Method for producing a single crystal composed of silicon by remelting granules The invention relates
to a method for producing a single crystal composed of silicon by remelting granules with the aid of a
device comprising a rotating plate composed of silicon having a central opening and a conical tube
composed of silicon, said conical tube enclosing the opening and extending below the plate composed
of silicon, furthermore a first induction heating coil, arranged shove the plate composed of silicon, for
melting silicon, and finally a second induction heating coil, arranged below the plate composed of
silicon, for crystallizing molten silicon. The method,is similar to the floating zone method (El method).
The particular. difference is that, instead of a polycrystalline feed rod composed of silicon,
polycrystallineygragules compased Qfsilican aredemelied 1 The granules gapshe obtained by

precipitation in the fluidized bed. Dedicated iggggtionrg%atine%cm s ("inductor coils") are respectively

. o =it . . . .
used for melting the granules and for crysta?llzmg%hg molten granules, said coils. being situated above
and respectively below a rotating plate composed of silicon. The granules composed of silicon are
melted with T aidotheéTirst retictidn-Reatifg CoiFafeT oW @& e &f Ifgdidsilicon through the
central opening st thewomeal tubesoflithecplate arrhicrm acmettawhicks imiamanrercdntrolled by the
second indugtion heating codknis-crysiallizegtostoiwa grawing sitgleLrystal compesed of silicon. The
method and deyjees suitable for cauying,out the . od arg described jp greater detail in DE 102 04178
Al. DE 10 209&9%0n329 Eél énggurgiesaah%&%scg;%;%r%gﬁ grtlggugtiog,gl%agng{ c&ltfé)r C{@glting granules
which has prOJectln%'segments in the center of the loweér side, with the ai of Which §e§ments the film

of liquid silicBi R4t HowE HorR the At anathfsughthe COHEAFTINE fo the miélt can be heated and

kept 2 induction heating coil, arranged zbove the plate composed of
silicon, for melting silicon, and finally a second induction
heating coil, arranged below the plate composed of silicon, for
crystallizing molten silicon.

The method is similar to the ficating zone method (FZ method).
The particular difference is that, instead of a polycrystalline
f{eed rod composed of silicon, polycrystalline granules compoéed
of gilicon are remelted. The granules can be obtained by
precipitaﬁion in the fluldized bed. Dedicated induction heating
coils (finductor ceolls") are respectively used for melting the
granules and for crystallizing thes molten granules, sald coils
being situated above and respectively below a rotating plate
composed of silicon. The granules composed of silicon ars
melted with the aid of the first induction heating coll and
filow as a film of liguid silicon through the central opening
and the conical tube cof the plate and form a wmelt which, in =&
manner controlled by the second induction heating coil, is
crystallized to form a growing single crystal composed of

gilicon.

The method and devices suitable for carrying out the method are
described in greater detail in DE 102 04 178 AL.

DE 10 2008 013 22¢ Al incliudes the description of an industion
heating coil for melting granules which has p&ojecting segments
in the center of the lower side, with the aid of which zegments
the £film of liguid silicon thatr flows from the plate and
through the conical tube to the melt can be heated and kept



liquid. It has been found, however, that even when a coil of this type is used, is not possible reliably to
prevent a situation in which the tube end of the conical tube becomes narrower and narrower in the
course of the growth of a conically extended section of the single crystal and, finally, freezes up as a
result of silicon undergoing transition to a solid state. It is an object of the present invention to
implement measures which reliably prevent the tube end of the conical tube from freezing up in this
way. The object is achieved by means of a method for producing a single crystal composed of silicon
by remelting granules, comprising crystallizing a conically extended section of the single crystal with
the aid of an induction heating coil arranged below a rotating plate composed of silicon; and feeding
inductively meléed gilicon through a conical tube in the plate, said tube enclosing a central opening of
the plate and extending below the plate, to a melt that is situated on the conically extended section of

the single crystal and has contact with a tube end of the conical tubceé v}(hgr;eig,with;he aid of the

