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 10 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_ cm-3 (atoms 15 per cubic centimeter). Said oxygen is
initially present in dissolved form, but is supersaturated at room temperature and typical temperatures
that prevail during the produ gggc(!)ggl%ct%%gic cig%gt%n%cgmé)onrenés. Therefore, it precipitates
during the production of electronic circunts andigompone% s Or 2070ther thermal treatments at similar
temperatures. So-called BMDs arise in the process. They are oxygen agglomerates with or without
additional defects whickraganarise diting the thesimal sreatments direeily dn dhe wicinity of the oxygen
agglomerates, biuclel Jot the BMOs cap.be farmed.as early 230 1he crysial, 25 pullipg plogess during

the cooling of the single crystal. It said nuclei exceed a - temperature-dependent - critical size, they are
able to grgw dutihPA tABrmAPrEAfmENt T8 BMIS nutiéicdisalie of Grew i€ feferred to as stable
nuclei. 30 Thetdensitl of the: EMND nuclei cannot be determined directly on account of their small size.
In order to measure the density of 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 BMD test.
This 35 test m]?a’g'/l(‘:’orns%t'? for example, in holding the silicon wafer at 2 a temperature of 780C for three
hours and subsequently at a temperature of 1000C for 16 hours. During this thermal treatment, stable
BMD nuglei are;stabilized: fugtherdn e first step inarder that they.can-grow ta foradarge-detectable 5

-BMDs in the second step at 1000C within 16 h, Detection takes J;Jagﬁ Aafter the thermal treatment by
means of Secco etch at a fracture edge of a broken silicon wafer in the case of an etc:;Lhing removal of
2.5 um. This i§a\istontsy te SEfH-ExaMminfing 87 6xygen preéipiatish behaiidrorsiliesniFafers. M In

another BMD tesiaxhbichris oftercused,ianc which |eads ta simitaroestitst the sdieendyvafer is held at a
temperature of 800C, for four hours and,subsequentlyzat a {gmperature-0f, 1996C for16 hoyrs. 15 The

stable BMD nucléi that grow to form large BMDs as a result of thermal treatment can impair the
functions'of the%&lettionic GFEGitS"ahd CompEréntS By 8y iprotiiting sHerteHesfs or'réducing the
lifetime or the aiupsbérefithecetectriical charge carderswithatthes siticon wafers: 120 This prablem has

generally been splved hitherta by means:of.a thermaltreatment.that leads to.adenuded zone, at the
surface of the 55[I|c0n wafer. 08200,8/0292323A1 describes sa/eral,methods for pro,du,cm%such a

denuded zone: Th thaf Base, the 25 silicon wafdris heated to A temperature of AB6vE 1000T in a short
time (a maximény &F 100 msy bytneansof Halegen tamipss xehon fldshianps oreptasarandis then
rapidly cooledagain. The:BMD nueletate thereby-eliminated dpgethin layer belewdheisurface. Stable
BNW)nucmiSmﬁﬁgsgg%@%pQE@%%gugf%%ggs. They are oxygen agglomerates with or
without additional defects which can arise during the thermal
treatments directly in the vicinity ¢f the oxygen agglomerates.
Nuclei for the BMDs can be formed as early as in the crystal
25 pulling process during the cocling of the single crystal. If
said nuclei exceed a - temperature-dependent - critical size,
they are able tTo grow during a thermal treatment. These BMD

nucleil capakle of growth are referred tc as stable nuclei.

30 The density of the BMD nuclel cannot be determined directly on
account of their small size. In order to measure the density of
the stable BMD nuclei, the finished siliceon wafer (which,
however, has not yet been structured in the context of a
component process) is usualliy subjected to a BMD test. This

35  test may consist, for example, in holding the silicon wafer at



30 of greater than 10 um. After a flashlamp heat treatment for a duration of 1 ms at a maximum
temperature of 1250C, the BMD density within the silicon wafers is 3.8106 mh62 (corresponding to
approximately 1.9.101 cm66), and the thickness of the denuded layer is 0.6 pm. At a maximum
temperature of 1300C, 35 the result is a denuded layer having a thickness of 0.8 pm, and 3 a BMD
density of 5.2.106 cm-2 (corresponding to approximately 2.6.101 cm-3) in the rest of the silicon wafer.
The BMD density was measured after a thermal treatment at 800C for four hours and subsequently at
1000C for 16 hours. 5 For components for which a short lifetime of the charge carriers within the
silicon wafer such as is caused by the BMDs is harmful, silicon wafers having a high BMD density
internally and enkeamkiredengded zohe & the sutfatecate unsuitables W however 1 Therefere, methods

have also beendguelgpedwhiehmake it pessihle todree theentire velue of dhe silicon wafer of BMD
nuclei. U36336968B1 describes a m d wherein a silicon wafer Is hgatg%rapidl to a temperature of
at least 1150C%§ﬁa Trg?ﬁléihs?a%at ?s“te%?oer%?u"r%‘f%)r aa““ﬁur%b%?;};ls%%%ndglg Fe’“asjf% Y order to

dissolve the pret&gistifgeBMD nbEt TAfteAvar thie Silicohwaférds tooled at ascoblimeriate lof at most

20 K/s to 3 terspeeature of.a mammurrgab@sae. A_mmmsé @Gﬂmaiﬂ_tﬁnaeca Iemawemf@ﬂggst 1150C,
a very high copeenuaan f crystal ialliee yagangip.aises, sald yacapeies normally becoming
supersaturated during cooling and greatly promoting the origination of new BMD nué]el. By means of

the slow cooling, Ay ZreSttenddd b Bé VtRaiffiset o bé ahd. The $&fié éffectan be achieved
by keeping theswafernat asconstantteniperature inrthe range of Eis50hto 950€sforfonger (e.g. ?- 2 s at

1150C or2 min.at,9506), Thesedugtion of the vacancy supersatwration can.he suppored.hy an
oxygen-containing atmosg}here because the oxidation of the 30 surface gge,nerates silicon interstitials

(interstitial silicdh AtEMET wWhich reSombifie-Fith the Vacahcids dhd thds fedGEe &7 Yersity further.
The problem of thisimethied is tiat the vagahties bingitoroXyydreatitemperatarasbelow ¢ 159C and

their outdiffusign ds thus made sighificantynmosedificult-hecause 35 the.backreagtignrs which liberate
the vacancies fl@q%n. ée%ilr:e 2 AHcertain time. The method according to US6336968B1 therefore takes

up a comparatively long time. T gr%?gré, 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 retdueeddensityraistable BMBmuclej-intheentirenwaler yolumes Desceptienofthe

invention of thermal treatment can impair the functions of the electronic
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 prcblem has generally been solved hitherte by m=ans of a
thermal treatment that leads to a denuded zone, at the surface
of the silicon wafer. US2008/0292523A1 describss several
methods for producing such a denuded zone. In that case, the

25 silicon wafer is heated to a temperature of above 1000°C in a
short time (& maximum cf 100 ms) by means of halogen lamps,
xenon flashlamps or a laser and is then rapidly cooled again.
The BMD nucleil are thereby eliminated in a thin laver below the
surface. Stable BMD nucleil still exist, by contrast, at a depth

30 of greater than 10 um. After a flashlamp heat treatment for a
duration of 1 ms at a maximum temperaturs 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 layer is 0.6 pm. At a maximum temperature of 1300°C,

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



10 The object is achieved by means of a silicon wafer having an oxygen concentration of 5.1017 to
7.5.1017 cm-3, which has the following BMD densities after the 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 - a BMD density of at least 1.109 cm-3 after heating of the
silicon wafer at a heating rate of 1 K/min from a start 20 temperature of 500C to a target temperature
of 1000C and subsequent holding at 1000C for 16 hours. Al oxygen concentrations in this
description should be understood within the meaning of the new ASTM standard (ASTM 25F121-83).

