1 METHOD FOR PRODUCI NG A SI LI CON | NGOT The invention relates to a method
for producing a silicon ingot. The invention furthernore relates-to a
silicon ingot and a silicon wafer. 5 A nethod for producing a silicon ingot
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conponents subsequently produced thereffom there is a conkissuous_need to
i mprove a 10 nethod of this type. The invention is therefore based on the
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present, 8uring a specific -method portion, as silicon nelt in the
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occurs in the volune of the silicon ingot, the grain refinenent being able
to occur in subsequently produced therefrom, there is a continuous need to improve a

10  method of this type.

The invention is therefore based on the object of improving a method for

producing a silicon ingot.

15  This object is achieved by a method for producing a silicon ingot
comprising the following steps of providing a container to receive a silicon
melt, providing a temperature control device to control the temperature of
the silicon melt in the container, arranging raw material in the container
comprising silicon and at least one nucleation agent to assist a

20  heterogeneous nucleation in the silicon melt, and control of the temperature
in the container in such a way that the raw material is present, during a
specific method portion, as silicon melt in the container, which is solidified
in a directed manner during a subsequent method portion, wherein the
nucleation agent comprises nanoscale particles.

25 |
The core of the invention is to add a nucleation agent to the silicon for
producing a silicon ingot to assist a heterogeneous nucleation in the silicon
melt. Owing to the heterogeneous nucleation a grain refinement occu.rs in
the volume of the silicon ingot, the grain refinement being able to occur in
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-2 an increased extent in the | ower volune close to the base. The

het er ogeneous nucleation is furthernore a prerequisite for a growth-induced
grain selection, in which crystallites rich in defects are overgrown by
t-hose low in defects. As a result, the defect density, in particular the
5di sl ocation density, is significantly éeduced in the silicon crystal. The
structure close to the base firstly conSi'sts both of crystallites that are
rich in defects as well as those free of defects. It was recognised
according to the invention that the crystallites rich in defects are

over grown by an0 inenessed I¢>¢teI$t fine¢hof loefrectodumet klosei tabthe dwmser cThof t he
crystallisation process. e nethod_.according to the invention theyefore
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the invention, it was further recognised that it is advantageous for the
confi gur abi ordislbcatiam garsatly, st significantly ooduceddefles sidicoh ctysealcr ystal i tes
that are rich in defects have a | arge nunber of neighbours 20 low in
defects. This can be achieved in particular, in that the nucleation agent
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from1l0 nmto 500 nm in particular 1n the range from 2 to 251 nm In
particul ar, tthetheearvegtiannthat zke afrystaBitgariche iresdefects eas overprdwn roy i n

particular | ess than 200 nm
crystallites free of defects with suitable control of the crystalllsatlon
process. The method according to the invention therefore leads to the
production of a silicon ingot with a particularly low defect density over the
entire ingot height. In particular, a dislocation multiplication is suppressed
by the method according to the invention, so that theoretically ingots of any

15  height can be produced.

According to the invention, it was further recognised that it is
advantageous for the configuration of a crystal structure low in defects if
the crystallites that are rich in defects have a large number of neighbours
20 low in defects. This can be achieved in particular, in that the nucleation
agent comprises nanoscale particles. Nanoscale particles are taken to mean
here particles, the diameters of which are in the range from 10 nm to
10 pm, in particular in the range from 10 nm to 1 um, in particular in the
range from 10 nm to 500 nm, in particular in the range from 20 nm to
25 100 nm. In particular, the mean grain size of the particles is less than 1 pum,

in particular less than 200 nm.



3 The nanoscal e particles can be mxed with the raw material as a solid
material, called an addition below. Alternatively, particles can al so be
advant ageously fornmed by nelt synthesis in the silicon nelt, called
precipitation below. The effect is utilised here that with an adequate 5
concentration of the nucleation agent pgr_rponents inthe silicon nelt, a
supersaturation precipitation of the nutleation agents occurs during the
solidification or further cooling. Advantageously, the size of the

nucl eation agent particles precipitated here can be controlled in a
targeted man pgnescaker pattedesc oanl et moxed Watlprthe asw, materpadras auiadid by

sui tabl e control .of th@ 10 te era&}%iéa coulrse durin% the solidificgation of
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-2, Y 0- 3, Z 0 - 4, wherein X, Y, Z does not necessarily have to be

i nt egr al . 51 n goacentcaticar of tthe Huctaatiost agenii comeporientsc omplesdscodi MeltSiad2,

Si 3N4, Si2N20 are contained.in this guater rlar system 20 TRﬁn_&arti cl es
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harnful 25 nmetal atons into the ingot. Addition variani: in an advant ageous
enbodi nent , ttirgetadn ebydutit spfetheegrovess, et pamicabpeny chitable St QyfNthesyst em
is added to the raw material L . ' L

temperature course during the solidification of the silicon melt.

The chemical nature of the particles used as nucleation agents primarily
consist of the quaternary system Si-O-N-C. At least 90 % by weight of the

particles preferably originate from this substance system.

15
The composition can be defined by Si;C,OyN,, wherein there applies:
X:0-2,Y:0-3,Z: 0-4, wherein X, Y, Z does not necessarily have to
be integral. In particular, the known stoichiometric compounds SiC, SiO-,
-Si3N4, Si;N,0 are contained in this quaternary system.

20

The particles preferably form getter centres for movable metal atoms in the
silicon ingot. This effect is based on the fact that movable metal atoms in
the silicon ingot have a greater affinity to specific precipitations. The
nucleation agent particles can, in particular, hinder the diffusion of harmful

25 metal atoms into the ingot.

Addition variant: in an advantageous embodiment, the finely dispersed
nucleation agent of the Si;C,OyN, system is added to the raw material

during the filling of the mould. It was surprisingly established that the



during the filling of the nould. It was surprisingly established that t he
4 particles survive the nelt process although at |east individual ones of

the dissolved 0-, G and/or N-concentrations are bel ow the equilibrium
concentrations known in the literature. These particles develop their
nucl eati on agent effect during the subsgquent solidification process. 5
Precipitation variant: in a further _ad'vi'

agent, in particular the nucleus conponents, during one nethod portion,
is/are conpletely, or at |east partially, dissolved in the silicon nelt.
This all ows partiles swivavd theumieltoprocdsssalthanghi atnleast indivigualconsist eft theg

nucl eation 10agent.. The precipitation agent is preferably arranged in the
crucible in %Hpva?dwéi}atﬁatalf‘ or | 'Cﬁ’é‘F?ﬁ%E*m(&}s QFC ﬁéﬁgw %%,e%ﬁla]énl?%?@bl y more
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conponents in the silicon nelt. is leads to a supersaturation
precipitadi on of the nucleation agent occurring while the nelt is being

