain whethenthis type 16 hours.

All oxygen concentrations in this description should be
understced within the meaning of the new ASTM standard (ASTM

25 wl21-83).

A silicon wafer of this type can be produced by means of a
method comprising the following steps in the specified order:
a) providing a nen-structured silicon wafer having an oxygen
30 concentration of 5-10Y to 7.5-16Y om™? and a thickness of 0.6
te 1.2 mm,
b) heating the non-structured silicon wafer to a preheating
temperature in the range of 600 to 1000°C, and subseguently
irradiating a side of the silicon wafer with flashlight for a

35  duration of 15 to 400 ms, wherein an energy density of 50 to



of silicon wafers involves silicon wafers according to the 30invention. The two thermal processes used
for determining the oxygen precipitation properties of silicon wafers according to the invention are
described in greater detail below: 7 Test 1: In order to measure the density of the BMD nuclei, the
finished silicon wafer is subjected to a BMD test that includes a thermal treatment at a temperature of
780C for a duration of three hours and subsequently at 1000C for a duration of 5 16 hours. The
heating and cooling rates are 100 K/min. The entire thermal treatment is carried out under an inert
atmosphere. In the first step of this thermal treatment; stable BMD nuclei are stabilized further in order
that they can grow to form large detectable BMDs in the second step at 1000C 10 within 16 h. This

test is a customary BMD testefbe BMBs are finally.detected in the manner.descriged futher below.
Test 2: In order_to measure the den %'té%gf he shrunken BMD nuclei, the finished silicon wafer is

heated from an |%it|sétﬁeﬁ1per§tsur5ao a%%“heating rate of 1 K/min to 1000C and subsequently
held at this temperature for 16 hours. The entire thermal treatment is carried out under an inert

atmosphere. This methoticanderdsed ta detect smalk BMBmuclgiithial ase swlpcriticakfor the normal

BMD test pecggsg, Qn ﬁvggoggg gyhoefzg ilg\ﬁme%tg% gqtseeof 1 K/min, thgykgeag\t%ow p(gecisely o)

rapidly that their size always remains above the Critical radius, The Fleésétlng rate is siFnuI?aneoust SO

high, howeveP'afatHitcleF i fewiy Sarfse?d GHRG Feating iR reiaiRS b tical because for them
the critical radids éncreases 400 fasteas: thes 2btemperaturé increazes. Mhelmethad of wperation of this

test is describgdjp,G . Kigsinger, & sattles, .}, Dabrowski, W, VQ&%@@Q@aé{ﬂigﬁ@@@z@f@n@ethod to
detect grown-in oxide precipitate nuclei in Czochralski silicon, SOS Transactions, 11 (3) 161-171
(2007). The hIting duaticn af 1068 wak™S0 lémgthehed 16 18 oGS, Wowevar fh briertd ensure
that all BMIDs cearneemitantly groywi Buringtthe slewsheating: actuatiyexceedttie detection limit, such

that they can subsequently heudetestesk Finally;the BMDs-are-detected.in exactly the same way as in
test 1 as descrgibed bel_owflg Aﬁfger ea%heofcthae tw Itn%%tg ;herBMl%(s ar ,detectzedlig the same way by

cans I Am 31} F a ura (o) @] .
means of a Sacco etc% ona racturgd edige of[a silicon wafer Broken after the therma?treatment, in the

case of an etcHifig PFEmavat bF 225 i . 2Fhé SettostchitigP §oltitiends temperature profile

in the silicon wafer with the temperature falling from the

15 front side toward the rear sgide. In this description, front
side denotes the side irradiated with flashlight. As will be
explalined later, this is not necessarily the side on which
electronic compcnents are subseguently produced. The
temperature is so high in the entire volume of the silicon

26 wafer, however, that stable grown-in BMD nuclei shrink. This
leads to a supersaturation of the vacancies that falls from the
front side toward the rear side, and to an overall lower level
of the vacancy concentration after compensation by diffusion
during cooling. Therefore, according to the invention it is not

25  necessary to outdiffuse the vacancies. Therefore, nelither
maintenance times in the temperature range of betwesn 1150 and
950°C nor the cooling rates of less than or egual to 20 K/s,
which are comparatively very low for RTA processes ("Rapid
Thermal Anneal™), are necessary according to the invention. It

30 1s likewlse not necessary to support the reduction of the

vacancy concentration by means of an oxidizing atmosphere,
&

The silicon wafer according to the invention differs from the
non-precipitating silicon wafer in accordance with US6336%68R1

35 in that the grown-in BMD nucleil are substantially not or only



5 prepared by dissolving 44 g of potassium dichromate (K20r207) in 1 dm3 of water. This solution is
mixed in a ratio of 1:2 with 50% (by weight) hydrofluoric acid (HF in water), (one part potassium
dichromate solution with two parts hydrofluoric acid). The etching duration is 3 min, which leads to an
etching 10 removal of 2.5 pm at room temperature. The BMDs on the incipiently etched fractured edge
are subsequently counted under an optical microscope. In this way, firstly a BMD density relative to
the area is determined, which is subsequently converted into a. volume density using the etching
removal. 15 The silicon wafer according to the invention with shrunken BMD nuclei is characterized by
the fact that it has a BMD density of 1.106 ¢11176 to 1:108 cm66, preferably 5(106 cm68 to 5.107
=76, in the entire-silicon wafer after test-l deseribed abavehas 20.heen caried out. After.test 2,
described aboye, by contrast, this silicon wafer exhibits a EMS, density in the range of 1.108 cm68 to
5:1011 cm66, and preferably of 1-1010 ch-8 t0™3:1011°35 The Silicar Water Bcoruing & e invention
does not have'd $t&Ep riBEIA the Yensity'ofahe B SEHliclepwithirt tiie silitonwwafer fsut rather a very
low density of A3Mbdiugleicin theeentireanatesvolume, #n acepedangeswith dhe EMS test described
above as fest &, This,densify is 89 lowhat, 0o daquided zene 30(Dz) cap.be digcetned, The method

according to the invention for producing a non-prepmﬂaﬂrgggllicon wafer is S|gn|f|caéﬁltﬁ/iFa%ter than the
method in accbrddiiée Wit 0SE336668B 1" G THE SHicGn WiteF producstrascaiting 86 thd nvention
also has the aglvaatage. thatpin-azonecdirect\Belove the sturfaee, grown-in defecissuchias &GOPS (=

agglomerates.of vacancies) ,on LPILS (z agglomerates ofjnterstitials),quhich gould athemisg 5 impair
the component function or the function of electronic circuits, are also dissolved. Brief description of the
figures W Figure"E 8h8Ws the @mperatire frofite dver the thickAess of the Bilitdn Wafer at two different
points in ime dofhgahe methot dcéoringte thieirmiention. Figure 2 shows for comparison the
temperature profile over the 15 thickness of the silicon wafer at two different points in time during a

method not according.fo.the, vention. witha shotrer flash duration- Elgyre 3919w fg depth
dependence of the ensity of a
gilicon wafer according to the iIinvention is distinguished by a

very different behaviecr in two different thermal processes. In
15 this case, it should be taken into consideration that these
processes are not carried out seguentially, but rather as
alternatives. This means that a silicon wafer is either broken
into twe parts and one part is subjescted to the first thermal
process and the second part to the second thermal process, in
20 order to ascertain whether a silicon wafer according to the
inventien is involved. However, it is alsc possible to use two
silicon wafers which have been produced in an identical manner
and for this reason have the same properties. {They may be, for

example, two silicon wafers which originate from two directly

2
W

adjacent positions on the same silicon single crystal and were
processad further in an ildentical manner.) One of the tTwo
wafers is subjected teo the first process, and the other wafer
To the second process, in order to ascertain whether this type
of silicon wafers involves silicon wafers according to the

3¢ invention.