A silicon wafer ofthis;(ype; Gan be produged hy-means gf.a method comprising.the fqllowing steps in

the specified order: .a) providing a non-structure sihconj wafer having an oxygen 30concentration of
5-1017 to 7.5°10U th-3 dhd’a tHickiéss 6£0.6°b 1 28nmith 1 Hediittthe AGH-sthitGiEersiigon wafer
to a preheating:temperatues! ir the: rarge bé 608 tothB80@eand subseqliently irrddiating-e: side of the

silicon wafer with f@ggig@&gqlrtqgﬁar@urp@i@@o@ 15,10 4904ns,wherein an energy density of 50 to 5
100% of the energy density necessary for incipiently melting the surface is radiated in. The method

according to the invention, which, owing to the use 5 of a short flash of light, comprises superfast
heating to a maxinaREtenydratdrerand stpetfast essling impiadiately Yfter@ard génly reduces the size
of the BMD nuglef wathoui: heweverhigh vacancy-stpersaturatien being establishedhis therentire
wafer volume, Moreover, the vacancies are bound to the oxygen significantly lesser extent than in
the method dégc?f'gg %il b365§§6b%?8f%£§§ ?alg%vemﬁ%gaféy%%n%@dé I)}Srﬁ%gnénoﬁ%%ﬁ;%p heat
treatment for a'duratioh 6f 1546 4007 SPreferabl§ 20756 1is Astodiices e terhpefatire profile in the
silicon wafer withdhedemperature 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 subsequently produced. The temperature is so high in

the entire voldE G tAE il BGT 20 Rafdt” Rofever Rt stabis ‘grofh- i B/D Kutfei'shrink. This leads
to a supersatpratioitokthecvdcaicies ¢hatfallsdrom thedront Side towaid the vedrsidef apdito an

overall lower |gye] of the yacapey gencentation.after Gpmpensatien by.difusion:during cegling.
Thereforg, acording 10 the oy lon IS N e rature of at least 1150°C and
| remaing at this temperaturs for a number of seconds (at least
1 =) in order to dissolve the pre-existing 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. 2t the
20 maintenance temperature of at least 1150°C, a very high
concentration of crystal lattice vacancies arisss, said
vacancies normally becoming supersaturated during cooling and
greatly promoting the crigination of new BMD nuclei. By means
of 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 850°C). The
reducticn of the vacancy supersaturation can be supported by an
cxygen—-containing atmosphere because the oxidation of the
30 surface generates silicon interstitials {interstitial silicon
atoms) which recombine with the vacancies and thus reduce their
dengity further. The problem of this method 1s that the
vacancies bind te oxygen at temperatures below 1150°C and their
outdiffusion is thus made significantly more difficult because

35 the back reactions which liberate the vacancies again reguire a



95 necessary to outdiffuse the vacancies. Therefore, neither maintenance times in the temperature
range of between. 1150 and 950C nor the cooling rates of less than or equal to 20 K/s, which are
comparatively very low for RTA processes ("Rapid Thermal Anneal"), are necessary according to the
invention. It 30 is likewise 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 1396336968181 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 critical size for their growth in subsequent thermal grqf%e&s; uch as the END test. The
. T 1 V.ol I i Th .
silicon wafer é:(?corallnré {6 the invention with s%?&r?l%enl%%m nuclel |s§ characterizec lc:));/”f the fact that it

has a very lov ENID déhsiyTelBRiRg aVEND te8toFoliéiting a thermal process carried out as an
alternative to the END test, in which process the silicon wafer is slowly heated to 100000 and

subsequently ield gt this temperaiyedor A0houss, the sligopavater exhibits Jiy Meonirast, a very

high END density. Consequentlg&;)n account of its very small END nuclei, the silicon wafer according

to the invéntidHEis diStingdished by aVers difféfdht Behavior in thy dffefBRt-thetfal Hrocssses. In M
this case, it should4yetakentimto consideration hatthesevprocesses are wot'chrried @utsequentially,

but rather as altgrnatives. This,meansJhat.a. siliconwafer is eithes broken intotwe-parts and one part
is subjected 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 invention is involved. However, it is also
possible to useaarrsitdamwafershehiénYRIVEUS®en 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 25, adiacent positions o the sqme silison sipgle crystal and were progessed further in an
identical manner.) One of the two wafers is subjected to the first process, and the other wafer to the
second proce8EYA3rder 6 eseeftai Witther tis type of-siliédn walfers irfioiF8s Lititoh \Wafers
according to thie Bloinveatisrp Thertwa thermdl processes used#ondeterainig thecaxygers,

precipitation prgperties of silicqn wafers gg%rpling to the invention are described in greater detail
below: 7 Test 1. In order to measure the density of the END nuclei, the finished silicon wafer is

subjected’to a ERDEStIRACHTIudEs AThErnal treatmertt at & t&ffpératr@®SfA80C ¥6F a duration of
three hours and:sebsequentlypat 1900C forda duration:efi 5116 Aours. T Hevheating ahtd€osling rates are
100 K/min. Theg+entire thermal treatment is carried out under an inert atmosphere. In the first step of
this thermal treatmept, stable. END nuclei are stahilized further in order that they can grow to form
large detectable B ]I\Iﬂbé iéﬁﬁ%%é&oon*d gt“épfgta 100 C% within fg R, This ?é%s N aogis”tgrenary END test.
The BMDs aréfihalypdetecied intthe manher deséfilted furth&r Bélow. " PESER: Jheditler to measure the
density ofithe sbigrken END swicteio tie finishedksitican wafeeissheatedfronvan initiahtemperature of

500C at a heagigg Srg(t{% of1 Iﬁ/ﬁi&pglggogo%qp subsequently held at this temperature for 16 hours.

The entire

E1l oxygen concentrations in this description should be
understood within the meaning of the new ASTM standard ({(ASTM
23 F121-83%).

2 silicon wafer of this type can be produced by means ol a
method comprising the foliowing steps in the specified order:
a) providing a non-structured silicen wafer having an oxygen

“* and a thickness of 0.6

36 concentration of 5-10% to 7.5-10Y cm
to 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