cool ed. According.to the invention, th recipitatiqon of the nucleation
agent subst afTFEPItgtioR yanant,; g 6?@’@?@‘&9&9&@8%8% 8 “B?nttﬁ’@ ‘Hlé:llf?a.tloé‘o By
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nt ageous enbodi nent, the nucleation

n

t he

si ze of the plleeispa tpriiculadgnuiifornidistebuton byf thenpreoiplitatigg tieleatioper at ur e

field and 25 the tenperature course in the crucible. It was determ ned i
this regdPd tagant.a stronger convection leads to a smaller size of the
precipitated particles. The convection in the crucible is therefore
advant ageously controlled in a targeted nmanner at |east during a

predet er m nedryehReH,iRA%bh a3Rnt ispreRerably arranged in the crucible in such a way
that it, in particular at least one, preferably more or all its components in
the dissolved state, has/have a concentration in the silicon melt, which is
15  greater, at least in regions, than a saturation concentration of the respective
component or the respective components in the silicon melt. This leads to a
supersaturation precipitation of the nucleation agent occurring while the
melt is being cooled. According to the invention, the precipitation of the
nucleation agent substantially occurs before the solidification of the melt.
20 By suitable control of the temperature field in thﬁ: melt crucible, in
particular by s_uitable control of the convection in the crucible, the
supersaturation precipitation can be limited to specific regions in the melt,
in particular to the region close to 'the- crucible basé. Moreover, the size of
the precipitation can be influenced by controlling the temperature field and
25  the temperature course in the crucible. It was determined in this regard that
a stronger convection leads to a smaller size of the precipitated particles.
The convection in the crucible is therefore advantageously controlled in a

targeted manner at least during a predetermined method portion, in

n



particul ar before the beginning of the solidification of the silicon nelt
by- means of the tenperature control device. The nucl eati on agent can
preferably be arranged in the container in such a 5 way that a
econcentration gradient thereof occurs in the silicon nelt. The
concentration of the nucleation agent, in particular in a volune region
close to the base, is higher here thanin the renminder of the silicon
nmelt. As a result, the crystallites rich in defects can be concentrated to
the region of the silicon ingot close to the base. This region, i.e. the

i ngot base, ipartimlarepefore e geglamngca%ﬁlef saidifigasian pf dunsiliggatmelh byhe
further process. The remmi nder of the ingot has a correspondingly inproved
crystal.strué@%¥ﬁﬁ)Th%“ﬁ@%ﬁé%??@ﬂm&gékﬁ”%%rticles, at least in a specific
region in the silicon nmelt, in particular in the region of the crucible
close to the base, preferably 15have a density (particles per volune unit)

of at |east X2 guRidtidnNadiak che Préferably Rastank@d ifithe cohfdim@lihisabhar at

| east 107 cm 3. A further object of the invention consists in providing an
i mproved S§i | iepnthatgotonctratipes grbilient theseaft bearedn e ailsidni meilt. iThgot
conprising a longitudinal axis, a first end in the direction ,of(ﬁtlhe

| ongi t udi nal caRfentrationeeidhe negleafian pgentyin BRRcCYAr iR avOLumE AEZIPDHE  axi s,

a length in the direct.i on of i tudi . i |1 - sialline
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' the silicon ingot close to the base. This region, i.e. the ingot base, is
10 separated in any case from the silicon ingot in the further process. The

remainder of the ingot has a correspondingly improved crystal structure.

The nucleation agent particles, at least in a specific region in the silicon
melt, in particular in the region of the crucible close to the base, preferably
15 have a density (particles per volume unit) of at least 10 cm™, in particular

at least 10* cm™, in particular at least 107 cm”.

A further object of the invention consists in providing an improved silicon
ingot. |

20
This bbject is achieved by a silicon ingot comprising a longitudinal axis, a
first end in the direction of the longitudinal axis, a second end in the
direction of the longitudinal axis, a length in the direction of the
longitudinal axis, a multi-crystalline structure and a grain density, which, in

25 the region of the first end, is at least 400 dm'z, in particular at least

| 600 dm™, in particular at least 800 dm™.

The core of the invention consists in providing a silicon ingot with a high

grain density at the end, in particular on the base side. The advantages of



6 the ingot according to the invention energe fromthose which were already
described in relation to the production nethod thereof. A further object of
the invention consists in providing a silicon wafer with 5 a small defect
density and | ow netal content. This object is achieved by a silicon wafer
made of multi-crystalline silicon with ﬁ waf er surface and with particles,
wherein at |east 90 % of the particles have a dianeter of at nost 1 1.1M
and the particles have a fraction of a conpound of silicon and at |east one
of the elenents selected fromthe group of carbon, oxy en and 10ni trogen.
Furt her advanthaigest ateerdingto thadndentiin @nolfgetﬂn@rnltho wate gecddyom t he
description of enbodi nme 15 Fi 1 shows. a for carrying out the
met hod accord{eﬁ%}ﬂ?%i W@P tWéHtﬂ‘%HgoqNCE‘P%T’%mpfig%ﬁ system 1 for
crystallising a silicon nelt 2 conprises a container configured as a nould
3 toreceive the silicon nelt 2. The mould 20 3 is open at the top. It may

have a rectangyhgher d)B]e@ta(Bftt'h@lih?éntﬁ)nS@&%Est?ﬂﬁﬁﬁnéﬁ@td §ificoh twaTey wadhso have
a round, in particular a circular cross-section. has a noul d base. The

moul d 3 i § sursmaihdettdyylensisyppdiow metall cdnteat. s’IEiumprecaus atlaevaxpby Bhe

| atter corrprlsesabase plate5 which is in.turn rrle frame, not
shown in the Slli“‘gjm' @/a ferhmagds pigmyli-grystal iiflﬁlsll Ncagy, i ﬁd@ﬂ%éysyuﬁé%lad’él heat i ng

plates 6. Aco t|n Iat i r apge ase
heati ng pl at e "g@% ole?)sésgoﬁy % ﬂﬂﬁ%mlﬁg%E havg a”B'-Anfletgr Oan
most 1 um, and the particles have a fraction of a compound of silicon and
at least one of the elements selected from the group of carbon, oxygen and

10  nitrogen.

Further advantages, features and details of the invention emerge from the

description of embodiments:

15 Fig. 1 shows a device for carrying out the method according to the

invention.