. . " a8 .peen Iound, owever VETL W .8 1 L. Lol j» &

-induction heating cofanangeg elow the plate, enougﬁ energy is prowded”ln‘orger tat the external
diameter of the & entlisHGt SRERT thah®ts At as oA 85 the GoMitale e5BndRd section of the
single crystaiibsha dignietet otad 5 30RNT BRtFRicryseallized oAt thastaewithenthethod, the conical
tube, which atthiswmoint.in time isstibelosed off gtrihe-tubet eaddoy: adayey ofsodidditicon, is incipiently
melted at the:&ihe #ndwiththe pid of thejaductiandeating.coil- arranged belgwthe:plate, a small

volume of liquid silicony agising..Lhe fube-end.of the conical tube is. broughtta ashortest possible
distance from the internal hole in the induction heating coil, in order that a high energy density can be

inductively transmitted to the ) ) . _
Ic 18 an object of the present invention to implement measures

which reliably prevent the tubs end of the conical tube from

freezing up in this way.

-The cobject is achieved by means of a method for producing a
single crvstal compesed of gillicon by remelting granules,
comprising

crystallizing a conically extended section of the single
crystal with the aid of an induction heating coll arranged
below a rotating plate composed of silicon; and

feading inductively melted silicon through a conical tube in
the plate, sald tube enclesing a central opening of the plate
and extending below the plate, fo a melt that is situated on
the conically extended section of the single crystal and has
contact with a tube end of the conical tube, wherein with che
aid of the inductidn heating coil arranged below the plate,
enough energy is provided in order that the sxternal diameter
of the tube end iz not smaller than 15 mm as long as the
conically extended section of the single ¢rystal has a diameter

of 15 to 30 mm and ig crystalligad.

At the start of the method, the conical tube, which at this
point in time is still closed off at the tube end by a layer of
solid silicon, is incipiently melted at the tube end with the
aid of the induction heating coil arranged below the plate, a
small volume of liguid siliceon arising. The tube end of the
conical tube is brought to a shortest possible distance from
the intermal hole in the induction heating coil, in order that

a high energy density can be inductively transmitted to the



tube end and the forming volume of molten silicon. Afterward, a monocrystalline seed crystal is
attached to the volume of molten silicon and, in accordance with the FZ method, firstly a thin neck,
then a section of the single crystal that is extended conically as far as an end diameter, and finally a
section having a constant desired diameter are crystallized. The requisite material of molten silicon is
provided by melting of the layer closing off the tube end, by partial melting of the conical tube from the
tube end, by partial melting of the plate from above and later by melting of granules composed of
silicon. In the course of the crystallization of the co3nically extended section of the single crystal, a melt
forms on the conically extended section, which melt extends through the internal hole in the induction

heating coil agrsagadsbelow the plate.and hasepntact withdbe tubesend of the conical tube by means
of a solidMiayd phase houndan, bea e sgction haviua lne consiant deglied glameter is
' ' [ il and t

crystallized, or It appropriate already beforehand, the induction heating coll_ the melt are positioned
relative to oRE anothér sich that the Meft Sxtendas synimetricafy tHrdligh it iftéFiar flofe in the
induction heafing CBiE: THEfVENTSH L EkpRmed h §H85teT detaf Belowithireference to figures.
Figure 1 shows arsigfativntisat leadsstC e asbeentrfiedzinpupyr Firne Z Sholls how the tube end is
prevented freacfreezing upmdVhemthe: aanicadlyexdendesheection of the-gingleiarystal is crystallized,

there is the risk of the conicakbhe-narrovingdo-am increasig exteptip;thesregiopofthetube end as a
result of solidifying,silicon until the fubg-endis C&E@,@eg%u,C'8§eg?@@i£he£gﬂ§§we&ce of this is that

the growth of thEe g(ijrglngg q_rygti%lecqrpes toa Sé%%gsg;!l ecause molten silicon can no longer be .made
available by tfﬁle conical tube andfor becalse molteh silicon Bf]ﬁ5§% WFehe 88nfeal tibe and finally
comes 4 int§ Corftact AMFHE firSENdiRtdh Feafify toll affan@etrabsse tRENRE4fng Dlate composed
of silicon. &ilicon. In the course of the cyrystallization of the cenically

extended section of the single crystal, a melt forms on the

conically extended secticon, which melt extends through the

internal hole in the induction heating coil arranged below the

plate and has contact with the tube end of the conical tube by

means of a scolid/liguid phase boundary. When the section having

the constant desired diameter is crystalliized, or if

approprizte already beforehand, the inducticn heating coil and

the melt are positicned relative to one another such that the

melt extends syvmmetrically thrcugh‘tha internal hole in the

induction heating coil.