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 END test because, on account of the 20 low heating rate
‘of 1 K/min, they can grow precisely so rapidly that their size always remains above the critical radius.
The heating rate is simultaneously so high, however, 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 destribed in G. Kissinger, A. Settler, J. Dabrowski,
W. von Ammon, Verification of a method to detect grown-in oxide precipitate nuclei in Czochralski
silicon, ECS Transactions, (3) 161-171 (2007). The holding duration at 1000C was 30 lengthened to
16 hours, howeViet, fifordir torérsiire Rt A BB idomitartly §rowhdtring TS heating
actually exceedh thes detectioniimita stighdhbat.they can subsequently be detected. Finally, the BMDs are
detected in exactly the same way as in test 1 as described below. After each of the two tests, the
BMDs are detrlggted in% hedsame yﬁv&/ %y {:neq_q? of a Secco etch (%n a fractured edgeyof a silicon wafer
broken after thé thafmar featmant. 1A The Case of an etting refoval of 25 U, “thé Secddetching
solution i$ 5 prépéareth vy dissciving44 ¢ -ofsotassiups dictromate (K20r20Z i 1aims of water. This
solution is mixed:in-aatienfd:34 with 50% (Ry:weighty hydraflueric acigktHE 42 water), (one part
potassium dichromate solution with two parts hydrofluoric. acid). etching. duration is 3 min, which
leads to an et%é%%%‘%fgfnpvg[%f Eeé\ér? %?r(%r% t%a%nzpeer%lqtfur%al.1 E@g S 5(I‘)};’r(‘?lth“éj"|xr»i&c}ff:}fe?ﬁtly etched
fractured edgé af& Sebsett@ntlyEotited UHoer T-optical Hhict6$eh e Artist Wags fikstly-@ END
density relativertoithe areg=is determinediorbichds subsequenty coswested inta:avolume.density using
the etching remoxal 15 The dligan #alar accordingde the Jayention Wit shipken, END nuclel s
characterized by the fact that it has.a END density of 1.106 =63 to 1.108 cm63, preferably 5.106 cra63
to 5.107 cm63 SAThe Eritire Siltor walef after (65t | HREErPEA BB e RAS 20 Feért Carfidd out. After
test 2, describeghabove, iy eonlrasy, thessilicor avafen exhibitssa ENB diensityiniherange of 1.109
cm63 to 51011 mgandpreterably of )1016 glfdo 31041 cm63. 25, fhe silicon wafer aggording to
the invention doe ot ha¥eﬂa steeapfrige in ttge _pﬁ:ns{tx of the END ngdgl,within the silicon wafer, but
rather a very oW défsity of END Fudiéi ify the entire Wafer volume, i accordancdwith the END test
describetf abcveras testie Thisadehsitipissorows skt no dehbded Fomer30(D2):cad hendiscerned. The
method accordingstosthe-inwventipa for producingia nen-precipitating silicon wafer is: significantly faster
than the method in accordance l\ﬂ/\{itr%#_118633,6965%8%.Q(S:) The silicon wafer produced according to the

. . = e 1at S 18 ot ne SSari C £
invention also has the agvantage that, In a zone dlrectFy below the surface, grown-in defects such as

COPs (= aggIBhfsraféd df vACAREIREY.[Gr BT SEP&§gicthérates of fiterstitial&F which could otherwise
5 impair the component furctien oo the Junction bt electronic ertuits, are alse dissalved. Brief

deSCﬂDHQ@(ﬁ%e%égyr%%wevez, 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 lowsr level
of the vacancy concentration after compensation by diffusion
during coeoling. Therefore, according to the invention it is not

25 necessary To cutdiffuse the vacancies. Therefore, neither
maintenance times in the temperature range cf petween 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 1is likewise not necessary te 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 US6336968B1

35 in that the grown~in BMD nuclel are subsitantially not or only



10 Figure 1 shows the temperature profile over the thickness of the silicon wafer at two different points
in time during the method according to the invention. 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 to the invention, with a shorter flash duration. Figure 3 shows the depth dependence of the
EMD density of a 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 25 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 cr73. For this purpose, firstly a silicon single
crystal is pulléd5Fi¥ i§ préfetdBRy ddie B gHiHe: B30 chraEkiSietiod, 'inée Sinthiv iethodS oxygen is
inevitably incorpatated intathe singhe crystal anddbe froblem 0f oxygenprecipitationdhestoccurs, this

problem being salvech by, the. 35-pethod acgarding tathe-inventian, The single crystalis then 10 sliced
into wafers. These silicon wafers can be su,bé'ecte,d fo furth%h%)rocessin steps known in the prior art,

such as e.g. €& Fourting grRding” Tapping: etchify SpoleHiRg, ¥ye polishing Br can immediately
be subjected 8 thethericd Stredtrient aecording to e iverition: Preferabijithéawafer surfaces
should be plaparized ang thepenystal ¥egions] damagedsby the-slicing:shauld be.rermeved before the
thermal treatment in step l)r)nigﬁcarriedoouuh'gle'hﬁ(\],{%a@ betdonl(?1 b&é&r&di”% or Iappitrﬁg ora fuictggle

. . =} C . . a
combination tﬁSreorf. Eurt%ermolrg?lt TS Mexpe |ent?8r the surface reglon% &'fmagee}dsoy IS

mechanical prEtESsIng of tiy waférélitacés o Betemaevst byliehmegeioré sieh by isChiried out.
Removal of theethamagest-erystal regionsubeforeitbe shetmattreatmentisrexpedientsince otherwise
dislocatigps cggggggsqlqrir&g ygaefgpq{m treatment. }@folishing of the wafer surfaces before the

thermal treatment is not necessary, but can likewise bé carried out.

Conseguently, on account of its very small BMD nuclei, the
silicon wafer accerding te the invention is distinguished by a
very different behavior in fwo different thermal processas. In

15 this caée, it should be taken into consideration that these
processes are not carried out sequentially, but rather as
alternatives. This means that a silicon wafer is either broken
into two parts and one part 1s subjected to the first thermal
process and the secend part to the second thermal process, in

20 order to ascertain whether a silicon wafer acccerding to the
invention is involved. Heowever, it is also possible to use two
gilicon 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

25 adjacent positiocons on the same silicon single crystal and were
processed further in an identical manner.) One of the two
wafers is subjectec to the first process, and the other wafer
to the second process, in order to ascertain whether this type
of silicon wafers involves silicen wafers according to the

30 invention.

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

invention are described in greater detall below:



The methods for producing a silicon single crystal, for slicing the single crystal into wafers and for
processing the wafers 20 are known to the person skilled in the art and will therefore not be described
in any greater detail. What is important,: however, is that silicon wafers which do not 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 fabficating microelectronic components. However,
this is done for a totally different purpose, e.g. for 30 electrically activating implanted dopants. Step b)
Thermal treat&nenct ) Ir} stecprbéthe;t silicgnswggerjg esugé%cste to aT,tV\L%st 35 th(frmal ttrgatment. The
treatment is pr&eafera% y sffected 11 |ﬁdllr\}|§ugﬁy in"an apparé"tu?é é)cTuipré:d With One or moré ?Iashlamps.
These are gehéralFgEndr lafips WSIER areSsuppPlisttwith cufrentii intetadticn Withieapacitsts and a
suitable contrel forsamely shed pefiod aftime;anddharaupon-emitea Scflash-otlighirhaviag axduration in
the micro- or mlisecands (ange Mareauer, ibe Anaraisisarelgrably equinped wih a further,

separate heating device, which is used for the preheating of the si icon water. A suitable apparatus for
thermal treatméntiidéscribsd F652660/0TO3TBAT: Fof W ekatfiflel AS & BiBrnath7e to the
resistance heating:descrived:therein; otkerthéating solecesosuchagdralegendamps, as are used in

RTA apparatuses, for,exampie, Ganalso-be used,for preheating ihe siliconwafer, 15 Tthe silicon wafer
to be treated is transferred into the aig)tﬁaratus for thermal treatment and heated from the start

temperature t8 5 fiFs tafgettemperatire: tHich & réfefret to RéYeinaftér-ad preéh&ating féMperature.
The start temperaitara s thecterdpéett e of teiBiticon wafer aftertbe satter has beeh 20 transferred

into the apparatys for thermal treatment: The prebeating demperatureds in the rapge of 600C to
1000C. Prehegtingli;o a%legg @ngciig r@:%%essar%é@ o{gd%rc to. prevent th gﬂicgm wafer from being

damaged or broken dyurlneg”fhe“su sequent flash amp feat treatment. The upperO firit of 1000C 25

ensures that a sufficient temperature gradient between the irradiated front side of the silicon wafer and
the non-irradiatest rear side ofdbe sticon-water-cam stilibesahtained by sneans of ¢he subsequent

momentary iriaglation wityfashlight, The preheating temneralire Jsretergbly,.chasen in 30 a manner

dependent on the thickness of the silicon wafer. Thus, thicker silicon wafers require a higher
preheatind ternPErARFEhEN Rinte? Sictn MafsR G de? t6 befadletobtaiftne’8ftett 48Cording to
the invention efithe:ghrinkage of tkhie BMbPriuclepwith:thersubstguent flashxof lightsn #ae entire volume