A crystallisation system 1 for crystallising a silicon melt 2 comprises a
container configured as a mould 3 to receive the silicon melt 2. The mould
20 3 is open at the top. It may have a rectangular, in particular a square cross-
section. It may also have a round, in particular a circular cross-section. It
has a mould base. The mouid 3 is surrounded by a support mould 4, also
open at the top. The latter comprises a base plate 5, which 1s in turn carried
by a frame, not shown in the figure. Thé mould 3 is laterally surrounded by
25 side heatlng plates 6. A cover heatmg plate 7 is arranged above the mould

3. A base heatlng plate 8 is also provided below the mould 3.



7 In addition or alternatively to the heating plates 6, 7 and 8, cooling
el.-ements can be 'provided | aterally, above and bel ow the nould 3. The
heating plates 6, 7 and 8 and/or the cooling elenments are preferably 5
control |l able. The heat plates 6, 7 and 8 and the cooling el enents together
forma tenperature control device 9 forsnelting and/or directed
solidification of the silicon in the nould 3. Reference is nmade to DE 10
2005 013 410 B4, for exanple, for details of the tenperature control device
9. 10 The nould 3 can al so be surrounded by a | arge nunber_ of insulation

el ement s 10. Irmddidom dor3 alternafivelygéel the beating: wiatel 0, staansd 8grepslialg) i sat i on

chanber 11. 15 The crystalli.sation chanber 11 hags f eedt.hrough 12 for a
luani gt ub&rements B Proviaed Ll Ahsiasi 890udheBEWdaed wi  h
flushing gas by nmeans of a flushing gas device 14 via the flushing tube 13.
Argon is provided as the flushing gas, in particular. Aternatively,

"anot her i ner (Ther ldagielgl pategas, Tandad sadhe théQﬂ)oliﬁﬁRﬂ@m%ﬁfs &rasprefargblyas
carbon nonoxi de, nitrogen or 20 ammonia can furthernore be added for the

mel t synt hesicontroliablat Wbe hicat plates 6.he and\& and ithe aoolong cleamdigs tagethém
particular, can be controlled in a t?jrg.ete p]%)nner ﬁz means of .the flushing
gas device 140MHh@ FEMRGHIUE SOBT0y CBViCRe 9 nPEnRIHE o AN 4 disehtsda

silicon i ngo%oﬁﬁilﬂcaﬁs?zgfdtﬁ Cgf;l}%%ﬂ ?I?lfﬁﬁ/l nﬁhﬂ@t l?yY’R%:i%Fen%W?% fljnéﬂiegatto' on

system 1 is prepare o e crystallise the siTicon ne inthe
nould 3. I'n @K 1020031013t410) BRUGH eXanpldfBPAEMHS 0P theefipt@atuf@cshtdicon mel t
2 and the tenperature control device 8
device 9.
10
The mould 3 can also be surrounded by a large' number of insulation

elements 10.

The mould 3 is arranged in an outwardly sealed crystallisation chamber 11.

15 The crystallisation chamber 11 has a feedthrough 12 for a flushing tube 13.
~ The crystallisation chamber 11-can be loaded with flushing gas by means

of a flushing gas devicé 14 via the flushing tube 13. Argon is provided as

the flushing gas, in particular. Alternatively, anothér inert protective gas

can also be used. A proéess gas, such as carbon monoxide, nitrogen or

20 ammonia can furthermore be added for the melt synthesis. The atmosphere
in the crystallisation chamber 11, in particular, can be controlled in a

targeted manner by means of the flushing gas device 14.

The method according to the invention for producing a silicon ingot will be
25  described below. Firstly, the crystallisation system 1 is prepared to melt
and crystallise the silicon melt 2 in the mould 3. In particular, the mould 3
1s prepared to receive the silicon melt 2 and the temperature control device
9 to control the temperature of the silicon melt 2 in the mould 3. Raw

material is then arranged in the mould 3. The raw material comprises



silicon, in particular high-purity silicon or "solar, grade" silicon. The
sidicon of the raw material in particular has a degree of purity of at
|l east 99.9 % in particular at least 99.99 % in particular at |east 99.999
% 5 To produce the silicon ingot, the tenperature in the nould 3 is
controll'ed by neans of the tenperature gc_)ntrol device 9. The tenperature in
tthe nmould 3 is, in particular, controlled in such a way that the raw
material is present during a specific nmethod portion, as silicon nelt 2 in
the mould 3, which is solidified in a directed manner during a subsequent
met hod 10por silsen, Fopardisukir highrputifiesiticen or Saolgopragic! isdmnorgrhcfsﬂm@ silicon
melt 2, referg e is made t.o DE.1Q 2005 Q13 41(%~ B4. The fawsg]%b%rial, in
particul ar t & e FAY gterial i partictlar has 3 Aegteg af pusity QT apleast e s
nmelted in th : o/ Ll ]S ¢ foor the 15raw nmateri al,
?aﬁﬁ%ﬂl& zﬁileé's‘?@g??é)é i ng%nt?lcgiag%t P&%?b@b@? 0f!

in particula silicon, e ore supplying it to the nould 3
and to be supplied to the nould 3 in liquid form According to the
invention, it is provided that the raw material in the nmould 3 conprises at
| east oneS nudicepradune s nilicon iagef, she tethperatwgendbesn@ddrius eattradledi n t he

silicon nelt 2. In th ddition variant, correspondi ng nucl eation agent
particles ar&Yat§ans qefnt hEETRRERTULE (COnfoh qc}'a'llqea t ?ﬂWung%ﬂ%ra%Frp‘Bng’fﬁ s that

are dissolva i i Ui i hicC i i ' i ye:.in the
21 con rel ¢ TSl Le 8 bkl 8On@Ofe SRR, gt thq Yo (BRGHNERS 1 o
and the di sseyraabt QuriHg laeipecHRIMBRAH fortion| ad8ilkdh! Melt MUR! SRtheRIRS, agent s
bel ow. The nucl eation agent conprises nanoscale particles. It preferably
consi sts of mdnckcal solphfied cines, dinbettthemanniete dunng pa esmibpedquent dmettmdoscal e
particles are taken_to nean here particles with a dianeter. in the range
from 10 h¥h t portion. For details of the directed solidification of the silicon melt 2,

reference is made to DE 10 2005 013 410 B4.

The raw material, in particular the silicon, is supplied to the mould 3 in
solid form. It is melted in the mould 3. However, it is also possible for the
15  raw material, in particular the silicon, to be melted before supplying it to

the mould 3 and to be supplied to the mould 3 in liquid form.

According to the invention, it is provided that the raw material in the
mould 3 comprises at least one nucleation agent to assist a heterogeneous
20 nucleation in the silicon melt 2. In the addition variant, corresponding
nucleation agent particles are added; in the precipitation variant, nucleus
components that are dissolvable in liquid silicon are added which firstly
dissolve in the silicon melt 2, then precipitate. Both Vaﬁaﬁts, i.e. the added
particles and the dissolvable nucleus components will be called nucleation

25 agents below.

