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Abstract

The present 1invention relates to a carbon electrode
having a conical or pyramidal tip, wherein the tip 1is

surrounded on 1ts side by a railsed edge.
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Conical Graphite Electrode with Raised Edge

The invention relates to a carbon electrode having a
conical or pyramidal tip, which is surrounded on 1its

side by a ralsed edge.

Graphite electrodes are used in many different

applications 1n  1ndustry. Examples of these are

e

aluminum and steel production, electrolysis of salt

gr—

melts, electrolytic decomposition of chemical

compounds, thermal deposition reactions, arc welding,
measuring instruments and many others.

———

One important application  1s the deposition  of

-

polysilicon by the Siemens process, 1n which highly

pure elementary silicon is deposited from the gas phase

on the surface of silicon rods. In this case, elemental

—

silicon 1is deposited from a mixture of hydrogen and

halosilanes, or a silicon compound contalning hydrogen,

in the gas phase, onto the surface of a thin silicon

rod heated to from 900 to 1200°C in a deposition

reactor.

The silicon rods are held in the reactor by special

electrodes, which generally consist of highly pure

electrographite. Two thin rods with different voltage

polarity on the electrode holders are respectively

connected by a bridge at the other thin rod end to a

closed electrical circuit. Flectrical energy  for

heating the thin rods 1S supplied through  the

electrodes and their electrode holders. The dlameter of

the thin rods then grows. The electrode simultaneously

grows, starting at 1ts tip, into the rod foot of the

silicon rods. After a desired setpoint diameter of the

silicon rods has been reached, the deposition process

19 ended. The incandescent silicon rods are cooled and

removed.

Particular importance is attached here to the material

and the shape of the electrodes. They are used on the
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one hand for holding the thin rods, passing the flow of

current 1nto the silicon rod, but also for heat

transfer as well as a secure support for the growing
rod 1n the reactor. Since the trend 1s toward
5 increasingly long and heavy rods and the rod pairs,

which by now may weigh several hundred kilograms, are

anchored in the reactor only by means of the

g

electrodes, the choice O shape and material

composition 1s in particular very i1mportant.
10

Also, depending on the subsequent use, very different

a4

requirements are placed on the silicon rods produced 1n

this way and theilr deposition process - and therefore

g—
-

If, for example, the polycrystalline

on the electrodes.

15 silicon 1s subseguently used as crushed silicon for

solar and electronic applications, the silicon rods

must not collapse during or after the deposition

process 1n the deposition reactor. Long and thick

polycrystalline silicon rods 1ncrease the economicC

ﬁ

20 wviability of the deposition process, but also the risk

ﬁh

of collapse 1n the reactor.

FElectrodes according to the prior art consist of a

cylindrical main body in the lower part and a conical

25 tip 1n the upper part. A hole for receiliving the thin

rod 1s formed 1n the conical tip. The lower end of the

electrode 1s placed 1n a metal electrode holder,
through which the current 1s supplied. Such electrodes

are wildely known and are used, for example 1in US-

30 5,284,640, for silicon deposition.

Graphite 1s mainly wused as the material for the
electrodes, since graphite 1s available with wvery high

purity and 1s chemically 1inert under deposition

35 conditions. Graphite furthermore has a very low

electrical resistivity.
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US-6,639,192 describes a graphite electrode having a

pr—

conventional shape. It consists of a cylindrical main

body with a conical tip. The tip contains a hole for

receiving the thin rod. The electrode 1s made 1in one

plece and therefore from a material (here

electrographite) with homogeneous material properties.

It has, 1in particular, a very high specifilic thermal

conductivity. A disadvantage with this embodiment 1s a

—

high frequency of <collapse before and during the

deposition until the final diameter 1s reached.