35 of the silicon wafer. By way.of.example,a preheating 12 temperature of 600-40,25QC is suitable for
silicon wafers ha,vin%a inckness f0.6t0 1.0 mm and a Ir%%:lﬁaté%tem erature of 700 to 1000C is
4 )

suitable for siliéor waters fiaving a%ifhi&%r?gsg%f 1061 nuclel that are

subcritical for the normal BMD test because, on account of the

20 low heating rate of 1 K/min, they can grow precisely so rapidly
that theilr size always remains above the critical radius. The
heating rate is simultanecusly so high, however, that nuclei
that newly arise during heating zlways remain subcritical
because for them the critical radius increasss too fast as ths

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

30 lengthened to 16 hours, however, in order to ensure that all
BMDs concomitantly grown during the slow heating actually
exceed the detection limit, such that they can subseguently be
detected. Finally, the BMDs are detected in exactly the same
way as in test 1 as described below.
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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 15 halogen lamps knbwn 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 ofi§RE tRAER tofsdy*20 that fieeritire sificon Warer ShaGiPraGe aflormdgefdBus
temperature corresponging4odiie préheating teimpenaturé rfhiscregliirementis alwaysfulftled in

practice in the,case of the gustamaty beatingJates of up 10 100.K/s: 25-As soon.as the preheating
temperature has been reached and_the tem%eratgre in the silicon wafer is homozgeneous, the

flashlamps erfiit & fi4sh dETigREfor & daration‘of 180 200 Ms” préfer&by of 20 t6'SO ms. In this case,
an energy density iscrdliatedlihawhichicarré$pands ta> 50ae 100% 2 préferalsly00 ta 30:200%! of the
energy density ngcessaryfek incipiently speliing-the:surfaces Aceording:toi thesinvention; enly one side
of the silicon wafer,. is irtadiated with the flashlight,. This side is referred to 35 here as "front side".
This can be tr\‘;%:aggid(ebv\(/h‘frc% %%gsov? eé& L qf%?tceggﬁfjgegt}%ﬂtlgro%b%%'of(gglr%pgﬁéatnts. This
embodiment Brefsriad siice pegsible fApHEssion oF bthierdaihage calised by e Wafer support
(susceptor, pips}).in thiscaseatisean dhe side-not pravided forthe-pradueiion-af eemponents; where

they 5 cayse legg disturbanses The energy density nssesspty farlocinientty meligg the surface s

dependent on the preheating temperature, the thickness of the silicon wa]ier, the reflectivity of the
surface 10 thereof (it 7s Yo SAFHRE stface CaTstiRGfiGnFaifd THE TRIFARSH bf t17e 1RO light. This can
be determinedbyea simplerseries. ohéxpermarts i which thereperdy density valries aiwhall of the other

parameters meptioned.above are kept constant.Ingipient melting, of the, suface cambe ascertained 15
by optical inspection of the surface after flasggggt, heat treatment has t%ken place. Inﬁipient melting

brings about & RR%&'0f the Polishthg i e casE ot polishied Suifaces - 58858iated With
geometrital-structural alterations of the smooth surface. In the case of rough surfaces, too, the 20

incipient meltingdrings abeut.a geometricak-stiyctural alterationof the surface structure. Hihe energy

density necessary far incipiently melting the surface i de;er.minedifgr a_set of parameters, then it is 25
possible to ch%%gieetﬁei’esn&%?/%ecnﬁtxl%fetﬁq ﬁas%n(%f %gaﬁ:t“in%ﬁgﬁaﬁgehggsgoardFgggiodﬁwnesiﬁ\zgntion of 50
to 100% of thigfvalué "A stifficiefitly I'#/ﬁh tefhperaftfe 6P theyshrinkage™f thé BMBhueiand a

sufficiently large temperature=gratdiantbetwesn-frant sidetand rearsiderdnesensiredsnithis range. The
26 been carried out. After test Z, described above, by contrast,
this silicon wafer exhibits a BMD density in the range of
1-10% cm™ to 5-10* cm™, and preferably of 1:10% cn™ to

3-10% em™.

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

30 (DZ) can be discerned.

The method according to the inventicn for preducing & non-
precipitating silicon wafer is significantly faster than the
method in accordance with US6I36968BL.

35



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 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
requirement is met, the energy density should, however, be chosen to be as high as possible. W It is
also possible T6Fa Praiit) of faShe§ of fightto BEEmittetfin SuccEssion, 3A witichTase the®maximum
temperature cfitheasafertfrart dide shoutd agaimke justdoeiow thelmeltingepeint &f silicon. M The
Eeagngdof t?egff@%sigﬁ lt(@etf}@ﬂagaéﬁa%mat@rm@@rﬁtqlge alggiaﬁiy@@r@hgugﬁt Ggegﬁgjiiﬁsqﬁcfbgase bé/

undreds o es, take place in the time period of milliseconds. This means. that the heating an
cooling ratesdjdeﬁl‘r?eswgfer@ ﬁ%g %%eagﬁesa%%ﬁﬁé? of ct)r;(felr%%oqrha‘é%ftﬁge %?{elgtcér?ﬁtgﬁrlﬁq 1€ case of an
20 RTA tfeatrhBRtas deseribetring 8533896881 forrexarhplel e fiaiAterfarcetfimelat the maximum
temperature igiaceareing io-the inveniions significantly shorter than the maintenance time in RTA
processes, which is in the range of above one second in accordance with US6336968B1. 25 What is
essential to the success of the method according to the invention is the duration of the flash of light. In
this context, tRE*8r AT HHRTE-ABsAof TRt £&3HBDe understood to mean its full width at half
maximum. Thus, in the 30 case of a duration of less than 15 ms, the size of the BMD nuclei cannot be
reduced jp the-entive volume,af the.silicon,walerinsych.a way that,BMDs ng Jongerforgiduring a
customary END test (e.g. during test 1 described above). What is essential, on the one hand, is that
the flash of Iigﬁ?aﬁ%lﬁ'g Bhg’ %ggﬁgﬁtfoﬂhoe Bntire Hitkn &5 BF the SilicoR water 6 Be- 18 subjected to
a significant tewmperatlredncdiase, evenlitthalatter iswf varying magnitude depending on the distance
from the irradiated surface. On the other hand, the flash of light is not permitted to last too long, since
this would lead to the 5 silicon wafer being heated through completely, that is.to say to t
disappearan?glocﬁﬁ% t%m“q’éléjr%\%urLeOé:ra%l(l)éﬁr%talgejt\S/vot=f:‘enti/‘ﬂr%r?tC grﬁﬁer‘gaa%%eesp \i"‘(/ﬁ?i 9% r%]ceé:sgdrf/ according
to the invéntidr: THiS $6AuRenteiRt i§ fufifed uprtera dufafiolt o airnaxRiinPeta06 s, UAder these
conditions andiir cogjunctiormwithribe ahove-deseribed energy density:accordingtodhe-iavention of
the flash of light, on the one. hand the entire volume of the silicon wafer is momentarily brought to a
temperature 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) ensuresihat:the Vacaney stipersaturaticrepnraverage yénidias Bighificanth:lower than would the
case in the eveni of complete heating of the wuafer 1o temperatires close o, thesmelting point.
Moreover, the te peraturef radient also,ensurgs 20 %at the silicon wafer cools very rapidl)é again
after the flash®of light " THi% grrev%%ts SEBIEBMD filiciel frolt torhhing AHEW aghin dhring Codling, as
can happen forzexarmpld ddringthe