The nucleation agent comprises nanoscale particles. It preferably consists
of nanoscale particles, whether added or precipitated. Nanoscale particles

are taken to mean here particles with a diameter in the range from 10 nm to



9 10 pm in particular in the range from10 nmto 1 p,m in particular in
the range from10 nmto 500 nm in particular in the range from20 nmto
200 nm 5 The nucl eation agent conprises at |east one fraction of a
conpound of the quaternary systemSi-O-NC It consists, in particular at

| east 90 % by wei ght, of conpounds of tRis substance system It can, in
particul ar, conpletely consist of conpoltnds of this type. It can conprise
one or nore conpounds of this type. The conpounds are, in particular,
selected from 10 the group of silicon carbide (SiC), silicon dioxide
(Si'02), silidérumi in pasicuBirdiNiheandge iftane dO romytoi It pimgen QRrENAS) in e

nucl eati on agent preferably conS| sts.  of one_ of these conpounds or a m xture
of two or al FaRgfediom difpeintes S0Qmmcbparticglaroin Hee rangnfiogh, 20 nm; ko

provi ded tha? @he fraction of nucleation agents in the raw material be
selected in |9 way that the total fraction of carbon, oxygen and
nitrogen in the silicon nelt 2 is in the range fromO0.001 % by weight to 1
% by weight, in particular in the range fromO0.001 % by weight to 1 % by
wei ght, if pdrtiei mtdl@arudnnagdme cbﬁf!ijﬁet at (cadt SadYra2fioneif ghéompourbof tieul ar in
the range to 0.02 % by weig Th artlcles of the nucl eation agent have,
at least in éluéﬁéﬁal’b’l %‘}’Slt@gl @anrN (t:h §om31s:t§nmrmamczﬂaraaﬂé¢a§t 99 &6 &/g byt | east

.102 cm 3, in cul ar at \%tt 104 in particul ar .at Ieas‘t 107
cm3. Thisr éf\ff? %ﬁﬁPF@é’é} ngs 5%1 §tS - TbEas, IPnP‘Bé‘FP Byl ar at
nmost 50 % t 9 f the
silicon rr(:el t %SH%%%BQ%ﬁfSé%s%frz%ﬁgy(ﬁ]id\sf)glfltﬂlSR %):alﬂd %@uPH.‘&) g?%ﬁi ast %

vol . - 10 - cohponuds @ﬁtthmmy@eeﬁhelmmpdumlardrecui pﬁmoﬁlz{raﬁgedtednfrbﬂﬁe
silicon nelt 2 in such a way that the volume region with said particle

density d:@rrprthtsgsoum@f rsélggcon cartbiden €Si€3)) |sdm®nnéiomdb 3i6h9, siticonaitralee. The
Id 3 in such awa that a

nucl eation a re er abl arran
concentr at i oggBNg &B el ICQﬁ O ltﬁf}%l gb?&2 g\‘h Genauc ?%‘%?E?‘Euﬂ’r&feréb Yt he

di | ved f th
nhifgazlleoncgggﬁ%\(g he%lrjgéF dcl)%eopgﬁgh Sﬁ?’é"%a‘%“éa‘l E %‘L%'ﬂ%ﬂ ion Ehg
r emai nder " of Cbhﬁ,o@hag_con rrel t 2.

15 According to the invention, it is provided that the fraction of nucleation
agents in the raw material be selected in such a way that the total fraction
of carbon, oxygen and nitrogen in the silicon melt 2 is in the range from
0.001 % by weight to 1% by weight, in particular in the range from
0.001 % by weight to 1 % by weight, in particular in the range to 0.1 % by

20  weight, in particular in the range to 0.02 % by weight.

The particles of the nucleation agent have, at least in a specific region -in
the silicon melt 2, a density of at least 10* cm?, in particular at least
10% cm™, in particular at least 10 cm™. This region comprises a volume of

25 at most 100 %; in particular at most 50 %, in partiéular at most 25 %, in
particular at most 15 % of the silicon melt 2, but at least 1 % by vol., in
particular at least 5 % by vol.



10 According to a first enbodi nent of the invention, the nanoscale
particles are supplied to the nmould 3 as a solid material. The nucl eation
agent is in particular, supplied in the formof finely di spersed powlder to
the nould 3. The nucleation agent can be supplied here in particularly well
di spersed formas a cover |ayer on the rface of silicon particles, in
particular finely 15 dispersed silicon IE)(g'rti cles, to the nmould 3. According
. to the invention, in this case, the surface of the Si ‘powder used is at
least 2 n2/g, in particular at least 5 n2/g, in particular at |east 10

n2/ g. During kienyrdeatigiyagsmt isdnpartiadar, saanged os the siiconvledta? insuctyent
remai ns as nangscal.e particles in.the sjlicon nelt. 20 The nucl eation agent
originates, i haéutﬁﬁr‘,’o HOEH B PR b‘@ﬁha@é@é’,am?]@nﬁi?%ygﬂi’@@ﬁ@, the/st em

and cor r espondsionf of Jtﬁ{%ﬂ%ﬁl@}#@t ghglogé’ TBOHR% Re2 MR n{%l%%ti&%iiégm %= 0.5

and. Z = 1. Altérnative i spersed silicon car cdh be

used as the rpxefee@ﬁl'yoam%ﬂt in fhd encialli ¥ ehYsuchi 4 iveHP tRA 8 DRcERrdRIP2) can
very easily supplied to the mould 3 in this manner "as the third variant.
silicon oRynigradigat pBHrN2®)leatian agerdeins pppicutat afcth hbssobudddc@nponert50 kg

hi gh-purity silicon. ...The ngnqgscal e particles of the nucleation, agent
are pref er ablQFCuRy Whthedsilicon nﬂfﬁbgr @p&pn@pnﬁrﬁg)% the suelegtian @gerhin hase.

Good results re..als ' ddj illGo apbide ((SiLC) i the
range from 2(}“% r?%lgbo(g gl%g";“ﬁ }éggﬁg%ea?%ﬁj&ggf %IEH ﬁlpaglr &4% {?én"épﬁ?l)cfﬁtﬂ?‘?el t 2.
The addition gglicdor®@Blt2S g to 100 g, in particular from50 g to 75 g, in 10
particular from60 g to 70 g silicon carbide (SiC) per 450 kg silicon, is
preferred. In general, good results were achieved with an overall carbon
content in the range from 10 g to 120 carbon, in particular from20 g to
90 g per 1450 WOI@;@& tocd Airste¢bodiment of the invention, the nanoscale particles ,

are supplied to the mould 3 as a solid material. The nucleation agent is in
particular, supplied in the form of finely dispersed powder to the mould 3.
The nucleation agent can be supplied here in particularly well dispersed
‘form as a cover layer on the surface of silicon particles, in particular finely
15  dispersed silicon particles, to the mould 3. According to the invention, in
this case, the surface of the Si powder used is at least 2 m%g, in particular
at least 5 m%g, in particular at least 10 m*g. During the melting of the
silicon particles, the nucleation agent remains as nanoscale particles in the

silicon melt.