The invention is expilained in greater detall below with

reference to. figures.

Figure 1 shows a situation that leads to the tube end freezing
ug .

Figure 2 shows how the tube end is prevented from freezing up.

When the conically extended section of the single crystal is
crystallized, there is the risk of the conical tube narrowing
to an increasing extent in the resgion of the tube end as a
result of geclidifving silicon until the tubes end is completely
closed cff. The consequence of this is tha:z the growth of the
singie crystal comeg to a standstill because molten silicon can
no longer be made avalliable by the conical tubs and/or because

moliten silicen builds up in the conical tube and finally comes



The reason for this is considered by the inventors to reside in the fact that the external diameter of the
tube end of the conical tube during a critical phase in which the conically extended section of the
single crystal has a diamete,. of 15 to 30 mm and is crystallized is-not large enough to enable the
liquid/solid phase boundary between the tube end the melt to have a progression that avoids freezing
up. The invention ensures such a progression of the phase boundary by virtue of the fact that, with the
aid of the induction heating coil arranged below thg plate, the tube is melted from the tube end to an
extent such that the external diameter of the tube énd is not less than 15 ram during the critical phase.
Figure 1 shows the crystallizing conically extended section 1 of the single crystal and part of the

previously crystallizeg:thin neck:2 kurtherarystalgrovdh is ded Hysthe sliconmel-3 dying on the
conically extgnded gggtiggtgg)ﬂlt% %@Igﬂ gfo%gggtgnogliggﬂggg}lﬂows on the inner wall of the conical
tube 6 of the plate 5 composed of silicon to the melt 3. The film is produced and kept liquid by incipient
melting of the plate surface by the first induction heating coil 7, arranged above the plate. At a later
point in time T 88id FARRIIT hedtitty ¢6il 7R Re o MfuCtER MER grantfids 48 édmposed of
silicon which-&fe E8rveyearthibagiradunnel $250moaheddlatds. THesfirnd isfthdreformed principally
by molten gramuies.1Theraddctionsheating coileZ préferabiynhas the featuresattie induction heating
coil describegin-RE=40:2008 &113.826-Al. sEhe lawer side. of the: plate:5iis cepled; fos example by a
coiling device,1QThe second.inductiqn heating.ceil 8, @%?ﬁ'% the plate Scomposed of silicon,
is principallyﬂperqacrle{g ig .tgeb%argg way as in t@)% ;_FZprg}let le, ]‘_i%%t g/ Lr}l 8@%% toc ystz%IIize in controlled
fashion the séction 1 that s extended conléglly as far as an en iameter, and then I order to

:

crystallize in"Goffr81I&F PESARTHiTe 58RH0AGHR JRGRF ERBEFhaving ATOHEERPdesired diameter.
During the cfifi€#FgRaseskhanriesdiarietdt stihevomealy exended seetionit Bfgheisingle crystal
has grown tais tte30 mheandwhierexternal diamhetdr=Diofthettube erdwfrtheccanical tube 6 is or - -
becomes smallesdhan e ram, dhereis ehigtprahahility-otibe-eanicabiuke $ freszingap at the tube