Preferred embodiments
25

Step a) Froviding 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 7.5-10% cm™*. 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 of oxygen
precipitaticn thus occurs, this problem being solved by the

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



comparatively slow cooling in accordance with US6336968131. 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 an 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 equation was used under the boundary conditions
that, before the flash, the temperature in the entire siligon wafer is equal to the 35 preheating
temperature and that the temperature on the side 16 facing the flashlamp rises up to the maximum
temperature and decreases again in accordance with a Gaussian curve with the corresponding full
width at half nsaxifami(flashrduration). Caere FShows theatermperaatreoprofie Dvet ¢he thickness of
the 5 silicon waiet afier gns-eftherprebeatingiphase apddefora-the-flash of ight, The entjre thickness
of the silicon Vé/gfeg 15 ulprilfc?jrrrply af a.temperatyre %filjln thigggpsg 800%:(j q%ggcount gf E?he flash of light
with an intenstty profile cor“regboﬁdmg fo the Galssian normal distribution and & full Width at half
maximum of Z0°msS iyl fifaximiing témpeFsttre of 10T Re&dkievad drithe fFoRt siee?sf the silicon
wafer. Cusve 2 shows:the temperature disttibution over the thickagss abthe siticenwwater at the point in
time of the attajnment of the maximum, temperature %th&\gfaz%r#%@tls'%gé\én% resylt gl peat 15

conduction within the silicon wafer, as a result of emission from the surface and also as’a result of heat
conduction of tHe Sufrdinding atHospherE Sc ity SHdSmianEbEs rBakibuict oF fid temperature
subsequently occar.sBuhve 3sshows: threitemperdtuie distribbtoniat ¢hélater pointrin time at which 20

the temperature gt the rear side of-the siliconwafer has reached its maximum,./ compatson
therewith, Figure 2 de_hOWS the cgt%ces on irég modeled teggerature rofiles for a flash of light not
X idt

according’ 25 fo the invention: with a Tl width At Half Waxifiii of 3 ths- 1t EaltEiaafly b seen that, in

the case of arPifgplepichtation adcordimtrto teribveatiohavi® afelievidth avhafshaxignum of the flash
of light of 20 ras fsee Figue 1), the temperaturedn 3kthe entire-silican wafer gistinatly-rises above the
preheating terggeg%trgreb\év ile,in tt:l}}% cgag pfaaltrgag@%r%é carried out nat %9%?@1@% fo the invention,
with a full widf gf’"ha‘l? maximum of the fash of light of 3 ms (]I—ﬁlgurepi), on the wafer rear side, the
temperature rides<Gly fittlé' AhdTemtdins heléw IT000C even otighithefrant'sitaréathes 1400C.
The 17 censegiience afthis is thatywith:thewsatmednaxidumstemperatwranitiisonly iméhe case of a

sufficiently high full width at | ,If 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 th8'BMB:huelsi afso shrink sofficiently withinthe Silicba wafer@nid atthe rgarcside of the

S”mon\NakH-eﬁéig%ﬂﬁ@é“ﬂﬁygigpe§ﬁ%geﬁgg@gs and for processing the wafers

20 are known to the person skilled in the art and will therefore

net Pe described in any greater detail.

What 1s important, however, is that silicon wafers which do not
vet bear component structures are subjected to the thermal

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

30 electrically activating implanted dopants.
Step b) Thermal treatment

In step ) the silicon wazfer is subjscted To a two-stage

35 thermal treatment. The treatment is preferably effected



10 zone (DZ) arise at the wafer front side. Rather, the tendency toward oxygen precipitation in the
entire wafer volume is distinctly reduced. Step c) Edge processing 15 After the thermal treatment, the
“silicon wafer is processed further in the manner known from the prior art. By way of example, after the
thermal treatment, single- or multistage polishing of both sides or only of the front side can 20
additionally be effected. It is known that thermal processes with superfast heating to a maximum
temperature and subsequent superfast cooling can laad 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
silicon wafer. 30°OVARY 16 thie Vergshapreveral processpiuraticn bf the thernisltteatment according to
the invention, theedge-skp isrversshed. Thatsfora, thezone atihesedge of the silican-wafer in which
said edge slip urs is only very narrow. Therefore, it can be.remqved without great losses. The width
of the region %9%% b%ugerrﬁag\"ie ?Z E)rgégfzﬁaagl?ll@[ﬁo Vélrrg?nca?r}gda Sérgt?c{ﬁar?y %reafe?gb%éa%%”z to3mm. Itis
preferred, theféforé Paftéftheithetmal hsdtmeift f i methanidsiyeprocess thersdyat thetsilicon wafer
in an additionalLstgp c)finldrglet to aemoyethescutermost :edge-ofithersiicen wafer wherethe slip is

situated. 5 Any.known,methods.for the edge.processing pi silicon wafers, inparticylar;methods which

simultaneously impart a defined profile to the edge of the silicon wafer (so-called edge rounding), are

suitable for this'pufsose. THi& 1§ generaly éffe SRE Y grifdirg the waTéFedge. Aofile grinding disk is
usually used for¢hisauirposer sald:disklcopying #Saregdtiveuprofite positivety onto therwafer edge.
However, it is:alse-possible te-use-nor-piefiled: grnding teels)such as-e gsabrasive pads. If the edge
processi? is carried out 2s sggpqu tafterﬂtple thermal treatment jn accogganhce witg gégg , the edge

rounding befors the thermal featment i preferably omitted- BY heans oftha Mechaficar processing of

the wafer edgel #5& 20-raelilis6f fiieSiliesn Warerss réddced by e varr whithis preferably at least of
the same magritude asithe wigth of the segionaffecteddy:the-adge slip. ne Afterthesmechanical edge

processing f%g%@&é{@%g‘%ﬁg@@%Zéo%ff %tggrb_y slip, the edge can preferably be polished. If the
material removal required in optional step 3 iS so great that, as a result, the diameter of the finished
processed silicon wafer would fall below the nominal diameter thereof,

15 The gilicon wafer 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 besen
26  transferred into the apparatus for thermal treatment. The
preheating temperature is in the range of 800°C to 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 limit of 10006°C
25 ensures that a sufficient temperature gradient between 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 a manner dependent on the thickness of the silicon wafer. Thus,
thicker silicon wafers reqguire a higher preheating temperaturse
than thinner silicon wafers in crder to be able to cbtain the
effect according to the inventicn of the shrinkage of the BMD
nuclel with the subsegquent flash of light in the entire volume

35  of the silicon wafer. By way of example, a2 preheating



30 this can already be taken into 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 produced
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 only as a result of the edge processing in step c) that the diameter of the
silicon wafers is reduced to the nominal diameter. 5 The correspondingly produced silicon wafer - in
addition to the above-described properties with 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¢oes ot haved e fermovedl) of does Hbthavestotbe completaly vefroved.