The two thermal processes used for determining the oxygen
precipitation properties of silicon wafers according to the

invention are described in greater detail below:



20 silicon wafer according to the invention in comparison with a silicon wafer not subjected to thermal
treatment, after test 2 was carried out. Preferred embodiments Step a; Providing the wafer Step a) of
the method according to the invention involves producing a silicon wafer having an oxygen
concentration. of 305.1017 to 7.5.1017 mnj3. For this purpose, firstly a silicon single crystal is pulled.
This is preferably done using the Czochralski method, since, in this method, oxygen is inevitably
incorporated into the single crystal and the problem 01;, oxygen precipitation thus occurs, this problem
being solved by the 35 method according to the invention. The single crystal is then 10 sliced into
wafers. These silicon wafers can be subjected to further processing steps known in the prior art, such

as e.g. edge reunding, grinding..lapping,.&fehing, polishing edge polishing,or can.immedigtely be
subjected to the therkmgl S treatment according to the i@vention. Preferably, the wafer sulrfaces should
be planarized and the crystal regions damaged by the sfhicing stould be ferioved betdre the“thermal
treatment in step-bligréarrieteeGt T His eansba done Htgiinding diflappintger a stitable eonitsfination
thereof. Furthermete, Hbis \Y/ expediant forthersurface 1egions damaged by-thissmeghanical processing
of the waler surfages 19 beyiemaxed by, eichina befpre step bl s gairied,gul, Remova,of the damaged
crystal regions before the therma treatrent IS expeéle%t"émce otherwise dislocations can form during
the thermal tr&atmieiit. 15°PBRshing Gt tRE Wwafef stiffatetbetsre tHfieriial trssdtment is not
necessary, but candikewise bencatried auts T hecmethads farspraducing. atsikcomsingle erystak for
slicing the singlercrystal dnto,wafers.and forprogessing the wafers 20 are known to.the person skilled
in the art and will gzhejefqrevnot be described in any greater detail. What is important, however, is that
silicon wafers iCﬁTﬁ)ﬁ%ﬁge detectable BMDS In the second step at 10006°C

0 within 16 h. This test i1s a customary BMD test. The BMDs are

finally detected in the manner described further below.

Test 2: In order to measure the density of the shrunken BMD
nuclei, the finished silicon wafer is heated from an initial

15 temperature of 500°C at a heating rate of 1 K/min te 1000°C and
subsequently held at this temperature for 16 hours. The entire
thermal treatment is carried out under an inert atmosphere.
This method can be used to detect small BMD nuclei that are
subcritical for the normal BMD test because, on account of the

26 low heating rate of 1 K/min, they can grow precissly sgo rapidly
that their size always remains above the critical radius. The
heating rate is simultaneously so high, howsver, that nuclei
that newly arise during heating always remain subcritical
because for them the critical radius increases too fast as the

25 temperature increases. The method of operation of this test is
described in G. Kissinger, A. Sattler, J. Dabrowski, W. von
Ammon, Verification of a method to detect grown-in oxide
precipitate nuclei in Crochralski silicon, ECS Transactions, 11
(3) 161-171 (2007). The holding duration at 1000°C was

30 lengthened to 16 hours, however, in order tc ensure that all
BMDs concomitantly grown during the siow heating actually
exceed the detection limit, such that they can subsequently be
detected. Finally, the BMDs are detected in exactly the same
way as in fest 1 as described below.

35



yet bear component structures are subjected to the thermal 25 treatment in step b). These wafers are
referred to hereinafter as "non-structured" silicon wafers. It is also known to subject silicon wafers to a
thermal treatment by means of flashlight in the context of fabricating microelectronic components.
However, this is done for a totally different purpose, e.g. for 30 electrically activating implanted
dopants. Step b) Thermal treatment  In step b) the silicon wafer is subjected to a two-stage 35
thermal treatment. The treatment is preferably effecteg individually in an apparatus equipped with one
or more flashlamps. These are generally xenon lamps which are supplied with current in interaction
with capacitors and a suitable control for a very short period of time and thereupon emit a 5 flash of
light having a glgration in-the, mieras ar millisecondsrange Morepyegthe-apparatus is.prefgrably
equipped withwa furghegh sel;?arat he@tincg devig:el,1 which isfuse for the prehe inf_ﬂg of@eﬁsilicon wafer.
A suitable apparatus for thermal tréatment is described in US200070163506A1, for M exatiple. As an

alternative to e resisStancerhestirt dESEriBed tigrein; ‘GtheFABAting Soukces 366h @5 dlogen lamps,
as are used in:PI#\ apparatuses, for exampie, can alse:bediset-forprebeating 4he siicon wafer. M

The silicon waf re eii ransferred in the appar. or | treat 2ra2(7:|h }edfrom
the start tgm&%'g}u%g %t a% ws?ta%rg(cjaa%%%%e%tu%%,gvvgh%:% %%%r{jegt?o %%ﬁ%a teTgrs&I prgh}ea%t%g

temperature. ThEStarttefipérature isthetemperature GFthesificor? water aftérthe fattét Has been 20
transferred intotthe (&pparatys: for thedmaf reatment.clhe préheating: temperatune igErthe range of

600C to 1000, Frebeating fe,at least.6Q0G is pecegsaty in,ordsr 1 preventihe silicon wafer from
being damaged or rokg}n duginr%the subsequent flashlamp heat treatment. The upper limit of 1000C

ensures that & Stfficien Fatie Gratient Betwien e irralfided rERCSids Dfthe St Wafer and

Bmpe
the non-irftadiatsereal side of thesilkoniwafer carpstiiEbe obtaified BHArans 6fthe subsequent

momentary irragiation-with-flashlight. Fhe preheatingitemperatue is:preferably ehoseadn 30 a manner

dependent on e thickness.of the silicon wafer, Thyis, thicker siicon wafers requife, a higher
preheating temperature th&n thinner silicon wafers in or&er to be ‘ablé t6 obtain the effect acc‘t{)rding to

the invention &fthe-dfifinkage BF te BMD hutddisiith B3¢ suBségtieAEfl&sty bF fight'in'the entire volume
35 of the silican wafer.By way-okexampte; aipreheatings 12qternperatute ab60@:te-950C is suitable for
silicon wafers having a thickness of 0.6 to 1.0 mm and a preheating temperature of 700 to 1000C is

suitable for silicon wafers having a thickness of 1.0 to 1.2 mm. , , _
The silicon waler according to the invention with shrunken BMD

nuclei is characterirzed by the fact that it has a BMD density
of 1-10% em™ to 1+10% em™®, preferably 5:10° cm™® to 5-107 cm™,
in the entire silicon wafer after test 1 described above has

20  been carried out. After test 2, described above, by contrast,
this silicon wafer exhibits a BMD density in the range of
1-10% em™ to 5-10Y cm™, and preferably of 1-10* em™ to

310 em™,

25 The silicen wafer according to the invention does not have a
steep rise in the density of the BMD nuclei within the silicon
wafer, but rather a very low density of BMD nucleil in the
entire wafer volume, in accordance with the BMD test described
above as test 1. This density is so low that no denuded zone

30 (DZ) can be discerned.