end. The smalle the external. diameter Rqthe.maresteeply the seliddiquid phase boundary 9 falls
inward from gé%triglgng nt T at trq% Quter edg&gf :[::he:L ;ull%% ndnofs ghe conical tube 6. Owing to the
gradient, the triplé point T tends to be shifted inwar along the p?hasle boundary 9. Consequently, the
distance between the melt 3 and the second induction heating coil 8 increases, as a result of which
less energy BiUPHASMIttEAIBIhE TS Tt tHe islt 3Rt atens BhreaseSsHlfFat e tube end of the
conical tube €2 Régucingthe distaneé Betweasrrinduttivreheatngcoil8 and riell Bigrekcreasing the
heating powerefithe:induction-heating-eot Sano Jengenpravides avemedy:itthissituation. Such _
measures even {osier the inereasingnarowing ok the tube end beeaysethe eleciromagnetic pressure

then pressese. melt 3:and ine duple-git Tevepurheringerd. Jp orger [Slably.opievent the

described m%ch%nlskrln froémtprogeeding, with tpe Q@,of thetln kucglonaheatlng coil 8 arranged below the
plate 5, the conical Tibe 6 75 talted Fom the tuBbe- shd 10 an extent'sdéh that the extdiml diameter D of
the tube endHETiBt1ESs Hidn B8 i dtfidgthe dhticat PHase: THiE%eshiItshA & pré§ression of the
solid/liquid phasédsuitantas Irsttatselirrfigare ReThensolidliguit phasedssdndanyases inward from
the triple point:¥ atithesouter edgeoéthediube end oftike conicalitube-6: therslapemsuffices to ensure
that the triple-peint-T remains instable Jashion-at the outenedge of.thedube endofdbe cenical tube 6,

and the distance; hefween the second.indiction, heating.call. 8,and the melt %Qgegméncrease- The
diameter of the ipternal hole 11 in the setond induction heating coil 8 is greater than the diameter of
the melt 3 anid e ri.lm 1s then rormed principally DY moltell granules.

Tne induction heating colil 7 preferably has the features of the
induction heating coil describsd in DE 10 2008 013 326 Al. The
lower side of the plate 5 is cooled, for example by a coiling
device 10. The seccnd induction heating coil 8, arrangsd below
the plate £ composed of silicon, is principally coperated in the
same way as in the FZ method, firstly in order to crystallize
in controlled fashion the section 1 that is extended conically
ag far as an end diameter, and then in order to crystallize in
contrelled fashion the section of the single crystal having a
constant desired diameter.



6 is preferably more than 30 mm and not more than 40 mm. The ratio of the external diameter of the
tube end of the conical tube 6 and the diameter of the internal hole 11 is preferably 1:3 or greater,
particularly preferably 1:3 to 4:5, during the critical phase. If the conically extended section 1! has
already grown to a diameter of more than 30 mm, the amount of molten silicon that continues to flow to
the melt generally suffices to prevent the tube end of the conical tube 6 from freezing up, even if the
external diameter D of the tube end of the conical tube falls below 15 mm. Example: series of single
crystals composed of silicon having a diameter of 100 mm were produced by remelting granules. The
table below shows the number of attachment attempts that were necessary on average in order to
successfully produce a single crystal, to be precise depending on the external diameter of the tube end
of the conicaj tubg in.the petiod ofitime.betwgen regching,adiameter of the Gonically extended section

| |
of 15 mm and teaching,a dJameter o 40 . IExdernal dlameter of e tube end

30 wm and the external diameter D of the tube and of the

to

conical tube 6 is or becomes smaller than 15 mm, there is a
high probability of the conical tube 6 freezing up at the tubs
end, The smaller the external diametsr IV, the more steeply the
golid/liquid phase boumdary % falls inward from the triple
point T at the outer edge of the tubs end of the conical tube
&. Owing to the gradient, the triple point T tends to be
shifted inward along the phase boundary 9. Conseguently, the
digtance between the melt 2 and the second induction heating
coll 8 increases, zs a result of which less energy is
cransmitted to the melt 3 and the melt 3 threatens to Ifreezs
solid at the tube end of the conical tube €. Reducing the
distance between induction heating coil 8 and melt 3 or
increasing the heating power ©f the induction heating coil 8 no
longer provides a remedy in this siftuation. Such measures even
foster the increasing narrowing of the tube end because the
electromagnetic pressure then presses the melt 2 and the triple
point T even Iurther inward.