Examples and.cemparative: examplesdbExample 1 Asiligon:singlessrystal doped with boron was
produced by means of the Czoc im - Said silicon singlecrystal.was sawn.into wafers,
apped. elched i3I The (oauling Sican 30 aore b & Tack aeee o 798 Lo resistviy o
approximately*£0’ @jtﬁnaaﬁ@éﬁk@%%ﬁ”éogc@nt?é’tién asTifdicated in Table 1. The silicon wafers (apart
from comparative sample No. 11/3) 25 were subjected to a thermal treatment according to the

invention. In this case, the silicon wafers were preheated ta 800C within fwopinutes.-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 T WS trigg&red 30" ahd the Warer Tomt sidé théralby ihadiated™ Y heriker gy density of
the flash was varHed twheteingheiswfate ohdse siliconwafes beban oeltlat dre éneegy density of

more than 97.5im2. 20 Tastd.degseribed abovewas then caried oyt asra END test.and the END

density wgs then determined n fhe mannet descibed above 2 Taple 4 Sample No

invention. However, it should ke at least 20 K/min in order to
prevent growth of the existing BMD nuclei. For economilc
reasons, the heating rate shouid 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 K/s or even more. What is essential
to the success of the method accerding to the invention,
however, i1s that the silicon wafer is heated through completely
before being irradiated by the flash of light, that is to say

20  that the entire silicon wafer should have a homogeneous
temperature corresponding to The preheating temperature. This
reguirement is always fulfilled in practice in the case of the

customary heating rates of up to 100 K/s.

25 As soon as the preheating temperature has been reached and the
temperature in the silicon wafer is homogeneous, the flashlamps
emit a flash of light for a duratiocon cf 15 to 400 ms,
preferably cf 20 to 20 ms. In this case, an energy density 1is
radiated in which corresponds to 30 to 100%, preferably %0 to

30 100%, of the energy density necessary for incipiently melting

the surface.

According to the invention, only cone side of the silicon wafer
is irradiated with the flashiight. This side is referred to

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



Energy density (J/m2) Flash duration (ms) BMD density (cm -3) BMD density (cm -2) Oxygen content
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for the subsegquent production of components. This embodiment is
preferred since possible impressions or other damage caused by
the wafer support (susceptor, pins) in this case arise on the
side not provided for the preduction of components, where they
cause less disturbance.

The energy density necessary for incipiently melting the
surface is dependent on the preheating temperature, the
thickness of the silicon wafer, the reflectivity of the surface
thereof {that is to say the surface constitution) and the
duration of the flash of light. This can be determined by a
gimple series of experiments in which the energy density varies
and all of the other parameters mentioned above are kept
constant. Incipient melting of the surface can be ascertained
by optical inspection of the surface after flashlight hesat
treatment has taken place. Incipient melting brings about a
haze of the polishing in the case of polished surfaces,
assccilated with geometrical-structural alterations of ths
smooth surface. In the case of rough surfaces, too, the
incipient melting brings about a geometrical-structural
alteration of the surface structure.

If the energy density necessary for incipilently melting the
surface is determined for a set of parameters, then it is
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 nuclel and a sufiiclently large temperature gradient
between front side and rear side are ensured in this range. The
fiash heats the front side of the silicon wafer to a maximum
temperature lying in the range of from 1100°C fo the melting
point of sillcon. A maximum temperature Just below the melting
point of silicon is particulariy preferred, which is achieved

by means of an energy density of 90 to 100% of the energy

density necessary for incipiently melting the surface. If the
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temperature lies above the meliting point, the surface of the
gilicon wafer i1s slightly incipiently melted, which can lead to
dislocations arising below the incipiently melted region.
Therefore, 1t ig particularly preferred to radiate in an energy
5 density of < 100% of the energy desnsity necessary for
incipiently melting the surface. As long as this reguirement Iis
met, the energy density should, howsver, be chosen to bes as

high as possible.

16 It is alsoc possible 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 lie dust below the melting

point of siliicon.

15 The heating of the front side to the maximum temperature and
the subseqguent cooling, in each case by hundreds cof degrees,
take place in the time period of milliseconds. This means that
the heating and cooling rates of the wafer front slide are =z
number of orders of magnitude greater than in the case of an

20 RTA treatment as described in US6336%68R1L, for example. The
maintenance time at the maximum temperature iz, accerding to
the invention, significantly shorter than ths maintenance time
in RTA processes, which is in the range of above one second in
accordance with US6336968B1.

What 1s essential to the success of the method according to the
invention is the duration of the fiash cof 1ight. In this
context, the "duration of the flash of light"™ should be
understood to mean i1ts full width at nalf maximum. Thus, in the
30 case of a duration of less than 15 ms, the size of the BMD
nuclel cannct bs reduced in the entire volumes of the silicen
wafer in such a2 way that BMDs no lénger form during a custcomary
BMD ftest (e.g. during test 1 described above). What is
egsentizl, on the one hand, 1s that the flash of light lasts

35  long enough for the entire thickness of the silicon wafer tc be
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subjectaed to a significant temperature increass, even i1f the
latter is of varying magnitude depending on the distance from
the irradiated surface. On the other hand, the flash of light
is not permitted to last too long, sgince this would lead to the
silicon wafer being heated through complietely, that 1s to say
t0o the disappearance of the temperature gradisnt between front
and rear sides which 1s necessary according to the invention,
This reguirement is fulfillec up to a duration of a maximum of
400 ms. Under these conditions and in contdunction with fhe
above-described energy density according to the invention of
the flash of light, on the cne hand the sntire wvolume of the
silicon wafer is momentarily brought to a temperature
sufficient feor the shrinkagé of the BMD nuclei. On the other
hand, the temperature gradient that arises when the flash takes
effect (that is to say the lcower temperature on the wafer rear
slide} ensures that the vacancy supersaturation on average
remains significantly lower than would the case in the svent of
complete heating of the wafer to temperatures close to 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 nucleil from forming anew
again during cooling, as can happen for example during the

comparatively sliow cocling in accordance with USE336968B1.

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 twe medsled temperature profiles in a 700 um
thick silicon wafer at different points in time during a
thermal treatment carried out accerding to the invention with
flashlight. For this purpcese, the heat conduction egquation was
used under the boundary cenditions that, before the flash, the
temperature in the entire silicon wafer is eqgual o the

preheating femperature and that The temperature on the =ide
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facing the flashlamp rises up to the maximum temperature and
cecreases again in accordance with a Gaussian curve with the
corresponding full width at half maximum (flash duration).
Curve 1 shows the temperature proifile over the thickness of the
gilicon waier after end cf the preheating phase and before the
flash of light. The entire thickness of the silicon wafer is
uniformly at a temperature of, in this case, B800°C. On 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, a maximum temperatures of 1400°C is achisved
on the front side of the silicon wafer. Curve 2 shows the
temperature distribution over the thickness of the silicon
wafer at the point in time of the attainment of the maximum
temperature on the wafer Iront side. As a result of heat
conduction within the silicon wafer, as a result of emission
from the surface and also as a result of heat conduction of the
gurrounding atmosphere, cocling and simultanecus redistribution
of the temperature subseguently cccur. Curve 3 shows the
temperature distribution at the later point in time at which
the temperasture at the rear side of the silicon wafer has

reached its maximum.

In comparison therewith, Figure 2 shows the correspending
modeled temperature profiles 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 rises above the preheating
temperature, while in the case of a treatment carried out noct
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
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consequence of this is that, with the same maximum temperature,
it 18 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

5 also shrink. According to the invention, the preheating
temperature, the duration ¢ the flash c¢f light and the maximum
temperature are chosen s¢ as to ensure that the BMD nuclei also
shrink sufficiently within the silicon wafsr and at the rear
side of the silicon wafer. As a result, not only does a denuded

10 zone (DZ) arise at the wafer front side. Rather, the tendency
toward oxygen precipitation in the entire wafer volume is

distinctly reduced.

tep ¢) Edge processing
15
After the thermal treatment, the silicon wafer is processed
further in the manner known from the prior art. By way of
exanple, after the thermal treatment, single- ¢r multistage
polishing of both sides or only of the front side can

20 additicnally be sffscted.