The method according te the invention for producing a non-
precipitating silicon wafer 1is significantly faster than the
method in accordance with US6336968B1.

35



5 As described above, the silicon wafer is firstly heated from the start temperature to the preheating
temperature by means of resistance heating, by means of lamps (for example halogen lamps) or other
heating sources. The heating rate is of no significance for the success of the method according to the
invention. However, it should be at least 20 K/min in order to prevent growth of the existing BMD
nuclei. For economic reasons, the heating rate should be significantly greater anyway, in order to keep
the process duration short. The halogen lamps known from RTA apparatuses permit, for example,
heating rates of up to 100 K/s or even more. What is essential to the success of the method according
to the invention, however, is that the silicon wafer is heated through completely before being irradiated
by the flash of-ights m%k_i'@rtov&%yezo %%&an@Qmefgr %ﬂ@ulm%&@mm@génﬁ_ﬁgz _
temperature gorresponding to the preheating temperature. This requirement is always fulfilled in
practice in thg&clgsélp %)Wﬁéc%ggto?%g}gy hégtiﬁg ngfégs 0 t]:ﬁ fo 58%/2%55&5 s%%lr:?%sct le preheating
temperature HES°HBeR PedEREE andthe tehipératire in theSsiies Water thomegehedts; the
flashlamps emit arftash-ot ight-fes asduration af1s 1@ 400imsspreferably of 201t0 50 ms.windhis case,
an energy density, is,radiated ip ywhich.carresnands 0,50 1o 1009%, prefergbly 90.10,30 100%, of the

energy density necessary for incipiently melting the surface. According to the invention, only one side
of the silicon Wafér* - iy irfidfatedtWith tAEFa8hfight. This side is referred to 35 here as "front side".
This can be the side which is provided 13 for the subsequent production of components. This

embodiment ig.Rrefersed since-pessile imRressipns.Qr other damage caused by the wafer support
(susceptor, pins) in this case arise on the side not provided for the production of components, where

they cause less disturbance. The energy density necessary for incipiently melting the surface is
dependelft onfthigipreheatingrteniperatsre; thie thickness bi tive siliconWwafertherefeetivity of the
surface 10 thereof (it isto say dhe surface constibution) anrd the duratioref the-flash efdight. This can

be determined Qé/hao girgglgos__ﬁ%rl%sgofagxgggnk%%mvaqh the energy density varies and all of the other
parameters mentioned above are kept constant. Incipient melting of the surface can be ascertained 15

by optical inspection of the surface after flashlight heat treatment has taken place. Incipient melting
brings about & haze<ofthelpolishing irctheease of polishedsutfacesrassaciatedt:wither  the

geometrigal-stiyctural alterations.ofthe; smooth, surfage. Inthe case of rough syrfaces, tog, the 20

incipient melting brings about a geometrical-structural alteration of the surface structure. If the energy

density neces%‘gjff/%r iﬁcﬁ?@ﬁﬁ?ﬁrﬁ%ﬁﬁn@?ﬁ@ Krfateli8 determined for & set'of paranidtets fthen it is 25
possible to chbosethéverergyrdensity of the flash of light in the range according to the invention of 50
to 100% of this value. A sufficiently high temperature for the shrinkage of the BMD nuclei and a

sufficiently large femperatyre, qragient hetween front,side. and reay, sige:are ensured Jo this range. The
20 silicon wafer according to the invention in compariscon with a
gsilicon wafer not subijected to thermal treatment, after test 2

was carried out.
Praferred embodiments
Step a) Providing the wafer

Step a) of the method according to the invention involves
producing a silicon wafer having an oxygen concentration of

30 5-10Y to 7.5-10Y cm™. For this purpose, firstly a silicon
singlie crystal i1s pulled. This is preferably done using the
Czochralskl method, since, in this method, oxygen is inevitably
incorporated into the single crystal and the prcoblem of oxygen
precipitaticen thus occurs, this problem being sclved by the

35 methced according to the invention. The single crystal is then



30 flash heats the front side of the silicon wafer to a maximum temperature lying in the range of from
1100C to the melting point of silicon. A maximum temperature just below the melting point of silicon is
particularly preferred, which is achieved by means of an energy density of 90 to 100% of the energy 35
density necessary for incipiently melting the surface. If the 14 temperature lies above the melting
point, the surface of the silicon wafer is slightly incipiently melted, which can lead to dislocations
arising below the incipiently melted region. Therefore, ét is particularly preferred to radiate in an energy
5 density of < 100% of the energy density necessary %or incipiently melting the surface. As long as this
requirement is met, the energy density should, however, be chosen to be as high as possible. W It is
also possible far;a plurality.of. flashes oflightdode emitied in sugcession. in which. case the maximum
temperature o {Eh% V\é%fergrggégisdensh%ld ag%in lie just bgilqow the melting point of silicon. The heating
of the front side to the niaximan temperatire shd the Subssqdent Codiing, iy eseh tase By hundreds
of degrees, tak8¥5la&e i Hié€ ime peridd ot milisecords. This Aieans thet thé teativgoand cooling rates
of the wafer frent sidei arg asumber ofieederstef magpityde geeater thantdndhecase-0f an 20 RTA
reatmentas deseledn USEIB0REL, fon example. The maienange (me ghe maimum

temperature is, according to the invention, significantly shorter than the mainténance time in RTA

processes, wHith’i& {7 the Tange of abbva e ¢é6CoRd n Btordantewithad$6336968B4°25 What is
essential to theysuccesslof-thecmethod acberdingde d¢hiervention isstherduretioncafdtheftagh of light. In

this context, the "dutation of the-flash oflight” should be.understood to,mean its full width at half
maximum. Thkjs, in. the 30 case of a duration of less than 15 ms, the size of the BMD nuclei cannot be
reduced in the &ntire Yoltimé& of THE Hiicon Waksrin stidh & W fhat BMBY RS THger form'during a
customaty 13kHDedstE@tg fauring testl deseribed above) aWhatds egsehtial, mactherdrme hand, is that
the flash of light dasts 3% longrenaugh ferthesentire-thickness.ofthe-silicon waferto bg 15 subjected to
a significant t ature increase, even if the latter is of varyin nitude depending on the distance
from the irrad%%]eptf £s%r aE(léE) O%ﬁthlegoﬁlaeﬁﬁfﬁd,%ﬁg 'flz}g mgﬁ%}lht%lsfn n%o%tepecridr%{ﬁ?gg %o T 681Iong, since
this would leat@thessiftcar? Wafér BeineeheatedtFralaR tbnipletely cthat is to $a§ o the
disappearancetoftheitemperatiure:gradient-hetweern-frant-and reae sides-which-issneegessary according

to the inyention, ;khis reguiremant is, fulfilled yup-o a duration.of 2 maximum.of 400 ms, \nder these

conditions and in conjunction with the above-described energy density according to the invention of

1

the flash of light"of THE B Han{ the &ftire VOftiMEoftfie SAicorfWafet'is momentarily brought to a

temperature sufficient for the shrinkage of the BMD nuclei. On the other hand, the temperature

gradient that arises.whenithesflash takes-effect(thatisto-sayithe lowertemperatye an the wafer rear

side) ensures%tglgt the vacan@%g_g (frs.atgrationfon average remains siagsnjficant}%/ Iowetr t@gn would the

case in the event o?lc%%glefé eating %%ﬁe%a_f%ﬁo Cfempe?é:tu%g %?oselFb?thte r%e‘ft?nge point.
Moreovet! theteéimpberatire gradienPakserénsirested in the art and will therefore

not be described in any greater detail.