DE-2328303 describes a cvylindrical electrode without a

tip. The carrier rod is fitted into a hole on a plane

surface. This electrode shape has wvery high thermal
dissipation even with a small rod diameter, owlng to
the solid cylindrical shape. So that the rods with a
small diameter do not collapse during the deposition
process, the electrode must have a low thermal

dissipation, 1i.e. have a small diameter, and the

electrode material must have a very low specific

thermal conductivity. Thick rods, as are customary
nowadays, cannot be deposited with this electrode shape
since, owing to the small electrode diameter and the

e

low specific thermal conductivity of the electrode

for thick rod

diameters cannot be dissipated from the rod feet.

b

material, the high energy required

gr—

Graphite electrodes consisting of a plurality of layers

are known from other fields. In these cases, however,

P-

the arrangement of different layers 1s 1ntended to

optimize chemical conversions. For example, US—

3,676,324 discloses a cylindrical graphite electrode

g

which consists of a c¢ylindrical 1inner part and a

cylindrical outer part, the 1inner part having a very

high electrical conductivity and the outer part being

pr——_

porous graphite. The purpose of these multiple layers

is to avoid high voltage losses and obtain a high

chemical conversion on the porous surface. A simllar
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P b

electrode having two di:

ferent layers 1s known ftrom GB-

2135334, 1in which case the porous outer layer 1s used

-

"or the electrolytic production of fluorine.

A disadvantage with all electrodes known from the prior

art is that they are relatively susceptible to cracking

or flaking of material at the transition between the

electrode and the silicon rod or in the silicon rod, 1in

ﬁ

the vicinity of the electrode, so that they make the

silicon rod unstable.

Collapsed batches entail great economical loss. If the

silicon rods collapse, for example, the reactor wall
may be damaged. The collapsed silicon rods are then

contaminated by contact with the reactor wall and must

be cleaned on the surface. Furthermore, collapsed

batches can be removed from tThe reactor only with

o

increased outlay. The surface of the silicon 1s then

further contaminated.

£

It was an object of the i1invention to provide an

g—

electrode with which the frequency of collapse 1s

e

reduced conslderably compared wilth electrodes  of

g

conventiocnal design.

Surprisingly, 1t has been found that a carbon electrode
having a conical or pyramidal tip, which 1s surrounded

on 1ts side by a raised edge, has 1improved thermal

dissipation during growth of the filament rod fastened

p—

in 1t and an 1mproved distribution of the current

density 1n relation to the rod thickness.

The 1nvention provides a carbon electrode having a

conlical or pyramidal tip, which comprises a device for

receilving a filament rod, wherein the conical orx

pyramidal tip 1s surrounded on 1ts side by at least one

raised edge.
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The electrode according to the 1nvention (Fig. 1)

pr—

consists of a cylindrical main body (1) having a tip

(2), which 1s surrounded by a raised edge (3). A cavity

(4) which 1s subsequently used to receive  the

workpiece, for example a filament rod (5), 1s formed in

this tip. This cavity may have a c¢ylindrical, conica.

or any other desired shape. Correspondingly, the
workpiece 1likewlise has a cylindrical, conlcal or any

other desired shape, which matches the cavity.

The electrode according to the invention may be used

for all applications 1in which homogenlzed current

densities are required 1n the electrode and on 1ts

surface. The electrode according to the 1nventlon 1s

preferably used for the deposition of polysilicon.

The more homogeneous current density over the cCcross

section of the rod foot compared with an electrode

having a standard shape, 1.e. a main body with a tip,

results from the lower electrical resistivity of

P —

graphite compared with silicon.

F

At the start of the polysilicon deposition on a

filament rod, i.e. when the rod diameter is still thin,

wlith the electrode according to the 1nvention the rod

foot 1nitially grows only onto the tip, as 1in a

standard electrode. When using a material with a low

thermal conductivity for the electrode, the thermal
dilssipation through the electrode 1s low when the rod

diameter 1s small. The electrode tip therefore fuses

well with the electrode and grows rapidly into the rod

foot. High stability 1s therefore ensured even at the

rh

start of the deposition, and the risk of rods

T

collapsing before reaching the final diameter 1is

minimized.

Since the tip of the electrode according to the

invention 1s surrounded by a raised edge (3), the rod

foot which 1increases 1in size as the rod diameter
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increases grows onto the raised edge. The raised edge

then provides the rod foot with additional support.

Furthermore, the current density at the transition from

the electrode to the rod foot is made more uniform by

p— g

means of the cross section of the raised edge.

With the electrode according to the 1nvention, having a

raised edge, a smaller temperature gradlient 1s set up

from the middle to the rod surface than 1n comparison

with an electrode having a standard shape. Thermal

stresses, which are relaxed by forming cracks and

fractures, are therefore minimized compared with a rod

foot having a conventional electrode. The smaller

temperature gradient 1n the rod foot with an electrode

according to the 1nvention 1s achieved by a more

uniform current density and better thermal dissipation,

both of which are ensured by the raised edge.