In eorder reliably to prevent the describsd mechanism from
proceeding, with the ald of the induction hesating coil 8
arranged below the plate 5, the conical tube 6 im melted f£rom
the tube snd to an extent such that the external diameter D of
the tube end is neot lsss than 15 mm during the critical phase.
This results in a2 progression of the solid/liguid phase
boundary as illustrated in figure 2. The solid/liguid phase
boundary rises inward from the tripie point T at the cuter edge
of the tube end of the condical tube 6. The slope suffices to
eansure that the friple point T remains instable fashion at the
outer edge of the tube end of the conical tube &, and the
distance between the second induction heating coll 8 and the

melt 3 does not lnoreass.

The diameter of the internal hole 11 in the second induction

heating coll § is greater tThan the dismeter of the melt 3 and



Attachment attempts less than 15 mm4 15 mm and greater 7 Patent Claims 1. A method for
producing a single crystal composed of silicon by remelting granules, comprising

iz preferably more than 320 mm and not more than 40 mm. The
ratio of the external diameter of the tube end of the conical
tube € and the diameter of the internal hole 11 is preferably
1:3 or greater, particularly preferably 1:3 to 4:5, during the
critical phase,

If the conically extended section 1 has already grown Lo a
diameter of more than 30 mm, the amount of molten silicon rthat
continues to flow to the melt gensrally suffices to prevent the
tube end of the conical tube 6 from freezing up, even if the
external diameter D of the tube end of the conical tube falls
below 15 mm.

Example: _

A gerieg of single crystals composed of gillicon having a
diameter of 100 mm were produced by remelting granules. The
table below shows the number of attachment attempts that ware
necessary on averags in order to successfully produce a singie
crystal, to be precise depending on the external diameter of
the tube end of the conical tube in the period of time betwsen
reaching a diameter of tThe conilcally extended secticon of 15 mw
and reaching a diametrer of 30 mm.

External diameter of | Attachment attempts
the tube and

legs than L5 mm 4

Fanl

15 mm and grsater




crystallizing a conically extended section of the single crystal with the aid of an induction heating coil
arranged below a rotating plate composed of silicon; and feeding inductively melted silicon through a
conical tube in the plate, said tube enclosing a central opening of the plate and extending below the
plate, to a melt that is situated on the conically extended section of the single crystal and has contact
with a tube end of the conical tube, wherein with the aid of the induction heating coil arranged below
the plate, enough energy is provided in order that the external diameter of the tube end is not smaller
than 15 mm as long as the conically extended section of the single crystal has a diameter of 15 to 30
mm and is crystallized. 2. The method as claimed in claim 1, wherein, with the aid of the induction

heating coil agranged-bglaw the plate, enough energy is provided in order that the ratio of the external
diameter of the tube end and the diameter of an internal hole in the induction heating coil is 1:3 or

greater as long as the_conically extended section of the single crystal has a diameter of 15 to 30 mm
andiS(xysuﬁHzédethOd Ior produclng a single crysStal Compesed of silicon

by remelting granules, comprising

crystaliizing a conically extended section of the single
crystal with the aid of an induction heating coil arrvanged
below a rotating plate composed of silicon; and

feading inductively melted silicon through a conical tube in
the plate, said tube enclosing a central opening of the plate
and extending below the plate, to a melf that is situated on
the conically extended sgection of the gingle crystal and has
contact with a tube end of the conical tube, wherein with the
aid of the induction heating coll arranged below the plate,
enough energy is provided in order that the external diameter
of the tube end is not smaller than 15 mm ag long a5 the
conlcally extended section of the single crystal has & diameter
of 15 to 30 mm and is crystallized.

2. The method asg claimed in claim 1, wherein, with the zid of
the induction heating coil arranced below the plate, encugh
energy is provided in order that the ratic of ths externsl
diametrer of the tube end and the diameter of an internal hole
in the induction heating coll is 1:3 or greater as long as the
conically extended section of the single crystal has a diameter
of 15 to 3¢ mm and ig crystallized.