What is impecrtant, however, is that silicon wafers which do not
yet bear component structures are subjected fto the thermal

25  treatment 1in step b). These wafers are referred to hereinafter
as "non-structured" silicon wafers. It is also known to sublect
silicon wafers to a thermal treatment by means of flashlight in
the context of fabricating microelectronic components. However,
this is done for a totally different purpose, e.qg. for

30 electrically activating implanted dopants.
Step b) Thermal treatment

In step b) the silicon wafer is subjected to a two-stage

35  thermal treatment. The treatment 1s preferably effected



20 that the silicon wafer cools very rapidly again after the flash of light. This prevents stable BMD
nuclei from forming anew again during cooling, as can happen for example during the comparatively
slow cooling in accordance with US6336968B1. 25 The temperature profile over the thickness of the
silicon wafer at different points in time after the action of the flash of light is illustrated with reference to
Figures 1 and 2. Figure 1 shows two modeled temperature profiles in a 700 um 30 thick silicon wafer
at different points in time during a thermal treatment carried out according to the invention with
flashlight. For this purpose, the heat conduction equa%ilon was used under the boundary conditions
that, before the flash, the temperature in the entire silicon wafer is equal to the 35 preheating

temperature andhat the iemperatire ondheside 16 faging.fhe;flashiamp.tises up to the maximum
temperature and d% reases aqgjam in accordance wijth a Gaussian curve with the corresponding full

width at half maximum (fiash durafor): THVEE 8hows the TemisRtatura orofilé byer e thickhess of
the  con waférlafterendof the praheating phaseiand befereitherflasinof hglst: Thabdnrtire thickness of

the silicon wafet:is uniformly at ademparatureof, inthis £aser8006y Omacequnt.otthe-flash of light
with an intensity profile.carresponding to the Gaussian normal distribution and a full width at half W
maximumgif ZLC)Xr%f aorh;(f“r%%%n thearxgg?atﬁreagf ﬁb&% IS ac a}?gvén& %ﬁotheoffoﬁntlsjﬁg:é?oé?ciﬁ%assllicon
wafer. Curve Z3h8ts e Emisératire: dBRASHTON BveF the thickiTéss of the  Siieen Wwafer &t the point in
time of the attainment-of thepmaximun:temperatare o, thenwater feontsside £As a-result of heat 15

conduction within,the silicon wafer, as a result of emyssin from the surface.and also as a result of heat

conduction of the surrounding atmosphere, cooling and simultaneous redistribution of the temperature
subsequently DREOFCUES Shows the iigertare distiisuion AP the’ BieR pointdh time at which 90
the températuraatthe redrsside ofithersiicorywafer has reached itsaaakEaunrg kecomparison

therewith, Figure.2:shows the cornesponding-madeled tempetature prafilesfor a flash aflight not
according 25 tuOsEahf iﬂ)l/e gnéwzijtgraajull width at half maximum of 3 ms. It can C|€3I’|¥ be seen that, in
the case of an implemen atlonpaccordfﬁ%et%’théﬁﬁvgﬁﬁ%ﬁ with &Full Width &Fn&#f fhaxifium of the flash
of light of 20 rA$ {566 Figdre-1f thétefiperatiesin 30 the entire silicon wafer distinctly rises above the
preheating temperature, while in the case of a treatment carried out not according to the invention,

VWH]anUQWd%h%tQQE{E%Qn%H?er to be treated is transferred into the
apparatus for thermal treatment and heated from the start
temperature to a first target temperature, which is referred to
hereinafter as preheating temperature. The start temperature is
the temperature of the silicon wafer after the latter has been

20 transferred into the apparatus for thermal treatment. The
preheating temperature is in the range of 600°C te 1000°C.
Preheating to at least 600°C is necessary in order to prevent
the silicon wafer from being damaged or broken during the
subsequent flashlamp heat treatment. The upper lLimit of 1000°C

25  ensures that a sufficient tTemperature gradient bstween the
irradiated front side of the silicon wafer and the non-
irradiated rear side of the silicon wafer can still be obtained
by means of the subseguent momentary irradiation with
flashlight. The preheating temperature is preferably chosen in

30 & manner dependent on the thickness of the silicon wafer. Thus,
thicker silicon wafers reguire a higher preheating temperature
than thinner silicon wafers in order to be able to obtain the
effect according to the invention of the shrinkage of the BMD
nuclel with the subseguent flash of light in the entire volume

35  of the silicen wafer. By way of example, a preheating



of the flash of light of 3 ms (Figure 2), on the wafer rear side, the temperature rises only little and
remains below 35 1000C even though the front side reaches 1400C. The 17 consequence of this is
that, with the same maximum temperature, it is only in the case of a sufficiently high full width at half
maximum of the flash of light that the BMD nuclei within the silicon wafer and at the rear side of the
silicon wafer also shrink. According to the invention, the preheating temperature, the duration of the
flash of light and the maximum temperature are chosen so as to ensure that the BMD nuclei also
shrink sufficiently within the silicon wafer and at the rear side of the silicon wafer. As a result, not only
does a denuded zone (DZ) arise at the wafer front side. Rather, the tendency toward oxygen

precipitation in the entire wafer-valume is disgingtly redycedStep:c) Edge processing 15 After the
thermal treatment, the silicon v}v{afer is %ogesésgd fulrtrgjer in thedmanner knO\évn from the prior art. By
way of example. aftet the therial treatrent, ‘single: or MultiRtEyE pBiishifig of Soth sides or only of the
front side can 28"additionafly be éffécted. 1t48 kriowirs thatithelrhal processbsanith superfast heating to

a maximum temperajute andsubseguent superfast coolipg can lead to slip on the silicon wafer. The
slip can spread further in 25 subsequent thermal processes in circuit and component production and

disturb or nullify the function of the circuits and components. Said slip occurs primarily in the edge
region of the SifcoiRiafer 3D eRiRg to the vty Shoft derall procéss dutatidis of e tiéinal treatment
according to thesnvention, ittheredge slip isvenhshert=Thetefore, thezone at-the-edge of the silicon

wafer in Which:é@@s%%@%é”ﬁ%% is goly-very.narrow, Iherefore, it can.he remeyed without great

losses. The width of the region to 35 be removed is preferably 1 to 5 mm, and particularly preferably
IS 2 to 3 mm. & reféted HHerefsia T aR8r fifd Bidial tréamieht. iP mcthanicalR pfotess the edge
of the siliton waferif arpadditional step epircerderdd removestheccutermost edgetof thessilicon wafer

where the slipjis.sitated.. powever, it should be at least 20 K/min in order to

prevent growth of the existing BMD nuclei. For eccnomic
reasons, the heating rate should be significantly greater
anyway, in order to keep the process duration short. The

15 halogen lamps known from RTA apparatuses permit, for example,
heating rates of up to 100 ¥/s or even more. What is essential
to the success cof the method according to the invention,
however, is that the silicon wafer is heated through completsly
before being ilrradiated by the flash of light, that is to say

200 that the entire silicon wafer should have a homogeneous
temperature corresponding to the prehesating temperature. This
requirement is always fulfilled in practice in the case of the

customary heating rates of up te 100 K/s.