It is known that thermal processes with superfast heating to a
maximum temperature and subsequent superfast ceoling can lead
to slip on the silicon wafer. The slip can spread further in
25 subsequent thermal processes in circuit and componsnt
production and disturb or nullify the function of the circuits
and components. 3aid slip cccurs primarily in the edge rsgion

of the silicon wafer.

30 Owing to the wery short overall process duration of the thermal
treatment according to the inventiocn, the edge slip is vary
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 be removed is preferably 1 to 5 mm, and particularly preferably



3.0E+03 6.9 21/2 100 20 1.0E+07 2.5E+03 6.9 20 Table 1 shows that after test 1 the END density of
the silicon wafer (No. 11/3) not subjected to thermal treatment is 3.0.109 cm99. By contrast, the END

- density was reduced by the thermal treatment according to the invention to less than 5109 cm99 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;gases the END density is so low that no denuded
zone (DI) 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. 20/4 in accordance with Table 1)
and also a fu#h&rsificon wafer notistubjecteddo theemalf reatmelt cortésporidingB5 to sample No.

11/3) were subjecteddo-test 2 desaribed-above o instead oftestliAftertast2, the silicon wafer 20/4
subjected to thgpal Erneaémegl(%_ﬁafgggdig tgttge ig\)t:eritljlon ggl(hLbiLeg a gmhggedg%séty gle g%%\rﬁo@mately
IOn Mm99, as ¢an be Seén in igure 3] igurep3 Shows the (fé"ptﬁ dependence of the 5 BMD density
after test 2. Afe¢testt2 e Sificort Wafér 1373 ot s6ibjetted td thérndl-tfesthtént had a BMD density of
somewhat more than IOn cm99. After test 2, therefore, no appreciable difference in the BMD densities

of the silicon wafer subjecied fo thermal tigatment.according to.the javention gnd the, silicog, wafer not

subjected to thermal treatment can be ascertained even through'the BMD densities after test 1 (see
Table 1) diffePaistinctly® ThRESROWS that tHe BMD NuhsiOily $hdiR bh dcctinttthe thermal
treatment acqordifigito the inventionsand cahdesmiadeovisiilé agais undet tke padtieular 15conditions

(ﬁteStz'CO“H%%E@YQ&@Xag¥@3;uitable for this purpose. This is generally

10 effected by grinding the wafer edge. A profile grinding disk is
usvally used for this purpose, said disk copying its negative
profile positively onto the wafer edge. However, 1t is also
possible to use non-profiled grinding tools such as e.g.
abrasive pads. If the edge processing is carried out as step <)

15 after the thermal treatment in accordance with step b), the
edge rounding before the thermal treatment is preferably

omitted.

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

region affected by the edge slip.

hfter the mechanical edge processing for removing the regions

25 affected by =slip, the edge can preferably bes polished,

If the material removal reguired in optional step c) is so
great that, as a result, the diameter of the finished processed
silicon wafer would fall below the nominzl diameter thereof,

30 this can already be taken into 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 wafsrs to be
produced therefrom at least by a value corresponding to the
width of the slip region that arises in step b). In this cass,

35  the silicon wafers have a diameter greater than the nominal



Silicon wafers were produced in the same way as in accordance 20 with Example 1 and (with the
exception of sample No. 11/3) were subjected 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 T4m2. Table 2 shows that after test
1 the BMD density of the silicon wafer not subjected te thermal treatment is 3.0.109 cm99. In the 30
silicon wafers subjected to thermal treatment, the BMD density was reduced in the volume of the
silicon wafers only to less than 1.109 cli139. It was not possible to achieve BMD densities of less than
2.108 cm99. Ademided zone (DZ) raving ardepthrindivated in TabteR was abte i berdetegted below

the surface 35 ontheisidgdrragdiated with the. fash.of light.skhe depth of theRZ ingreased with the
energy densit cg tge fliarshnotﬁ Ii@ﬂetiﬂThilsScc]):rg af[%t'vg gxgpéplg OsnthlpI\{\éslthﬁ it is;geq:t possible to achieve
the desired efféct with a“ghort%ashfamp Heat treatment in accorgance With the prior art. A silicon wafer
5 having a denuded zone at the surface and a high END density in the volume of the silicon wafer
arises insieadmeabieﬁ:e?@np&ﬂm@lﬁwgymdﬁlﬁityﬂ\ﬂmaﬂ; Flash:duration {ms)BMP density: (cm-4)
BNW)densnyg%gég—described properties with regard to oxvgen
precipitation - 1s free of edge slip. This can bs verified by

means of SIRD {Scanning Infrared Depolarization).

il If the edge slip is not a disturbance, it does nct 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
cf the Czochralski method. Said silicon single crystal was sawn
intolwafers, lapped, etched and polished. The resulting silicon
20 wafers had a thickness of 725 um, a resistivity of
approximately 10 Qom and an oxygen concentration as indicated

in Tablie 1.

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

25 were subjected to a thermal treatment according to the
invention. In this case, the silicon wafers were preheatad to
B00°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

30 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 mcre than

897.5 J/m=.



Oxygen content (10" cm-s) DZ (pm) 11/3 3.0E+09 7.4E+05 7.1 24/4 39 3 6.1E+08 1.5E+05 6.9 65
25/1 45 3 9.9E+08

Test 1 described above was then carrlied out as a BMD test and

the BMD density was then determined in the manner described

above.
5 Table 1
Energy density [Fiash duratiorf BMD densit BMD densit Oxygen content
Sampie No. e ims) om o iy
1173 N B 3.0E+08 7 AE+05 7 1
2012 B5 20 4 BE+Q7 1 1E+04 7
7213 85 20 2 0E+07 5.1E+03 7]
7311 85 20 1.8E+07 445403 7 1
10 2313 85 20 2 8E+07 6.0E+03 7 1
2214 85 20 3 3E+07 5 7E+03 71
2300 85 20 1 B5E+07 3 BE+03 71
20/3 90 20 2.2E+07 5 5E+03 71
24/1 90 20 1 4E+07 3.5E+03 6.9
20/4 95 20 9.1E+06 2.3E+03 71
2412 a5 20 2. 0E+(07 4.9E+03 6.9
21/3 57.5 20 9. 1E+06 2.3E+03 6.9
i3 21/1 87 5 20 7 .BE+0B 1.9E+03 6.9
22/1 97.5 20 2. 0E+07 5 1E+03 7.4
2174 97.5 20 2.3E+07 5 7E+03 6.9
22/2 97.5 20 1.0E+07 2.5E+03 74
2413 97.5 20 1.2E+07 3.0E+03 638
3172 100 20 1.0E+07 2 5E+03 5.6

200 Table 1 shows that after test 1 the BMD density of the silicon
wafer (No. 11/3) not subjected to thermal treatment is
3.0-10° em™. By contrast, the BMD density was reduced by the
thermal treatment according to the invention to less than
5:107 em™ in the entire volume of the silicon wafer. The lowest

25 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 clcose as possible to the melting
point of silicon. In all cases the BMD density is so low that
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. 20/4 in accordance with Table 1} and also a further
gilicon wafer not subijected to thermal treatment {(corresponding

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



2 5E+05 7.0 62 25/3 50 3 2.3E+08 5.8E+04 7.0 92 25/4 52.5 3 5.9E+08 1.5E+05 7.0 123 25/2 55 3
9.36+08 2.3E+05

instead of test 1. After test 2, the silicon wafer 20/4
subjected to thermal treatment according to the invention

exhibited a BMD density of approximately 10 om™

; 43 can be
seen 1in Figure 3. Figure 3 shows the depth dependence of the

3 BMD density after test 2. After test 2, the silicon wafer 11/3
not subjected to thermal treatment had a BMD density of
somewhat more than 10 em™. After test 2, therefore, no
appreciable difference in the BMD densities ¢f the silicen
wafer subiected to thermal treatment acceording to the invention

10 and the silicon wafer not subidescted to thermal treatment can be
ascertained even through the BMD densities after test 1 (ses
Table 1) differ distinctly. This shows that the BMD nuclei only
shrank on account cf the thermal treatment according tc the
invention and can be made visible agailn under the particular

13 conditions of test 2.