- 20

| The nucleation agent originates, in particular, as described above, from the
S1;C,OyN; system and corresponds, for example, to the compound Si,N,O,
ie. X=0, Y=05 and Z=1. Alternatively, highly dispersed silicon
carbide, SiC, can be used as the nucleation agent. Alternatively, silicon
25 dioxide (Si0,) can very easily supplied to the mould 3 in this manner as the

third variant.

According to the invention, it is provided that between 2 g and 200 g, in
particular between 20 g and 100 g, in particular between 40 gand 60 g



For the addition of silicon nitride (Si3N4), weighed-in ambunts of 10 g to
200 g, -in particular from50 g to 150 g per 450 kg silicon nelt 2 have
proven to be particularly advantageous. 20 O course, a mxture of the
above- nenti oned nucl eati on agents can be added in simlar quantities. The
total quantity of the added nucleation ggent is preferably |less than 200 g
per 450 kg silicon. 25 According to a further enbodi nent of the invention,
the precipitation variant, it is provided that so nuch nucleation agent, in
parti cul ar nucl eus conponents be supplied to the nould 3 in a targeted
nmanner t hat tsniecqnaomntrsciﬁ)éslammlam tg@@ssumﬂl@d@ltb@umﬂuwuﬁ.fng 430rkg hod
step, in paréﬁcular Co. Ietely inthe silicon nelt 2. The concentration of
the nucl eat i JHERBURLY silice inthe silicon melt 2 and the conduct of the
process of the solldlflcatlon process are sel ected such that during the
cooling of the silicon nelt 2, the saturation limt for the nucleation
agent is exceﬁf&ﬂano&@le%ﬁ@l@b roFtthemuefeatiof dpeat et pRfleraBBNarramgddim sil i con
melt 2 is, in particular greater, at least in 5 regions, than a saturation
concentraﬁlonhofqybeoﬁduim@ukb&ckgenothmbaﬁm silicon nelt 2, in particular
above the crystallisation tenperature thereof. As a result, precipitation
of the nucleation agent occurs during the cooling of the silicon nelt 2.

According to d the.. .particle ucl gat i on
agent are « nSrRErEETRER byor SO RRE BReARuRE S it Sarblod [iOn L B

i nvol ves t he raafe {20868 200% slncbﬁeéa%l‘a@gs;@pbeld%@k bhelcabaegs 210 the
description of Wwhich reference is hereby ma According to the invention,
it was det erifheedddiian ofhéroen 25 gftot HD gﬁnppanlqnllalaﬁnnn§0cg to WS guml eat i on
agent during the solldlflcatlon of the nmelt depends, articular, on the
super sat dPat iRgaLGlag fom f0 840 Yhgatibieen cartide (§l¢) beh 4§5|ktg silicppels
convecti on and he undercooling of the silicon nelt 2. It is provided
accordi ng to Rt HVentlon that the convection be controlled in a targeted
manner in the S|I|con melt 2 by nmeans of the tenperature control

In general, good results were achieved with an overall carbon content in the
range from 10 g to 120 g carbon, in particular from 20 g to 90 g per 450 kg

| 15 silicon melt 2.

For the addition of silicon nitride (Si3N,), weighed-in amounts of 10 g to
200 g, in particular from 50 g to 150 g per 450 kg silicon melt 2 have
proven to be particularly édvantageous.

20 _
Of course, a mixture of the above-mentioned nucleation agents can be
added in similar quantities. The total quantity of the added nucleation agent

is preferably less than 200 g per 450 kg silicon.

25 According to a further embodiment of the invention, the precipitation
| variant, it is provided that so much nucleation agent, in particular nucleus
components, be supplied to the mould 3 in a targeted manner that the latter
substantially goes into solution during a method step, in particular

completely, in the silicon melt 2. The concentration of the nucleation agent



20 device 9. The convection in the silicon nelt 2 is controlled in a
target-ed manner at |east during a predeterm ned nethod portion, in
particul ar before the beginning of the solidification of the silicon nelt

2, by nmeans of the 25 tenperature control ‘device 9. It is preferably
controlled in such a way that it is limsted to a volune of at nost 50 % in
particular at nost 25 % in particular ‘a nost 10 % but at least 1 % in
particular at least 5 %of the silicon nelt 2 in the region of the

contai ner base. - 13 - The precipitatjon of the nanoscal e nucleation agent
particles isikbesilinon mel 2 and et ¢pnsluck f dhe progess iof thapelidifigationn

"ntersti 1 al Bgoishett agkels el Bk At Vol RERR it 2ol o
f the silicqh . - at1 Very = 3 t
'n the o111 con bRt i br B RATERES PRAEEE, The LOSARRRDT dron 20er

Mor eover, thehélhatleation hgentdh théeilidoamaéle2sis Oin pditicilde bhaitéront RASN
particles can be easily controlled in a targeted manner. 10 In order to
ensure that tregoos,ythasl ki satwratioat cencentration | of thef eutkeation dgentgd the t he

nucl eati on agent are, oyer gr own efeci-free ones as the crystalli.sation
course progr ggécé)él, mleHey’t %ﬁﬁ?@%@%&fﬁﬁbﬁ qry]st@]ﬁ]éagqrf I TBRCIAR tgeqegf.
controlled i . 3 ' L di fi.cati reofi: hy 15
nmeans of t he%%ﬁtﬁ%‘gﬁi’?e lﬁoné r onlg{eévﬁ‘gceIE%fmf%égrotclbgﬁl %lir}ﬁlé ﬂ% fog)rlr%l rature
in the silicof thesilicdn insele2NAESdAIATE fonthsi&badin@sht | thetnahbeoatd ﬁ;ﬁ&i@lésl tes
rich in defects do not have enough energy to grow, This is achieved by a
smal | under c ®@éthexgudeatioreaggritiacothenefore formiedehy meltrsystheisisgr owt h ¢l ose to
equi l i br_'ilblm t akes pl ace.

The nucleation agent involves the same substances as in the embodiment

described above, to the description of which reference is hereby made.