2]
Lh

As soon as the preheating temperature has been reached and the
temperature in the silicon wafer 1s homogensous, the flashlamps
emit a flash of light feor a duration of 15 to 400 ms,
preferably of 20 to 50 ms. In this case, an energy densgity is
radiated in which corresponds to 50 to 100%, preferably %0 to
30 100%, cf the energy densgity necessary for incipiently melting

the surface.

According to the invention, only one side of the silicon wafer
18 lrradiated with the flashlight. This side is referred to

35 here as "front side". This can be the side which is provided



5 Any known methods for the edge processing of silicon wafers, in particular methods which
simultaneously impart a defined profile to the edge of the silicon wafer (so-called edge rounding), are
suitable for this purpose. This is generally W effected by grinding the wafer edge. A profile grinding
disk is usually used for this purpose, said disk copying its negative profile positively onto the wafer
edge. However, it is also possible to use non-profiled grinding tools such as e.g. abrasive pads. If the
edge processing is carried out as step c) 15 after the thermal treatment in accordance with step b), the
edge rounding before the thermal treatment is preferaf)ly omitted. By means of the mechanical
processing of the wafer edge, the 20 radius of the silicon wafer is reduced by a value which is

preferably at least ef,the;same magnitudeas-the width of fheJegion affected by the edgerslip,  After

the mechanical %q%g j%)r((%ce;tj,f'i,li(rgg for Q%Tlgxi/ingithe regions S25 :—gfecggd by Slfi}?’ the edlgse can preferably
be polished. If the ma Srlalsremovglorequwe% in ¢ pli%nséﬁ%?ep %)‘ iS’SO %?eéjta at, as a result, the

diameter of thehfinishéd processed silieondrafer oumdTall belowithe rgrimat tidineter thefeof, 30 this
can already betaken dnto-aecaunridn ibe pradugtionef the singte erygiak dieslatier can bepulled with a
diameter which lies a Qve t@%&c’&%@% ggqmet_er of t_he silicon \_Nafe_rs to be produc_ed therefrom at least
by a value corresponding to the width of the slip region that arises in step b). In this case, 35 the
silicon wafers have a diameter greater than the nominal 19 diameter during the thermal treatment in
step b). It is onhrasa=resultdeitheredge: pracessing in-stepoc)cthat the diehetercofithe silicon wafers is

reduced to the nominal diameter,, ahe correspondingly, producedsilicon wafer ¢in addition to the

above-described properties with regard to oxygen precipitation - is free of edge slip. This can be
verified by meahs 6t §fRD(Scamning tfrafed DEpotariZation] WhiF the edgeslip 1nStd disttirbance, it
does notlhave fbeaemdved, orddes nevhave tobefcomplatelyiremadoved.) and the

duration of the flash of light. This can be determined by a
simple series of experiments in which the energy density wvaries
and all of the cother parameters mentioned above ars kept
constant. Incipient melting of the surface can be ascertained

15 by optical inspection of the surface after flashlight heat
treatment has taken place. Incipient melting brings about a
haze of the polishing in the case of polished surfaces,
asscciated with gecmetrical-structural alterations of the
smooth surface. In the case ¢f rough surfaces, too, the

20 incipient melting brings about a geometrical-structural

alteration of the surface structure.

If the energy density necessary for incipiently melting the
surface 1s determined for a set of paramsters, then it is

23 possible to choose the energy density of the flash of light in
the range according to the invention of 50 to 100% of this
value. A sufficiently high temperature for the shrinkage of the
BMD nuclei and a sufficiently large temperature gradisent
between front side and rear side are ensured in this range. The

30 flash heats the front side cof the silicon wafer tc a maximum
temperature lying in the range of from 1100°C to the melting
point of silicon. A maximum temperature Jjust below the melting
point of silicon is particularly preferred, which is achieved
by means of an energy density of 90 to 100% of the energy

35 density necessary for incipiently melting the surface. If the



Examples and comparative examples 15 Example 1 A silicon single crystal doped with boron was
produced by means of the Czochralski method. Said silicon single crystal was sawn into wafers,
lapped, etched and polished. The resulting silicon 20 wafers had a thickness of 725 pm, a resistivity of
approximately 10 Qom and an oxygen concentration as indicated in Table 1. The silicon wafers (apart
from comparative sample No. 11/3) 55 were subjected to a thermal treatment according to the
invention. In this case, the silicon wafers were preheated to 800C within two minutes. Directly after the
preheating temperature had been attained, the flash of light from a xenon lamp with a full width at half
maximum of 20 ms was triggered 30 and the wafer front side thereby irradiated. The energy density of

the flash was varigd-whereinthessyiface of the siliconywaler beganto-melt.at-an epergy density of
more than 97.5.J/m2, 20 Test | described above was then carried ouf as a BMD test and the END
density was then détermined in the marner descrived above. BTable™t Sample N6 1173 OEné)rgy
density Flash @ufatici BMDSdédsiA(In PR A1) (er-3) 3 0B @Yt Ly melted region.

Therefore, it is particularly preferred to radiate in an energy
5 density of < 100% of the energy density necessary for

incipiently melting the surface. As long as this regulirement is

met, the energy density should, however, be chosen fo be as

high as possible.

10 It is also possibie for a plurality of flashes of light to be
emitted in succession, in which case the maximum temperature of
the wafer front side should again iie Just below the melting

point of silicon.

15 The heating of the front side tc the maximum temperature and
the subsequent cocling, in each case by hundreds of degrees,
take place in the time period of milliseconds. This means that
the heating and cocling rates of the wafer front side are a
number of orders of magnitude greater than in the case of an

20 RTA treatment as described in US6336%68B1, for example. The
malntenance time at the maximum temperature is, according to
the invention, significantly shorter than the maintenance time
in RTA processes, which i1 in the range of above one second in

accordance with US63363%68B1.