-

Comparative Example 1

ilicon wafers were produced in the same way as in accordance
20 with Example 1 and {(with the exception of sample No. 11/3) were
subjected to & thermal freatment. The thermal treatment
differed from the thermal treatment in accordance with Example
1 conly 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 mslt 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° em™. In the
30 silicon wafers subjected to thermal treatment, the BMD density
was reduced in the veolume of the silicen waiers only to less
than 1-1¢° cm™. It was not possible to achieve BMD densities of
tess than 2-10% cm™. A denuded zone (DZ%Z) having a depth
indicated in Table 2 was able to be detected below the surface

light. The depth of

Hh

35 on the side irradiated with the flash o



7.0 123 M 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 Qom and an oxygen concentration of 6.9-1017 cm77. The silicon wafers
were subsequently subjected to a thermal 25 treatment in accordance with Example I. The energy
density of the flash was varied, wherein the surface atthe silicon wafer began to melt at an energy
density of more than 97.5 T/m2. Table 3 Sample No. Energy density fife) Flash duration (ms) BMD
density (cm-) BMD density (cm-) Surface S3 95
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

t

reatment in accordance with the priocr art. A silicon wafer

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

the volume of the silicon wafer arises instead.

Table Z
le No. | Energy density |Flashdumtion | BMD density BMD denvsity Oxygen content [ 74
Sample No (Jim?) irms) {em™) (cm®) (16" em™) {um}
10 13 . - 5.DE+03 7. AE+05 7 -
24/4 39 3 B8.1E+0B 1.5E+05 6.9 B85
25/1 45 3 0.0E+08 2.5E+05 70 [
2513 50 3 2.3E+08 5.8E+04 7.0 g2
25/4 52,5 3 5 GE+DB 1.BE+05 7.0 123
25/2 55 3 g, 3E+08 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 um, a resistivity of approximately 10 Qcm and

. . ~ w17 -3
an oxygen concentration of 6.9-10Y cm

The silicon wafers were subseguently subjected to a thermal

25 treatment in accordance with Example 1. The snergy density of

the flash was wvaried, wherein the surface of the silicon wafer

bezgan to melt at an energy density of more than %7.5 J/m?.

Table 3
30 ; Fiashduraton | BMD density | BMD densit
Sample No. Energy{gﬁgguty ms) (om) (Cm-% Sufface
33 85 20 6. 1E+G7 1.5E+04 etched
sS4 100 20 51E+08 1.3E+03 etched

Example Z shows that the method according to the invention 1is

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



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. Patent Claims
. 1. A silicon wafer having an oxygen concentration of 5.1019 to 7.5.1019 cm-3, 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 a BMD density of at least 1.109 cm-3 after heatiyg of the 10 silicon wafer at a heating rate of 1
K6min 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-3 to 5.10enedtaftar=d dsreatment 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-3 to

3-1011 cm-3 after R , . o 15
1. A silicon wafer having an oxygen concentration of 3-10° to

7.5-10% em™, which has the following BMD densities after the
5 following thermal processes, carried out alternatively:

 after a treatment for

- a BMD density of at most 1-10% cm”

three hours at 780°C and subsequently for 16 hours at 1000°C,

and

- a BMD density of at least 1:10° cm™ after heating of the

10 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.

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

3

15 density of 5-10% em™ to 5-107 cm™ 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,
featuring a BMD density of 1:10*° cm™ to 3-10% cm™ after

20 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 subseguent holding at 1000°C for 16 hours.

4. A method for producing a silicon wafer as claimed in

25 c¢laim 1, comprising the following steps in the specified order:
a} providing a non—-structured silicon wafer having an coxygen
concentration of 5-10Y to 7.5-10" em™ 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 =
duration of 15 to 400 ms, wherein an energy density of 50 to
100% of the energy density necessary for incipiently melting

the surface is radiated in.



20 heating of the 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 2000C for 16 hours. 4. A method for producing a
silicon wafer as claimed in 25 claim 1, comprising th4e following steps in the specified order: a)
providing a non-structured silicon wafer having an oxygen concentration of 5.1017 to 7.5-10fl cm-9 and
a thickness of 0.6 to 1.2 mm, b) heating the non-structured silicon wafer to a preheating 30

temperaturg in e rangs, 95600 (0, 4000G, and subseauently irradiating.2 side ofdbe siigon waer with

flashlight for a duration of 15 to 400 ms, wherein an energy density of 50 to 100% of the energy
density nece88ai/H for FRBIpIEHtE mefiny the-Surtale T rdididd . PXABEFheethod as claimed in
claim 4, whereipdhe thickness ©f ¢pe silicoa wafertis 1629 2.0 mm and the preheating temperature in
step b) is 600 to 950C. 5 6. The method as claimed in claim 5, wherein the thickness of the silicon
wafer is 1.0 to 1.2 mm and thespreheatin temperature in step b) is 700 to 1000C. 7. The method as
claimed in &hy of 8IdIRE Pt B whefdifitHe b 8hardy dendity Fadiated h i5BG15'6696°6f the energy
density necebsar/fordncipierisrmeling. thetsurfade m8. e mthat-aseidimred in any of claims 4 to 6,
wherein, aftegstep D) the edge olthe silicen-waferds pseeessed in 15 material-removing fashion in a
further step c), wherein the material removal is a maximum of 5 mm. 25 Abstract Silicon wafer and
method for producing it The invention relates to a silicon wafer having an oxygen concentration of
5.1013 to 75.1019 crai8avhiel hakathesfdllowingBMD deiisitiss aftéptHe foflowiaghéfaal processes,
carried put aliernafiveby sa:BMbadensibuof at moss d. 108 covafter adreatmentdor three:haurs at 780C
and subseq}ljgnélg fg{, 16gwo%ur§nacti100é)%,land eaigMD dc%%sitguq_jfaa{[égast 1-109 cm-3 after heating of
the silicon wafer at & Keatlng 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. The invention also relates to a method for
producing said siiconanates bysirratiatieriwith flashlightcRigids 4 to 6, wherein,

after step b), the edge cf the silicon wafer is processed in
i35 material-removing fashion in a further step ¢}, wherein the

material removal is a maximum of 5 mm.



25

Abstract
Silicon wafer and method for producing it

The invention relates to a silicon wafer having an oxygen
concentration of 5-10Y to 7.5-10" cm™, which has the following
8MD densities after the following thermal processes, carried
out alternatively:

- a BMD density of at most 1-10°% cm™

after a treatment for
three hours at 780°C and subseqguently for 16 hours at 1000°C,
and

- a BMD density of at least 1-10° cm™ after heating of the
silicon wafer at a heating rate of 1 K/min from a start
temperature of 300°C to a target temperature of 1000°C and

subsegquent holding at 1000°C for 16 hours.

The invention also relates to a method for producing said

silicon wafer by irradiation with flashiight.

Fig. 1