By wvarying the height of the raised edge of the
electrode according to the i1nvention 1n relation to the
electrode tip, 1t 1s possible to wvary the local

P-

distribution of the current density over the electrode

cross section, at the transition from the electrode to

the rod foot, as well as the thermal dissipation from

the rod foot. An electrode edge placed higher in

relation to the electrode tip 1ncreases the current

ﬁ

density away from the middle of the rod foot. The

thermal dissipation from the rod foot 1s therefore

likewise 1ncreased. If the electrode tip 1s higher than
the raised electrode edge surrounding 1t, then the
current density 1n the middle of the rod foot is

increased. The thermal dissipation from the rod foot is

then reduced.

The raised edge of the electrode according to the
invention, surrounding the tip, may be made higher or

lower than the tip or have the same height as 1it. The

—

ralsed electrode edge may lie from 40 mm below the tip
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to 60 mm above the tip, a preferred range being from 25

mm below the tip to 25 mm above the tip and a

particularly preferred range being from 10 mm below the

tip to 10 mm above the electrode tip.

The specific thermal conductivity of the graphite
material used, measured at room temperature according
to DIN 51908, 1is from 20 to 200 W/ (m*K), preferably
from 20 to 120 W/ (m*K) and particularly preferably from
20 to 90 W/ (m*K).

ﬁ

Owing to the special shape of the electrode, a type of

graphite with a low specific thermal conductivity in

the range of from 20 to 80 W/ (m*K) may be selected as
material.
The effect of this 1s that the rod feet are not cooled

partially when the rod diameter 1s small. Collapse when
the rod diameter 1s small 1s thereby prevented. Owing
to the continuous cylindrical shape, the large
electrode cross section in the part which has grown in

g~

and homogenization of the current density over the

entire electrode CroOss section, the temperature
gradient when the rod diameter 1is thick 1s small even

when using an electrode material having a comparatively

low specific thermal conductivity. The rods still stand

stably 1n the deposition system when the rod diameter

1s thick. Individual visible cracks at the rod feet are

rare. The frequency of collapse after reaching the

final diameter 1s only about 2% of all the batches and

no batches collapse before reaching the final diameter

during the deposition.

The electrode material has a much higher specific

thermal conductivity than polycrystalline silicon in

the reaction range of between 900°C and 1200°C. Since

ph—

the entire part of the electrode which has grown into

the rod foot, except for the small tips, has a solid
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cylindrical cross section, a much larger cross section

than with conventional electrode shapes 1is availlable 1in

the case of a large rod diameter for the thermal

dissipation in the electrode according to the

invention. The thermal dissipation from the rod foot 1is

thereby greatly improved.

A more homogeneous current density over the electrode

cross section and a larger electrode cross section at

the electrode end next to the rod foot give 1in total a

shallower temperature gradient from the center of the

rod foot to 1ts surface. The thermal stresses are

therefore less than with known electrodes having an

exclusively conical tip. It has been possible to

homogenize the current density of the electrode
according to the invention over the entire electrode
cross section. Owing to the more homogeneous current

density and the larger electrode cross section at the

electrode end next to the rod foot, the overheating at

pr—

the center of the rod foot 1is much less than with

electrodes having a conventional shape.

Any electrode holders (6) known from the prior art may

be used to receilive the electrode according to the

B

invention 1n the deposition reactor. In order to

improve the thermal dlssipation of the entire
electrode, the electrode holder may also have an
additional heat sink (7)), which 1s arranged at the

—

lower end of the base and/or projects 1into the base.

This heat sink 1s generally a component of the

electrode holder, and 1s preferably made 1n one plece

wlth the electrode holder. All known materials

(-

consisting of material with high thermal and electrical

conductivity are sultable as materials, for example

metal. The heat sink 1s cooled Dby a suitable heat

transfer medium, for example water. What 1s 1important

is a very good thermal and electrical contact of the

heat sink with the base, so that there 1s high
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electrical and thermal conductivity uniformly over the

-~ —

circumterence of the insert. The shape of the heat sink

may be any desired shape, a cylindrical or conical

shape Dbelng preferred, and a conical shape being

particularly preferred.