According to the invention, it was' determined that the size of the
15 precipitations of the nucleation agent during the solidification of the melt

depends, in particular, on the supersaturation of the nucleation agent in the

silicon melt 2, the convection and the undercooling of the silicon melt 2. It

1s provided according to the invention that the convection be controlled in a

targeted manner in the silicon melt 2 by means of the temperature control
20 device 9. |

The convection in the silicon melt 2 is controlled in a targeted manner at
least during a predetermined method portion, in particular before the
beginning of the solidification of the silicon melt 2, by means of the
25  temperature control device 9. It is preferably controlled in such a way that
it 1s limited to a volume of at most 50 %, in particular at most 25 %, in
particular at most 10 %, but at least 1 %, in particular at least 5 % of the

silicon melt 2 in the region of the container base.



20 It is possiblein all the enbodl ments described above to arrange the
nucl eation agent with a spatially varying concentration in the mould 3. The
concentration of the nucleation agent in a region close to the base of the
nould 3 can be greater here than in a region which is further away fromthe
25 base ‘of the nmould 3. The nucl eation 1%,gent can, in particular, be
arranged in the nmould 3 in such a way that a gradl ent thereof fornms in the
silicon nelt 2, the concentration of the nucleation agent decreasing in the
silicon nelt 2 with an increasing spacing fromthe base of the nould 3. -.
14 - Mor eoverThe pregipitasonpehhalednoscal hutlbatieniagentnparticledesscthetefdreabove
that the nucleatl ent be ppl.ied at a certain tinme, at certain tines
or during cerlfiit ‘?F?;S%é Sreg;on[ Fréff AMRAHABE lgmmH?ulat:afhe@nuqang)@elwm o the

Id 3. d be suppl i ed
he moui d 5 ROPHEE SH0:) bt REMEEaROR HedRE: b Mo RE il Byl of T’
mould 3. It GRe ﬂ@ﬁv@&&fﬂi@&@é’m&ﬁ% drligs BFﬁltei%;}Iglb%%P Ig%g.”gi lbfczﬁpp' led to

the nould only after the beginning of the ne
Qobvi ouslyp the different enbodiments nmay be conbined with one another. 10

The silicon ingot prlgzduced according to the invention has a length L in the
direction of “aVEBhER ﬁbﬁm%@@lo eéHlCIfiaﬁlOﬁaﬁgpnbm Télﬁ si LCé}ﬂrlélQb to a
growt h axi s. It has rTLIltI stalln sIr ture. &l)belon f a first

end in the di ree%c(hil%vr? o‘?W{‘}%etq EhAVR es1§x rewﬁ | ower
end of 15 thejiameRls bR th@‘?ldﬁ%éln@n:ga etntf"i)aﬂléll% 9551{}51%%@1??1'1%5 gsed

grain denS|ty which, in the di rect on “per pen |cu ar ongi ud| nal
axis, is at agete%ﬁ@nnhfrt 2, in particular at least 600 dm2, in particular
at |east 800 dm2. The region of this grain density that is very high at
the end 19 limited to at npst 20 cm in particular at nost 10 cm in
particul ar at_nost 5 ¢ i rticlr2 at nost.2.c in particular at
nost 1 cmfr(;ﬂ]()tra‘:ér 1p; n{‘“eetﬁap gla“ﬁﬁrs‘gli Ebfl%{ﬁnqs EREEON cut
of f, in partiggdl @y, of,f h elo In the
fx c%ﬁﬁ@n et Are d&%'rgﬂw - a& edgg‘%gﬁ %Eesb és V\ihe

remai ni ng region, e silicon ingot -h

subst anti al | yrysattisatidd coersé Er@g&éﬁseﬁuih%rtenip@mmeaéodr&aﬁi thléﬁlﬁ’ccfrfiﬁfeﬁr of
1.5, in particular at |east a factor of 2, in particular at |east by a

factor of 2523is tonteollachim aj talrgftted rmglrmn diritghéne solsdifieation itheredfidyy wor ds
| |dln st Ih ﬁgﬁ? ghe é?glrs]é)fmg te':srlnﬁér%?ur}e |ng ol Herxggg Beijn Se(l:r%%{lgr,nt%ettgrntpgreathrrcla\/l%nt fon is
the silicon melt 2 is controlled in such a way that the crystallites rich in
defects do not have enough energy to grow, This is achieved by a small
undercooling of the silicon melt 2, i.e. a crystal growth close to equilibrium
takes place.
20 |
It s possible in all the embodiments described above to arrange the
nucleation agent with a spatially varying concentration in the mould 3. The
concentration of the nucleation agent in a region close to the base of the
mould 3 can be greater here than in a region which is further away from the
25  base of the mould 3. The nucleation agent can, in particular, be arranged in
the mould 3 in such a way that a gradient thereof forms in the silicon melt
2, the concentration of the nucleation agent decreasing in the silicon melt 2

with an increasing spacing from the base of the mould 3.



particul arly advantageous crystal structure. It is, in particular, lowin
‘defects. In the end region, the surface fraction with a reduced defect -
15 - density is in particular at least 90 % in particular at |east 95 % of
the cross-sectional area of the silicon ingot. A region with a reduced
defect density is taken to nean here a r$gi on with a dislocation density of
l-ess than 105 cm2. In the region adj of K ng the end region, the surface
fraction with a reduced 5 defect density is at least 80 % in particular at
least 85 % in particular at least 90 % in particular at |least 95 %of the

cross- sect i onlorepves, Bimayhbe provided in aljahe embogﬁhbmclsgmsm{)ﬁi §b&@ﬂmtka€
roduced fromthe sil.icon ingot produced according to the invention.
'FI)'hese are nur?tl‘F-IE‘F fi9n aggBt B FypRlied M Ragestaimtimayat eertain dimesomdining

surface, T B Bl ACRSLIS RyELECH Sl o Syadrangular, in
part |l es. Apdgashs S0l ok fibei08y bR LTRSS TEL "

at nbost 1 prm The particles have silicon an of a

conpound &f dieforatite pinmihgtdfethe reeieing ofsbk eawvefaldrRMoFiRe @U@ 2 car bon,
oxygen and nitrogen. The density of the particles in the wafer is at |east
102 cm 3, in G848 dlse heaproyidedethat thomuctaationi ageparbei suppliedao theasould7? cm 3.

20 The wafers_aregpapti.cularly l.ow in. defe ﬁ_%.,The surface fraction with a
reduced def ec(frﬁﬁéﬁt%{}ﬁ?t?e@l%‘imé@gglﬁe msltang Pg MGy ar at least 85 % in
particular at least 90 % in particular at |east 95 % of the wafer surface.