What is essential to the success of the method according to the
invention i1s the duration of the flash cf Iight. In this
context, the "duration of the flash of light" should be
understood to mean its full width at half maximum. Thus, 1in the
36 case of a duration of less than 15 ms, the size of the BMD
nuclel cannot be reduced in the entire volume of the silicon
wafer in such a way that BMDs no longer form during a customary
BMD test (e.g. during test 1 described above). What is
essential, on the one hand, is that the flash of light lasts

33 long encugh for the entire thickness of the silicon wafer to be



BMD density (cm-2) 7.4E+05 Oxygen content (10"cm-3) 7
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subjected to a signiflicant temperature increase, even 1f the

latter is of varying magnitude depending on the distance from
the irradiated surface. On the cther hand, the flash of light
is not permitted to last too long, since this would lead to the
silicon wafer being heated through completely, that is tc say
to the disappearance of the temperature gradient betwesen front
and rear sidss which is necessary according to the invention.
This requirement is fulfilled up to a duration of a maximum of
400 ms. Under these conditions and in conjuncition with the
above~described energy density according to the invention of
the flash of light, on the cne hand the entire volume of the
silicon wafer 1s momentarily brought toc a tfemperature
sufficient for the shrinkage of the BMD nuclei. On the other
hand, the temperature gradient that arises when the flash takes
effect {(that is to say the lower temperature on the wafer rear
side) ensures that the vacancy supersaturation on average
remains significantly lower than would the case in the event of
complete heating of the wafer to tempsratures close te the
melting point. Moreover, the temperature gradient also ensures
that the silicon wafer cools very rapidly again after the flash
of light. This prevents stable BMD nuclel from forming anew
agaln during cooling, as can happen for example during the

comparatively slow cocling in acceordance with US6336968B1.

The temperature profile over the thickness of the silicon wafer
at different points in time after the action of the flash of

light 1s iliustrated with reference to Figures 1 and 2.

Figure 1 shows two modeled temperature profiles in a 700 um
thick silicon wafer at different points in time during =
thermal treatment carried out accerding to the invention with
flashlight. Feor this purpose, the heat conduction equation was
used under the boundary conditions that, before the flash, the
temperature in the entire silicon wafer is equal to the

preheating temperature and that the temperature on the side
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facing the flashlamp rises up to the maximum temperature and
decreases again in accordance with a Gausgsian curve with the
corresponding full width at half maximum (flash duration).
Curve 1 shows the temperature profile over the thickness of the
silicon wafer after end of the preheating phase and before the
flash of light. The entire thickness ¢f the silicon wafer is
uniformly at a temperature of, in this case, 800°C. Cn account
of the flash of light with an intensity profile corresponding
to the Gaussian normal distribution and a full width at half
maximum of 20 ms, a2 maximum temperature of 1400°C is achiesved
on the front side of thes silicon wafer. Curve 2 shows the
temperature distribution over the thickness of the silicoen
wafer at the point in time of the attainment of the maximum
temperature on the wafer front side. As a result of heat
conduction within the zilicon wafer, as a result cof emission
from the surface and also as a result of heat conduction of the
surrounding atmosphere, cooling and simultaneous redistribution
of the temperature subseguently occur. Curve 3 shows the
temperature distribution at the later point in time at which
the temperature at the rear side of the silicon wafer has

reached its maximum.

In comparison therewith, Figure Z shows the corresponding
modeled temperature preiiles for a flash of light not according

to the invention, with a full width at half maximum of 3 ms,

It can clearly be seen that, in the case of an implementation
according to the invention with a full width at half maximum of
the flash of light of 20 ms (see Figure 1), the temperature in
the entire silicon wafer distinctly zises above the preheating
temperature, while in the case of & treatment carried out not
according to the invention, with a full width at half maximum
of the flash of light of 3 ms {(Figure 2), on the wafer rear
side, the temperature rises only little and remains below

1000°C even though the front side reaches 1400°C. The



20 Table 1 shows than after test 1 the END density of the silicon wafer (No. 1143) not subjected to
thermal treatment is 3.0-109 mn99. By contrast, the END density was reduced by the thermal
treatment according to the invention to less than 5-107 cm79 in the entire volume of the silicon wafer.
The lowest 25 END densities are achieved with the highest energy densities of the flash of light, that is
to say when the maximum temperature of the wafer front side is as close as possible to the melting
point of silicon. In all cases the END density is so Iowll;7hat no denuded zone (DZ) can be ascertained.
30 A further silicon wafer from the set of wafers subjected to thermal treatment according to the
invention (corresponding to sample No. 2044 in accordance with Table 1) and also a further silicon

wafer not subjected to, thermal dregtmentJcofrespopding 8gdo sample-Nexll43)Lwere subjected to
test 2 described above, 21 instead of test 1. After teg% 2, the sjlicon. wafer 20/4 s,ubtjlected to thermal

treatment according t6 the invertion eXRibited & BMD density-of aproximately To1 1"

‘43, as can be
seen in Figure 3. Figuire3ishows theeddpthdependerte ofthets ENDEIBhSitycaftér teStRiAfter test 2,
the silicon wafersl 148 notsubjected te-thermal treatment bad-a ENR gensity 0f sorpewhat more than
1011 cmi3. After test 2, therefqre no%ap reciable difference.in the END densities of the silicon wafer

: & T . : )
subjected to thermal treatment accor J|“ngOJ to the invention W and the silfcon wafer riot subjected to

thermal treatm&REEHT be dscertdindd eveh throdgh e END HehsitidSfte test 1P GseeaTapie™) differ
distinctly. ThisshowsdhattheaEA DR nuetei only shrank enaccount of the themmaltreataientiaccording

to the invention,and can he made visible.agaip under the-particylar Ipconditions gitest 2, Comparative

Example 1 Silicon wafers were produced in the same way as in accordance 20 with Example 1 and

(with the exceptioh ot samiple®Nb: 1123 Wete subjetetfio'a theral trEAMERSThe hfmal treatment
differed from therthefival treatment in aceordarrce WithrExampte 1ioniy &y thatithetfallovidthyat half

maximum of the.flash ofdightiwas 34ns: The:energy density-ofithe flash-wasvatied, : s

distinctly reduced.

Step ¢} Edge processing

15
After the thermal treatment, the silicon wafer is processed
further in the manner known Ifrom the prior art. By way of
example, after the thermal treatment, single~ or multistage
pclishing cf both sides or only of the front side can

20 additicnally be effected.

Tt is known that thermal processes with superfast heating to a
maximum temperature and subsegquent superfast cooling can lead
to slip on the silicon wafer. The slip can spread further in
25 subseguent thermal processes in circuit and component
production and disturb or nullify the function of the circuits
and components. Said slip occurs primarily in the edge region

of the silicon wafer.

30 Owing to the very short overall process duration of the thermal
treatment according to the invention, the edge slip is very
short. Therefore, the zone at the edge of the silicon wafer in
which said edge slip occurs is only very narrow. Therefore, it
can be removed without great losses. The width of the region to

35  Dbe removed is preferably 1 to 5 mm, and particularly preferably



25 wherein the surface of the silicon wafer began to melt at an energy density of more than 52.5 J4m2.
Table 2 shows that after test 1 the END density of the silicon wafer not subjected to thermal treatment
is 3.0.109 cm)93. In the 30 silicon wafers subjected to thermal treatment, the END density was
reduced in the volume of the silicon wafers only to less than 1.109 cm93. It was not possible to
achieve END densities of less than 2-109 cm-J. A denuded zone (DZ) having a depth the DZ
increased with the energy density of the flash of light. This comparative example shows that it is not
possible to achieve the desired effect with a short flaslﬁlamp heat treatment in accordance with the
prior art. A silicon wafer 5 having a denuded zone at the surface and a high BMD density in the volume

of the silicon wafer asises.instead, Takle2 Sample:No Enetay density (/m2Elash duration (ms)
BMD density (cormeg)tr%a!a\{’lllg,d%:nosnm\{e(cok@%}anl}/gﬁnp%%rggsnsg (]ﬁ%]{??_e‘l g%zof the silicon
wafer in an additional step ¢) in order to remove the outermost

edge of the silicon wafer where the slip is situated.