'q

All known types of carbon, which are suitable for use

as electrodes, may be used as a material for the

electrode according to the invention. For purity

reasons, 1t 1s preferable to wuse a highly pure

electrographite with different electrica.

conductivities. It 1s however also possible to use

other materlals, for example silicon carbide, carbon

fiber reinforced carbon (CFC) composite materials,
tungsten or other metals with a high melting point. It

1s also possible to coat the electrode with materials,

for example silicon, silicon carbide, silicon nitride,

pyrocarbon, glass carbon or silicenes, l1.e.

nanosilicon. A layer thickness of less than 100 um is

preferred in this case.

ﬁ

Figure 1 shows the schematic structure of the electrode

according to the invention. The height (L) of the

w—.

entlre electrode, comprising the inner tip and the

outer ralsed edge, 1s from 70 to 200 mm, preferably

from 70 to 150 mm and particularly preferably from 80
to 130 mm.

The diameter (D) of the electrode is from 30 to 100 mm,

preferably from 40 to 80 mm and particularly preferably

gr—

ftrom 45 to /U0 mm. The height (LS) of the electrode tip

1s from 10 to 40 mm, preferably from 15 to 30 mm,

particularly preferably from 15 to 25 mm. The diameter

(Do) of the electrode tip 1is from 20 to 50 mm,

preferably from 25 to 45 mm and particularly preferably

from 30 to 40 mm. The raised electrode edge may lie

from 40 mm below the tip to 60 mm above the tip, a

preferred range being from 25 mm below the tip to 25 mm
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above the tip and a particularly preferred range being

tip.

from 10 mm below the tip to 10 mm above the electrode

The tip may be formed so as to be conical or pyramidal

with n sides, n
conical tTip 1s
centrally or o

pr—

surface of the

-

of the electrode

recelving the

being greater than or equal to 3. A

preferred. The tip may be arranged

ﬂ
—

ff-center, in relation to the base

P!'

electrode. An off-centered arrangement

tip, and concomitantly of the hole for

filament rod, subsequently allows a

pr—+

horizontal mutual allignment of the thin rods in the

reactor. To this

end, the electrode may be brought into

the optimal position directly or together with the

electrode holder

o
.

arrangement of T

-

py means of a rotational movement. An

-

he tip of the electrode with an o:

’-

fset

in the range from 0 to 20 mm, 1n relation to the

g
—

midpoint of the base surface of the electrode, 1is

preferred.

The diameter (D6) of the 1inner edge is from 25 to 80

mm, preferably

from 35 to 60 mm and particularly

preferably from 35 to 50 mm. The cone angle (o) 1is from

15° to 45°, pre

preferably from

to 45°, prefer

preferably from

ferably from 20° to 35°, particularly
20 to 30°, and the angle (R) is from O

ably from 20 to 35%,  particularly

gr—

20 to 30°. The upper end of the raised

edge 1s given by the thin rod diameter, the angles o

and [, the diameter (D) of the electrode and the

dliameter (Db6) of

0 mm (acute edge

the i1nner edge. The width may be from

) to 30 mm, preferably from 3 to 20 mm,

particularly pre:

y—

The diameter of
from 10 to 60
particularly pre

lower end (D4) £

‘erably from 3 to 10 mm.

the heat sink at the upper end (D3) 1is

mm, preferably from 10 to 50 mm and

ferably from 15 to 45 mm, and at the

rom 10 to 60 mm, preferably from 10 to

o0 mm and particularly preferably from 15 to 45 mm.
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- 11 -

The length (LK) of the heat sink 1s from 20 to 380 mm,
preferably from 20 to 60 mm and particularly preferably

from 30 to 50 mm.

In another embodiment of the electrode according to the

invention (Fig. 2), the outer railised edge may also be

widened and form a stepped or conical transition with

—

the base surface of the electrode. In this embocdiment,

"

the widened upper edge has a diameter (D7) of from 30

to 200 mm, preferably from 40 to 150 mm, particularly

preferably from 45 to 120 mm. In principle, the upper

edge may 1in this case be formed so as to be acute,

rounded, obligque or flat.

—
p—

As another particular embodiment of the electrode

r~

according to the invention, the tip may also consist of

a material having a lower thermal conductivity than the

base of the electrode. The electrode then consists of

at least 2 parts (Fig. 3 and Fig. 4): an electrode base

(A) and at least one further inner zone (B) 1nserted

into this base. In addition, the electrode may also
have further zones (C) between the zone (A) and the
zone (B), in which case the innermost zone receilives the

thin rod (5). The 1nserts and base are 1n thils case

made of at least 2 different materials, the 1nnermost

p—

insert (zone (B)) consisting of the material with the

lowest thermal conductivity. The other 1nserts are made
of materials having higher specific thermal
conductivities, the specific thermal conductivity

preferably increasing from the inside outward.