Obviously, the different embodiments may be combined with one another.
10
The silicon ingot produced according to the invention has a length L in the
direction of a longitudinal axis, which, in particular, corresponds to a
growth axis. It has a multi-crystalline structure. In the region of a first end
in the direction of the longitudinal axis, which is formed by a lower end of
15  the ingot in the mould .3, the silicon ingot has an increased grain density,
which, in the direction perpendicular to the longitudinal axis, is at least
400 dm”, in particular at least 600 dm?, in particular at least 800 dm™. The
region of this grain density that is very high at the end is limited to at most
20 cm, in particular at most 10 cm, in particular at most 5 cm, in particular
20 atmost 2 cm, in particular at most 1 cm from the first end of the ingot. This _
region is hereafter cut off, in particular sawn off. It is designated the end
regidn below. In the remaining region, the silicon ingot has a grain density,
_ which is substantially lower. It is in particular, lower at least by a factor of
1.5, in particular at least by a factor of 2, in particular at least by a factor of

25 3, lower than in the region of the first end, in other words in the end region.

The silicon ingot produced according to the invention is distinguished by a
particularly advantageous crystal structure. It is, in particular, low in

defects. In the-end region, the surface fraction with a reduced defect

4



25 The wafers, in a region of at least 80 % in particular at least 90 %
in particular at least 95 % of the wafer surface, have a grain density of
at least 600 drl11-2, in particular at |least 400 dm2, in particular at
lleast 300 dm2. -16- Clains 1. A nethod for producing a sili con i ngot
conprising the follow ng steps: providing a container (3) to receive a
silicon nelt (2), providing a terrperat'lﬂr ~control device (9) to control the
tenperature of the silicon nelt (2) in the container (3), arranging raw
material in the container (3) conprising silicon and at |east one

nucl eati on agdemsityds asparsicular heteasoe Mg dn particll gedti loast o5 %heF thé bigen nel t
(2), and control of the tenperature in the container (3) in such a way that
the raw nat er§egiona aé?*é@éﬁte siligon mgoa &pegllofllwrltlmatrhdandodafeﬁrdenaﬂyss l i con

melt (2) in th nt ai n edln di rect ed nmgnner
dur i né 231 subsggﬂé E‘SEF fb%ﬁ&‘?%ﬁ"lﬂ\/\ﬂ‘uaﬁi %Ut"ﬂ eﬁﬁ’é}’@g??séﬁ %&tc@orrpr |hses
nanoscal e parit,i I r| s [ n that
t he nanoscal eItnptglrlet(:arlé % es@ ﬁg%ﬁfef@ﬁe(f;%o]ﬁ Otggcsghf?g%grear%ﬂ%)wl age B??d;
material. 5 defect density is at least 80 %, in particular at least 85 %, in particular at

least 90 %, in particular at least 95 % of the cross-sectional area of the

silicon ingot.

Silicon wafers can be produced from the silicon ingot produced according

10 to the invention. These are multi-crystalline silicon wafers.

The wafers have a wafer surface. They may be rouﬁd, in particular circular, -
or quadrangular, in particular square. The wafers have a multi-crystalline
structure. They have particles. At least 90 % of the particles preferably
15 have a diameter of at most 1 um. The particles have silicon and at least one
fraction of a compound of at least one of the elements selected from the
group of carbon, oxygen and nitrogen. The density of the particles in the
wafer is at least 10° cm™, in particular at least 10* cm™, in particular at least
107 cm™.
20
The wafers are particularly low in defects. The surface fraction with a
reduced defect density is at least 80 %, in particular at least 85 %, in

particular at least 90 %, in particular at least 95 % of the wafer surface.

25  The wafers, in a region of at least 80 %, in particular at least 90 %, in
| particular at least 95 %, of the wafer surface, have a grain density of at
least 600 dm™, in particular at least 400 dm?, in particular at least
300 dm™.



- A nmethod according to claim1, characterised in that the.nanoscal e
particles are fornmed by nelt synthesis. A nmethod according to claim1,
characterised in that the particles have a surface of at least 2 n2/g. A
net hod according to claim 1, characterized in that the particles have a
surface 'of at least 5 n2/g. - 17 - 6. met hod according to claiml,
char-acterized in that the particles have a surface of at |least 10 nR/g.

7. A nethod according to claiml1, characterised in that the particles 5form
getter centres for novable netal atons in the silicon ingot. 8. A nethod
according to(laimm 1, characterised in that the nucleation agent conprises
at |l east one fraction of a conpound of silicon and at | east one of
the el enments selected fromthe group of carbon, oxygen 10and nitrogen. 9. A

Compr i ses at reasifie dEstpagdiEAsy R il Bo KPR R A e,
si licon carbide_(Si de gﬁ@@ﬁ‘taﬁie%?»% resti¥)a sifibdr el (@), 1 de 15(Si 3M)

and S|I|con oxynltrlde (S
5 - providing a temperature control device (9) to control the

temperature of the silicon melt (2) in the container (3),

arranging raw material in the container (3) comprisiﬁg
-- silicon and
-- at least one nucleation agent to assist ‘a heterogeneous

10 nucleation in the silicon melt (2), and
- control of the temperature in the container (3) in such a way that

- the raw material is present, during a specific method portion, as
silicon melt (2) in thé container (3), which.is solidified in a
directed manner during a subsequent method portion,

15 °° - wherein the nucleation agent comprises nanoscale particles.

2. A method according to claim 1, characterised in that the nanoscale

particles are supplied to the container (3) as a solid material.

20 3. A method according to claim 1, characterised in that the nanoscale

particles are formed by melt synthesis.

4. A method according to claim 1, characterised in that the particles
have a surface of at least 2 m%/g.
25 _
5. A method according to claim 1, charactenzed in that the particles have

a surface of at least 5 m*/g.



10. A nethod according to claim1, characterised in that the nucleation
agent is conpletely dissolved in the silicon melt (2) during a method
portion. 20 11. A nethod according to claim1, characterised in that the
nucl eation agent is arranged in the container (3) in such a way that it has
a concentration in the silicon nelt (2), which is greater, at least in
r-egions, than a saturation concentrati 0;117of the nucl eation agent in the
25silicon nmelt (2) at the crystallisation tenperature thereof. 12. A method
according to claim1, characterised in that the nucleation agent is
arranged in the Acm%mdeaccéﬂhngmo sludin B olﬁyadtélﬁedamctﬁﬁﬁﬁiétﬁﬁlbl%‘ h%@d' ent

of the nucleation agent occurs in fhe silicon nmelt (2).

met hod accor di nga§ aqenfaticast dAandgt eri zed i n that the concent ratl on_ S

hi gher in the region of a container base than in a remai nder of the silicon
melt (2). 5 14. A nethod according to claim1l1, characterised in that the

. rding to 2
fansity of a1 caerefsacRRling o LARNCE, Fhiafdfedben 1 AT cheimahctes © °

characterized i rforinagettehecmés fo IneGvabdé nle@ASitoms 11@tl§e°ﬁﬁb&'1 anro?g' on in the

silicon nelt (2), have a density of at |east 104 cm 3 A met hod

according to claiml1, characterized in that the parti cI es],c at 15l east in a
Sili con melt .(2), have a density of at _

specific reglé)n A met?lod accor ng to ¢ a1m , characterised in tﬁat the nucleation

agent comprises at least one fraction of a compound of silicon and at
least one of the elements selected from the group of carbon, oxygen

10 and nitrogen.