Any known methods for the sdge processing of silicon wafers, in
particular methods which simulteanecusly impart a defined
proiile to the edge of the silicon wafer (so-called edge
reunding}, are suitable for this purpose. This is generally

16 effected by grinding the wafer edge. A profile grinding disk is
usually used for this purpose, said disk copyving its negative
profile positively onto the wafer edge. However, it 1s also
possible to use non-profiled grinding tools such as e.g.
abrasive pads. If the edge processing 1s carried out as step ¢

i3 after the thermal freatment in accordance with step b), the
edge rcunding before the thermal treatment is preferably

omitted,

By means of the mechanical processing of the wafer edge, the
20 radius of the silicon wafer is reduced by a value which is
preferably at least of the same magnitude as the width of the

region affected by the edge slip.

After the mechanical edge processing for removing the regions

25 affected by slip, the edge can preferably be polished,

If the material removal reguired in optional step ¢ 1is so
great that, as a result, the diameter of the finished procsassed
glilicon wafer would fall below the nominal diameter thereof,

30 this can already be taken intc account in the production of the
single crystal. The latter can be pulled with a diameter which
lies above the nominal diameter of the silicon wafers to be

roduced therefrcom at least by a value corresponding to the
width of the slip region that arises in step b). In this case,

35 the silicon wafers have a diameter greater than the nominal
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diameter during the thermal treatment in step b). It is only as
a result of the edgese processing in step ¢) that the diameter of

the silicon wafers is reduced to the nominal diameter.

35  The correspondingly produced silicon wafer - in addition to the
above-described properties wilith regard to oxygen
precipitation - is free of edge slip. This can be verified by

means of SIRD (Scanning Infrared Depolarization).

10 If the edge slip is not a disturbance, it does not have to be

removed, or does not have to be completely removed.
Examples and comparative examples
15 Example 1

A silicon single crystal doped with boron was produced by means
of the Czochralski method. Said silicon single crystal was sawn
into wafers, lapped, etched and polished. The resulting silicon
20  wafers had a thickness of 725 pum, a resistivity of
approximately 10 Qcm and an oxygen concentration as indicated

in Table 1.

The silicon wafers {(apart from comparative sample No. 11/3)

25 were subjected tc a2 thermal treatment according to the
invention. In this case, the silicon wafers were preheated to
800°C within two minutes. Directly after the preheating
temperature had been attained, the flash of light from a xenon
lamp with a full width at half maximum of 20 ms was triggered

3¢ and the wafer front side thereby irradiated. The energy density
of the flash was varied, wherein the surface of the silicon
wafer began to melt at an energy density of more than

87.5 J/m?,
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Test 1 described above was then carried out as a BMD test and
the BMD density was then determined in the manner described

above.

5 Table 1

Sample No. Energy deznsity Flash durationj BMD degsity BMD degsity Oxyge1r?1 cor};ent
{(JIm™) {ms} {em™ (ent™} (iC"" om™)
1173 - - 3.0E+00 7AE+05 7.1
2012 85 20 4.6E+07 1.1E+04 7.1
22/3 85 20 2.0E+07 51E+03 7.1
23/1 85 20 1.8E+07 4.4E+03 7.1
16¢ 23/3 85 20 2.8E+07 6.9E+03 7.1
22/4 85 20 2.3E+07 57E+(3 7.1
23/2 85 20 1.5E+07 3.86+03 7.4
20/3 80 20 2.2E+07 5.5E+03 7.1
24/1 a0 20 1.4E+07 3.5E+03 8.9
20/4 95 20 9.1E+06 2.3E+03 71
24/2 85 20 2.0E+07 4 9E+03 6.9
21/3 g97.5 20 9.1E+06 2.3E+Q3 6.9
15 21/1 975 20 7 BE06 1.9E+03 6.9
22/1 975 20 2_0E+07 51E+03 7.1
21/4 97.5 20 2.3E+07 57E+03 8.9
2212 97.5 20 1.0E+07 2.5E+03 7.4
24/3 87.5 20 1.2E+07 3.0E+03 8.9
21/2 100 20 1.0E+07 2.5E+(3 8.9

20 Table 1 shcows that after test 1 the BMD density of the silicon
wafer (No., 11/3) not subijected to thermal treatment is
3.0-10° cm™. By contrast, The BMD density was reduced by the
thermal treatment according to the invention to less than

-3

5-107 em™ in the entire volume of the silicon wafer. The lowest

b2
wh

BMD densities are achieved with the highest energy densities of
the flash of light, that is to say when the maximum temperature
of the wafer front side 1s as close as possible tc the melting
point of silicon. In all cases the BMD density is so low that
no denuded zone (DZ}) can be ascertained.

36

A further silicen wafer from the set of wafers subjected to
thermal treatment according to the invention (corresponding to
sample No. 20/4 in accordance with Table 1) and alsc a further
silicon wafer not subljected to thermal treatment (corresponding

35 to sample No. 11/3) were subjected to test 2 described above,



2.3E+05 7.0 123 15 Example 2 A silicon single crystal doped with boron was produced by means of
the Czochralski method. Said silicon single crystal was sawn into wafers, lapped and etched, but - in
contrast to 20 Example 1 - not polished. The resulting silicon wafers had a thickness of 680 pm, a
resistivity of approximately 10 Ocm and an oxygen concentration of 6.9.1017 cm73. The silicon wafers
were subsequently subjected to a thermal 25 treatment in accordance with Example 1. The energy
density of the flash was varied, wherein the surface of the silicon wafer began to melt at an energy
density of more than 97.5 J/m2. Table 3 Sample No I%hergy density (.1/m21 Flash duration (ms) BMD
density (cm-3) BMD density (omi) Surface

instead of test 1. After test 2, the silicon wafer 20/4

subiected to thermal treatment according to the inventicn

exhibited a BMD density of approximately 10 cm™, as can be

seen in Figure 3. Figure 3 shows the depth dependence of the

3 BMD density after test Z. After test 2, the silicon wafer 11/3
not subjected to thermal treatment had a BMD density of

“*., After test 2, Ttherefore, no

somewhat more than 10°' cm
apprecliable difference in the BMD densities of the silicon
wafer subjected to thermal trsatment according to the invention

[0 and the silicon wafer not subjected to thermal treatment can be
ascertalined even through the BMD densities after test 1 (see
Tablie 1) differ distinctly. This shows that the BMD nuclel only
shrank on account cf the thermal treatment according to the
invention and can be made visible again under the particular

15  conditions of test 2.

-

Comparative Example 1

Silicon wafers were produced in the same way as in accordance
200 with Example 1 and {with the exception of sample No. 11/3) were
subiected to a thermal treatment. The thermal treatment
differed from the thermal treatment in accordance with Example
1 only in that the full width at half maximum of the flash of
Light was 3 ms. The energy density of the flash was varied,
25  wherein the surface of the silicon wafer began to melt at an

energy density of more than 52.5 J/m?.