By division i1into different zones of different materials

'

and different thermal conductivities, the electrode can

be adapted optimally to the wvarious requlrements during

growth of the material fastened on 1i1t, for example a

e

silicon rod. At the start of the growth and therefore

when the rod diameter 1s small, the rod foot 1nitially

grows only on the 1nsert with the lower thermal
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.__12_

conductivity. Because of the 1low thermal dissipation

through the insert (zone B) owing to the graphite used
with a low specific thermal conductivity, 1little heat
1is dilissipated through the entire electrode and 1ts

ﬁ

electrode holder at the start of the growth, and a high

f—-

temperature 18 obtained at the connection of the

electrode to the silicon rod when the rod diameters are

still small. Colder regions at the rod foot, where

etching processes may occur owlng to excessively low

temperature, do not exist. The rod foot therefore fuses

rapidly and without defects with the electrode tip (2)

in zone (B). Collapse when the rod diameter 1s small

therefore virtually never occurs during the deposition

pProcess.

As the deposition process continues and the rods become

thicker, the zrod foot grows further over the 1nsert

onto the base (zone (A)) and dgrows around the base.

Owing to the higher thermal conductivity of the base,

the energy can be dissipated very well from the rod

foot. The temperature gradient at the rod foot and

thermal stresses are therefore greatly reduced. Cracks

and fractures at the rod foot occur much more rarely.

f-

The 1nner zone (B) of the electrode according to the

invention may be incorporated directly durlng

F

production of the electrode or formed as a loose or

replaceable 1nsert.

The inner zone (B) 1n this case forms the tip (2) of

the electrode and 1s fitted 1n the base with the
opposite end from the tip. The connection of the base
to the 1nsert may have a conlcal, cylindrical or any

other desired shape. In practice, a conical plug

connection has proven expedilent since a conical

connection ensures that the base and the insert form a

mechanically strong connection and have good thermal

and electrical contact. An auxiliary material may also



10

15

20

20

30

35

CA 02731748 2011-02-14

_13_

be 1ntroduced between the zones in order to 1mprove the

conductivity.

The further =zones (C) optionally arranged between the

zones (A) and (B) may in thilis case constitute a part of

—

the conical tip, a part of the raised edge or parts of
both.

—

The specific thermal conductilivity, measured at room

temperature according to DIN 51908, of the zone (A) of

r-

the preferred embodiment of the electrode according to

the 1invention 1s from 80 to 200 W/ (m*K), preferably
from 100 to 180 W/ (m*K) and particularly preferably
from 130 to 160 W/ (m*K). The specific thermal

conductivity of the 1inner zone (B) 1is from 20 to 100
W/ (m*K) , preferably from 20 to 80 W/ (m*K) and
particularly preferably from 20 to 70 W/ (m*K).

P

The electrical resistivity of the graphite material

used, measured at room temperature according to DIN

51911, lies between 30 and 5 pohm*m, preferably from 30

to 10 pohm*m, particularly preferably between 30 and 15

pnohm*m.

The arithmetic mean roughness value of the surface

roughness Ra of the graphite material used, measured

according to DIN EN ISO 4287, lies between 1 and 20 pm,

preferably between 1 and 15 pm, particularly preferably

between 1 and 10 pm with an overall height of the

roughness profile Rt between 10 and 200 ym, preferably
between 10 and 150 pm, particularly preferably between
10 and 100 um and an averaged roughness depth Rz

pbetween 8 and 160 pm, preferably between 8 and 120 pm,
particularly preferably between 8 and 80 pm.

—

The compressive strength of the graphite material used,

measured at room temperature according to DIN 51910,

lies Dbetween 40 and 250 MPa, preferably between 50 and
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.._.14__

200 MPa, particularly preferably between 50 and 150
MPa.

The flexural strength of the graphite material used,

measured at room temperature according to DIN 51902,

lies between 10 and 100 MPa, preferably between 15 and

80 MPa, particularly preferably between 20 and 70 MPa.

The Young's modulus of the graphite material used,
measured at room temperature according to DIN 51915,

lies between 1 and 20 GPa, preferably between 2 and 15

GPa, particularly preferably between 3 and 15 GPa.