9. A method according to claim 1, characterised in that the nucleation
agent comprises at least one fraction of a compound selected from the
group of silicon carbide (SiC), silicon dioxide (SiO,), silicon nitride

15 (Si3Ny) and silicon oxynitride (Si>N,O)

10. A method according to claim 1, characterised in that the nucleation
agent is completely dissolved in the silicon melt (2) during a method
portion. | |

20

11. A method according to claim 1, characterised in that the nucleation
agent is arranged in the container (3) in such a way that it has a
concentration in the silicon melt (2), which is greater, at least in
regions, than a saturation concentration of the nucleation agent in the

25 silicon melt (2) at the crystallisation temperature thereof.

12." A method according to claim 1, characterised in that the nucleation
- agent is arranged in the container (3) in such a way that a concentration

gradient of the nucleation agent occurs in the silicon melt (2).



least 107 cm 3. 17. A nmethod according to claim1l, characterised in that a
convection is controlled in a targeted manner in the silicon nelt (2), at

| east during a 20predeterm ned nethod portion by means of the tenperafure
control device (9). 18. A method according to claim 17, characterized in
that the convection is controlled in a targeted manner in the silicon nelt
((2) before the 25beginning of the solidification of the silicon nelt (2) by
means of the tenperature control devite®{9). 19. A silicon ingot conprising
a. a longitudinal axis, - 19 - b. a first end in the direction of the '
I ongi tudinal axis, c. a second end in the direction of the |ongitudinal
axis, d. alength (L) inthe direction of the longitudinal axis, e. a

mul ti-crystalline structure and ) i .
13. A method according to claim 12, characterized In that the
concentration is higher in the region of a container base than in a

remainder of the silicon melt (2).

14. A method according to claim 1, characterised in that the particles, at
least in a specific region in the silicon melt (2), have a density of at

least 102 cm™.

10 15. A method according to claim 1, characterized in that the particles, at
least in a specific region in the silicon melt (2), have a density of at

least 10* cm™. "

16. A method according to claim 1, characterized in that the particles, at
15  least in a specific region in the silicon melt (2), have a density of at

least 107 cm™.

17. A method according to claim 1, characterised in that a convection is
controlled in a targeted manner in the silicon melt (2), at least during a
20 predetermined method portion by means of the temperature control

device (9).

18. A method according to claim 17, characterized in that the convection is
controlled in a targeted manner in the silicon melt (2) before the
25 beginning of the solidification of the silicon melt (2) by means of the

temperature control device (9). |

19. A silicon ingot comprising

a. alongitudinal axis,



5f. a grain density, which, in the region of the first end, is at |east 400
dm 2. 20. A silicon ingot according to claim19, characterized in that the
grain density, in the region of the first end, is at |least 600 dm2. 10 21.
A silicon ingot according to claim19, characterized in that the grain
density,” in the region of the first end, is at |east 800 dm 2. 22. A
silicon wafer made of multi-crystalling ?SI|ICOH with a wafer surface 15and
with particles, wherein a. at |east 90 of the particles have a di aneter
oflat nDstdl tu[n and b. %he particles have a fractlon of a compound of
silicon and at | east_one of the. el enen sel ect ram t he group of r
oxygen and nit rbgeﬁ firgigerglain thegimepg%oigfeelpngge [W& Sto cl gl m IC2)2 carbon.

characterised b di n 05 cm2 in a range
of at |east 80 615 ‘E%‘S%Ef &?&ggéh ét?%lolng ﬁ{é jg density of at °
least 102 cm 3. d25a length (L) in the direction of the longltudlnal axis,
e. a multi-crystalline structure and
5 f. a grain density, which, in the region of the first end, is at least

400 dm™.

20. A silicon ingot according to claim 19, characterized in that the grain
density, in the region of the first end, is at least 600 dm™. |

10
21. A silicon ingot according to claim 19, characterized in that the grain

density, in the region of the first end, is at least 800 dm™.

22. A silicon wafer made of multi-crystalline silicon with a wafer surface
15 and with particles, wheréin
a. atleast 90 % of the particles have a diameter of at most 1 um, and
b. | the particles have a fraction of a compound of silicon and at least
one of the elements selected from the group of carbon, oxygen and
nitrogen.
20
23. A silicon wafer according to claim 22, characterised by
a. a dislocation density of less than 10° cm? in a range of at least
80 %, of the wafer surface and
b. a particle density of at least 10* cm”.
25
25. A silicon wafer .according to claim 23, characterized in that the
dislocation density is less than 10° cm in the range of at least 85 % of

the wafer surface.



25. A silicon wafer according to claim23, characterized in that the

disl ocation density is less than 105 cm2 in the range of at |east 85 % of
the wafer surface. - 20 - 26. A silicon wafer according to claim 23,
characterized in that the dislocation density is less than 105 cm2 in the
range of" at | east 90 % of the wafer surface. 5 27. A silicon wafer
according to claim23, characteri zed [? that the dislocation density is

l ess than 105 cm2 in the range of at [éast 95 % of the wafer surface. 10
28. A silicon wafer according to claim 23, characterized in that the
particle density is at least 104 cm3. 29. A silicon wafer according to
claim 23, characterized in that the particle density is at |east 107 cm 3.

15 30. A silico fer accordin oclal r r y a. a
def ect area hgagt' W WHES atcﬁgﬁfni% 9 5 2% é}ag?cﬁg@ienm {h% ckrt%gre t han
300 dm 2. dislocation densxty is less than 10° cm™ in the range of at least 90 % of

the wafer surface.

27. A silicon wafer according to claim 23, characterized in that the
dislocation density is less than 10° cm? in the range of at least 95 % of

the wafer surface.

10 28. A silicon wafer according to claim 23, characterized in that the particle

density is at least 10* cm™.

29. A silicon wafer according to claim 23, characterized in that the particle
density is at least 10" cm™.
15
30. A silicon wafer according to claim 22 or 23, characterised by
a. a defect area fraction of less than 15 % and

b. a grain density of more than 300 dm™.