Table 2 shows that after test 1 the BMD density of the silicon

wafer not subjected to thermal treatment is 3.0:10° cm™. In the

30 silicon wafers subjected to thermal treatment, the BMD density

was reduced in the volume of the silicon wafers only to less

-3

than 1-10° cm Tt was not possible to achieve BMD densities of

less than 2-10% em™. A denuded zone (DZ) having a depth
indicated in Table 2 was able to be detected below the surface

35 on the side irradiated with the flash of light. The depth of



S3 95 20 6.1E+07 1.5E+04 etched S4 100 20 5.1E+06 1.3E+03 etched Example 2 shows that the
method according to the invention is also successful in the case of non-polished silicon wafers. 23
Patent Claims 1. A silicon wafer having an oxygen concentration of 5.1017 to 7.5.1017 cm33, which
has the following BMD densities after the 5 following thermal processes, carried out alternatively: a
BMD density of at most 1.108 cm-3 after a treatment for three hours at 780C and subsequently for 16

hours at 1000C, and -

the DZ increased with the energy density of the flash of light.
This comparative example shows that 1t is not possible to
achieve the desired effect with a short flashlamp heat
treatment in accordance with the prior art. A silicon wafer

5 having a denuded zone at the surface and a2 high BMD density in

the volume of the silicon wafer arises instead.
Table 2
S le No. | Energy density |Flashduration | BMD density BMD den_sity Oxygen content D7
Bmpe e (im® (ms) {ern™) e’y (10" em’) (m)
10 T3 . X 3.0E+00 7 AE+05 7.1 -
24j4 38 3 8.1E+08 1.5E+05 5.9 65
2511 45 3 9 9E+08 2.BE+05 7.0 62
25/3 50 3 2.3E+08 5.8E+D4 7.0 92
25/4 52.5 3 5. 9E+08 1.5E+05 7.0 123
252 55 3 8.3E+08 2.3E+05 7.0 123

15 Example 2

A siliceon single crystal doped with boron was producsad by means

of the Czochralskil method. Said silicon single crystal was sawn

into wafers, lapped and etched, but - in contrast to

20 Example 1 - nct polished. The resulting silicon wafers had a

thickness c¢f 680 pm, a resistivity of approximately 10 Qcm and

an oxygen concentration of 6.9-10% cm™.

The silicon wafers were subseqguently subjected to a thermal
25 treatment in accordance with Example 1. The energy density of

the flash was varied, wherein the surface of the sillicon wafer

began to melt at an energy density of more than 97.5 J/m?.

Takle 3
30 ; Fiash durati BMD densit BMD densit
53 95 20 6.1E+07 1.5E+04 atched
S4 100 20 5 1E+06 1.3E+03 etched

Example Z shows that the method according to the invention is

also successful in the case of non-polished silicon wafers.




a BMD density of at least 1.109 cm33 after heating of the 10 silicon wafer at a heating rate of 1 K/min
from a start temperature of 500C to a target temperature of 1000C and subsequent holding at 1000C
for 16 hours. 2. The silicon wafer as claimed in claim 1, featuring a BMD 15 density of 5-106 cm-% to
5.107 cm-3 after a treatment for three hours at 780C and subsequently for 16 hours at 1000C. 3. The
silicon wafer as claimed in either of claims 1 and 2, featuring a BMD density of 1.1019 cm-7 to 3.1011
cm-3 after 20 heating of the silicon wafer at a heatingzgate of 1 14/mm n from a start temperature of
500C to a target temperature of 1000C and subsequeént holding at 1000C for 16 hours. 4. A
method for producing a silicon wafer as claimed in 25 claim 1, comprising the following steps in the
specified ordes; ;) aropiding a non-structured silicon wafer having an oxygen concentration of 51017
to 7.5.1017 cm-3 and a thickness of 0.6 to 1.2 mm, b) heating the non-structured silicon wafer to a
preheating 30 temperature in the range of 600 to 1000C, and subsequently irradiating a side of the
silicon wafer with Hlashfightfor eadarationvehus o 400vwen whetsinan energy density ©f 50¢o0 100% of
the energy density neCessaty fonineipigatly melting the.suifaceds ragdiatedins 24-5.Thepmnethod as
claimed irg cIaLrQlATS/vh%rein tg%thig:knefss gf theeS silicggjyggfaer(i)%pﬁ E%.%g}cquer%d the preheating
temperature in step %} |§668 10 950C. 5 6. The method as 3clairﬁeélln claim é, Whgrein the thickness of
the silicon waferds 2 (8902 Hit &id #ie Bréfieating tefiperatiifé n 3t BRET?00 t62000C. 7. The
method as claimeek:inmany-of elaims to enwhereiwethe-16 energy denasiy radiated 10 5090 to 100% of
the energy density necessary for incipiently melting the surface. 8. The method as claimed in any of
claims 4 to 7, wherein, after step b), the edge of the silicon wafer is processed in 18 material-removing
fashion in a furtfer iep T whefenthd matéridl remdvali® a MAkimMueer8 mo T the

1¢

silicon wafer at a heating rate of 1 K/min from a start
temperature of 500°C to a target temperature of 1000°C and

subsequent holding at 1000°C for 16 hours.

2. The silicon wafer as claimed in claim 1, featuring a BMD

15 density of 5.-10% em™ to 5-107 em™ after a treatment for three

hours at 780°C and subsequently for 16 hours at 1000°C.

3. The silicon wafer as claimed in either of claims 1 and 2,

¥ after

featuring a BMD density of 1-10* cm™® to 3-10* cm
200 heating of the silicon wafer at a heating rate of 1 K/min from
a start temperature of 500°C to a target temperature of 1000°C

and subsequent holding at 1000°C for 16 hours.

4. A method for producing a silicon wafer as claimed in
25  claim 1, comprising the fcllowing steps in the specified order:
a) providing a non-structured silicon wafer having an oxygen
concentration of 5-10Y to 7.5-10" cm™ and a thickness of 0.6
to 1.2 mm,
b} heating the non-structured silicon wafer to a preheating
30  temperature in the range of 600 to 1000°C, and subsequently
irradiating a side of the silicon wafer with flashlight for a
duration of 15 to 400 ms, wherein an energy density of 50 to
100% of the energy density necessary for incipliently melting
the surface is radiated in.

33
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5. The method as claimed in claim 4, wherein the thickness of
the silicon wafer is 0.6 to 1.0 mm and the preheating

temperature in step b) is €00 to 9530°C.

©. The method as claimed in claim 5, wherein the thickness of
the silicon wafer is 1.0 te 1.2 mm and the preheating

temperature in step b} is 700 to 1000°C,

7. The method as claimed in any of claims 4 to 6, wherein the
energy density radiated in is 90 to 100% of the energy density

necegsary for incipiently melting the surface.

8. The method as claimed in any of claims 4 to 7, wherein,
after step k), the edge of the silicon wafer is processed in
material-removing fashion in a further step ¢), wherein the

material removal 1s a maxzimum of 5 mm.