The linear thermal expansion coefficient of  the

graphite material used, 1n the temperature range of
from 20 to 1000°C, measured according to DIN 51909,
lies between 2*107° and 10*10°° 1/K, preferably between
3*107° and 8*107° 1/K, particularly preferably between
3.5%¥107° and 7*107° 1/K.

pi—
i

The open porosity of the graphite material used,

measured according to DIN 51918, 1lies between 5 and

25%, preferably between 10 and 25%, particularly
preferably between 10 and 20%.

Figure 3 shows by way of example the particular

J

embodiment of the electrode according to the invention

H

with an insert, so that different zones with different

thermal conductivity are formed.

The length (LE) of the 1nner insert (zone (B)) 1is from

30 to 90 mm, preferably from 35 to 80 mm and

particularly preferably from 35 to 65 mm.

The diameter (D5) of the insert at 1ts widest position

is from 20 to 50 mm, preferably from 25 to 45 mm and

particularly preferably from 30 to 40 mm.

The diameter (D2) of the 1nsert at 1ts 1lower end 1is

from 15 to 40 mm, preferably from 20 to 40 mm and

particularly preferably from 20 to 35 mm.
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I'he electrode according to the invention may also have

Z or more 1interconnected inserts (Figure 4), in which

case the inner insert forms the zone (B) with the

electrode tip. The 1inner insert 1s fitted into a

neighboring zone (C), which may in turn fit 1in a

further 1insert, etc. The 1last 1insert fits into zone

p—

(A), the base of the electrode.

ﬁ

The different =zones with different specific thermal

conductlvities 1nside the electrode may also be

p'-

produced from one piece during the process of producing

an electrode. In this case, a one-piece electrode has

’ﬁ

the 1nventive different zones of different material and

these may also have a fluid transition from the

material used to the respective closest zone.

By combining the 1inventive electrode shape with

r—-

different 1nserted zones of different specific thermal

conductilivity and a widened electrode edge, the overall

pr—
—

thermal conductivity of the electrode can be adapted

individually to the requirements of the deposition

process.

With the special combination of these embodiments, the

pr—

frequency of collapsed polysilicon rods in the reactor

can be eliminated virtually entirely.

r—

Filgure 6 shows a selection of various shapes (a - 1) of

the electrode according to the invention with and

without a widened edge in cross section. For the sake

gro—

of better clarity, the examples only show electrodes

without different zones. Of course, according to their

subsequent requirement, all these shapes may also be

configured according to the invention as consisting of

-

h
p—a

a plurality of zones with different specific thermal

conductivity.
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- 16 -

The invention will be explained 1in more detail with the

alid of the followling examples.

Polycrystalline silicon rods with a diameter of between

140 and 200 mm were deposited in a Siliemens deposition

reactor. A plurality of embodiments of electrodes were

tested. The parameters of the deposition process were

For all the tests. The tests

differed only in the embodiment of the electrcde. The

|

respectively the same

deposition temperature in the batch profile was between

1000°C and 1100°C. During the deposition process, a

feed consisting of one or more silane compounds

pr—

containing chlorine, of the formula SiHaCly., (with n = 0

to 4), and hydrogen as a carrler gas was supplied.

Comparative Example 1:

Electrodes according to the prior art (FIG. O) were

used for the deposition. The electrodes used consisted

of ultrapure electrographite with a specific thermal
conductivity of 80 W/ (m*K). The total length (L) was

118 mm and the cylindrical length (L1l) was 72 mm. The

cone angle (a) was 32° and the diameter (D) was 65 mm.

An electrode without a heat sink was used.

At the end of the reaction, the reactor was opened and

the number of batches with collapsed polysilicon rods

was noted. Out of 100 batches, 20 batches had collapsed

after reaching the final diameter.

Comparative Example Z2:

FElectrodes according to the prior art (FIG. 5) were

used for the deposition. The electrodes used consilsted
of ultrapure electrographite with a specific thermal

conductivity of 150 W/ (m*K). The total length (L) was
118 mm and the cylindrical length (Ll) was 72 mm. The

cone angle (a) was 32° and the diameter (D) was 65 mm.

An electrode without a heat sink was used.

At the end of the reaction, the reactor was opened and

the number of batches with collapsed polysilicon rods
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was noted. Out of 100 batches, 10 batches had collapsed

before reaching the final diameter during  the

deposition, and 2 batches after reaching the final

diameter.

Example 1:

Flectrodes according to the invention with a raised

edge, as represented 1in Flg. 1, were used for the

deposition. In addition, a heat sink was used on the

g—

base of the electrode. The electrodes used consisted of

ultrapure electrographite with a specific thermal

conductivity of 80 W/ (m*K) and an electrical

resistivity of 15 pohm*m.

The electrode had the followlng geometry:

total length (L): 118 mm
diameter (D) : 605 mm
cone angle (o): 32°
cone angle (B): 16°
electrode tip length (LS): 21 mm
electrode tip diameter (D5S): 34 mm
1nner edge diameter (Do) : 46 mm
heat sink diameter (D3): 295 mm
heat sink diameter (D4): 45 mm
heat sink length (LK) : 50 mm

At the end of the reaction, the reactor was opened and

the number of batches with collapsed polysilicon rods

F

was noted. Out of 100 batches, 2 batches had collapsed

after reaching the final diameter but no batches had

collapsed before reaching the final diameter during the

deposition.

Example 2:

FElectrodes according to the invention with a raised

edge, which <consisted of 2 different =zones with

different specilific thermal conductivity (see Fig. 3),

were used for the deposition. In addition, a heat sink
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was used on the base of the electrode.

8 ~—

electrodes used consisted o

with a specific thermal conductivity o:

an electrical resistivity o1

sone (A) of the

- ultrapure electrographite

= 135 W/ (m*K) and

- 10 pohm*m. For the inner

zone (B), an ultrapure electrographite with a specific

thermal conductivity of 50

resistivity of 22 pohm*m was

W/ (m*K)

used.

and an electrical

The electrode had the following geometry:

total length (L) :

diameter (D):

cone angle (o) :

cone angle (0):

electrode tip length (LS):
electrode tip diameter (D5):

inner edge diameter (Do) :

insert length (LE):
insert diameter (D1):
insert diameter (D2):
heat sink diameter (D3):
heat sink diameter (D4):
heat sink length (LK):

—

At the end of the reaction,

-

118 mm
65 mm
32°
16°
21 mm
34 mm
460 mm
46 mm
34 mm
22 mm
2O mim
45 mm

50 mm

the reactor was opened and

the number of Dbatches with collapsed polysilicon rods

.

was noted. Out of 100 batches,

after reaching the final

collapsed before reaching the

deposition.

Example 3:

Electrodes according to the

dlameter.

edge were used for the deposition.

—

1 batch had collapsed

No bpbatches had

final diameter during the

invention with a rajised

In addition, the

upper edge of this electrode was widened (see Fig. 2).

In addition, a heat sink was used on the base of the

electrode. The electrodes used consisted of ultrapure

electrographite with a spec]

fic thermal conductivity o:

ﬁ

.

gro—

80 W/ (m*K) and an electrical resistivity of 15 pohm*m.
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The electrode had the followlng geometry:

total length (L): 118 mm
diameter (D) : o5 mm
cone angle (o) : 32°
cone angle (B): 16°
electrode tip length (LS): 21 mm
electrode tip diameter (D5): 34 mm
inner edge diameter (Do): 46 mm
widened edge diameter (D7): 130 mm
heat sink diameter (D3): 25 mm
heat sink diameter (D4) : 45 mm
heat sink length (LK): 50 mm

At the end of the reaction, the reactor was opened and
the number of batches with collapsed polysilicon rods
was noted. Out of 100 Dbatches, 1 batch had collapsed

after reaching the final diameter, but no batches had

collapsed before reaching the final diameter during the

deposition.

Example 4:

Electrodes according to the 1invention with a raised

edge, which consisted of 3 different zones with

different specific thermal conductivity, were used for

the deposition. In  addition, the upper edge of this

electrode was widened (see Fig. 4). A heat sink was

used on the base of the electrode. Zone (A) of the

electrodes used consisted of ultrapure electrographite

with a specific thermal conductivity of 135 W/ (m*K) and

an electrical resistivity of 10 pohm*m. Zone (C) of the

p—

electrodes used consisted of ultrapure electrographite

with a specific thermal conductivity of 100 W/ (m*K) and

F

an electrical resistivity of 12 npohm*m. For the inner

zone (B), an ultrapure electrographite with a specific

thermal conductivity of 50 W/ (m*K) and an electrical

gr—

resistlvity of 22 pohm*m was used.
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The electrode had the followling geometry:
total length (L):

diameter (D):

cone angle () :

cone angle (f3):
electrode tip length (LS)
electrode tip diameter (D5):

inner edge diameter (DO6):

widened edge diameter (D7

zone
zone
zone
ZONne
ZOne
Zone
heat
heat
heat

insert

insert

(B)

(B)

(B) 1insert
(C) 1nsert
(C)
(C)

insert

insert
sink dliamet
sink diamet

sink length

length (LE1):
(D5) :
(D2) :
EZ2)
(DB) :
(D9) -

diameter
diameter
length (L
diameter
diameter
er (D3):
er (D4):
(LK) :

) e

At the end of the reaction,

the number of

was noted.

collapsed be:

o

deposition.

"ore reaching the

118 mm

65 mm
32°
16°
21 mm
34 mm

46 mm

130 mm

46 mm
34 mm
22 mm
55 mm
70 mm
35 mm
25 mm
45 mm

50 mm

-

but no

the reactor was opened and
batches with collsz

Out of 100 batches,

after reaching the final diameter,

psed polysilicon rods
1 batch had collapsed

batches had

final diameter durlng the
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CLAIMS:
1. Electrode made from carbon having a specific
thermal conductivity of from 20 to 200 W/ (m*K), comprising

a main body (1), which cross-section defines a base
surface of the electrode and a conical or pyramidal tip
(2), which comprises a device (4) for receiving a filament
rod (5), wherein the conical or pyramidal tip (Z2) 1s
surrounded by at least one raised edge (3) above a Dbase
surface of the cone or pyramid which conforms to the base

surface of the electrode.

2 . The electrode as claimed 1n claim 1, wherein the

raised edge ends above, below or at the same height as the

tip of the electrode.

3. The electrode as claimed in claim 1 or 2Z,
wherein the raised edge 1s formed so as to be acute,

rounded, obligue or flat at 1ts upper end.

4. The electrode as claimed 1n any one of claims 1
to 3, wherein the tip of the electrode has an offset 1in
the range of from O to 20 mm in relation to the midpoint

of the base surface of the electrode.

D . The electrode as claimed in any one of claims 1
to 4, wherein the electrode consists of a plurality of
zones of different materials with different specific
thermal conductivities, the specific thermal conductivity

of the materials i1ncreasing from the 1nside outward.

o . The electrode as claimed 1n any one of claims 1
to 5, wherein one or more of the 1nner zones 1s formed as

a loose or replaceable 1nsert.
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7. The electrode as claimed in claim 6, wherein the

inner zones are connected to the respective closest outer

zone by a plug connection.

3 . The electrode as claimed 1n any one of claims 1

to 7, wherein the zones have common thermal and electrical

contact.

9. The electrode as claimed in any one of claims 1
to 8, wherein the electrode 1s coupled to a heat sink at

1ts base.

10. The electrode as claimed in any one of claims 1
to 9, wherein the electrode consists of highly pure or
ultrapure electrographite with different thermal

conductivities.

i1. The electrode as claimed 1n any one of claims 1
to 10, wherein the carbon material used has one or more of

the followlng parameters:

a.) specific thermal conductivity 20 to 90 W/ (m*K),
b.) electrical resistivity 30 to 5 pohm*m,
c.) arithmetic mean roughness value of the surface

roughness Ra 1 to 20 pm with an overall height of the
roughness profile Rt between 10 and 200 um and an

averaged roughness depth Rz between 8 and 160 pum,

d.) compressive strength 40 to 250 MPa,

e.) flexural strength 10 to 100 MPg,

f.) Young's modulus 1 to 20 GPa,

g.) linear thermal expansion coefficient, 1n the

temperature range of from 20 to 1000°C, 2*107° to
10*107° 1/K,

h.) open porosity 5 to 25%.
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12. A method for producing polycrystalline silicon

by depositing highly pure elementary silicon from the gas

phase onto the surface of silicon rods, wherein the

silicon rods are held in the reactor by electrodes as

claimed in any one of claims 1 to 11.



Fig. 1



Fig. 2



wf//é

E

,V/////

m".

Fig. 3



CA 02731748 2011-02-14

AN

Y

m

_ | CRZ T k

1.111; >

Fig. 4



CA 02731748 2011-02-14

Fig. O









	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - abstract drawing

