March 21, 1967 W. KELLER 3,310,384

METHOD AND APPARATUS FOR CRUCIBLE-FREE ZONE MELTING
Filed May 26, 1965

A7
42
L
b5
1 12
-2
8
11 10
NS AN
Fig. 2 HE A9




United States Patent Office

3,310,384
Patented Mar. 21, 1967

1

3,310,384
METHOD AND APPARATUS FOR CRUCIBLE.
FREE ZONE MELTING
Wolfgang Keller, Pretzfeld, Germany, assignor to Sie-
mens-Schuckertwerke Alktiengesellschaft, Berlin-Sie-
mensstadt, Germany, a corporation of Germany
. Filed May 26, 1965, Ser. No. 458,944
Claims priority, application Germany, June 23, 1964,
S 91,655
4 Claims. (CL 23—301)

My invention relates to method and apparatus for cruci-
ble-free or floating zone melting of a semiconductor rod
held at both of its ends in a substantially vertical attitude.

It is, of course, well known that there are many meth-
ods and apparatuses for crucible-free zone melting. In
these methods and apparatuses for carrying out the meth-
ods generally a semiconductor red is held vertically by
being clamped at its ends inside a vessel that is evacuated
or filled with protective gas. A heating device surround-
ing the rod serves for melting a short length of the rod,
the so-called melting zone. By suitably providing rela-
tive displacement between the rod which is to be processed
and the heating device, the melting zone is passzd over
the entire length of the rod. An induction heating coil
has proved itself to be particularly successful as the heat-
ing device, since by its use the necessary heating power
can be applied to the ‘melting zone without danger of con-
tamination due to contact or the like therewith,

It is also known in these methods and apparatuses for
crucible-free zone melting to set a seed crystal at one end
of the semiconductor rod, the cross section of the seed
crystal being considerably smaller than that of the rod
that is being processed. In this manner, the quality of the
monocrystal that is formed, especially with regard to the
dislocation density, can,be improved;

During the processing of semiconductor rods with rela-
tively large cross sections, for example with a cross sec-
tion of more than 30 mm. diameter; difficulties arise par-
ticularly if a relatively narrow seed crystal is to be fused
thereto. If the diameter of the rod is enlarged beyond a
specific value, the melting zone has a very strong tendency
to drip off and thereby interrupt the process. This is
particularly the case when the induction heating coil is
energized, as is customary at times, with current of fre-
quencies of about 3 to 5 megacycles. Tn this case, namely,
the supporting effect of the electromagnetic field, which
acts as a shape-forming force, is relatively small. With
semiconductor rods of small diameter, this force is com-
pletely sofficient. However, with larger rod diameters,
it is not strong enough so that the melting zone is not al-
ways prevented from leaking away. If, on the other hand,
the induction heating coil is energized with currents of
lesser frequency, for example of 500 to 1509 kilocycles,
the supporting effect is consequently greater. However,
the heating effect on the other hand is less and particu-
larly when greater clearances or Spacings are to be over-
come. In most cases, this then leads to a situation where
the heating effect is no longer sufficient for melting the
seed crystal at the fusing location.

It is accordingly an object of my invention to provide
method and apparatus for crucible-free zone melting
which overcome the aforementioned difficulties of the
known methods and apparatuses while permitting the use
of currenis of suitable frequency.
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With this and other objects in view, I provide method
and apparatus for crucible-free zone melting of a rod
formed of crystalline material, such as semiconductor ma-
terial like silicon especially, with the aid of an induction
heating coil surrcunding the rod and energized with high
frequency alternating current and movable relative to the
rod in the direction of the longitudinal axis thereof. The
seed crystal is attached at one end of the rod and has a
cross section considerably smaller than that of the rod.
A second induction heating coil is provided by means of
which the seed crystal is first melting at the junction there-
of with the rod and then the melting zone is passed with
the aid of the first-mentioned induction heating coil over
the entire length of the rod. By employing a second in-
duction heating coil, it is then possible to accurately ad-
just the inner diameter of the heating coil employed for
the respective intended purpose,

The apparatus for carrying out the method of my in-
vention therefore comprises two induction heating coils
of which the first coil has an inner diameter which is only
slightly larger than the outer diameter of the rod that is
to be processed, and the second heating coil has an inner
diameter which is only slightly larger than the outer diam-
eter of the seed crystal. In most cases it is sufficient that
only the first induction heating coil be displaceable rela-
tive to the semiconductor rod. The second heating coil
which serves only for fusing the seed crystal or the fusion
location of the seed crystal is required only to be displace-
able over a small portion of the rod length or not dis-
placeable at all.

Other features which are considered as characteristic
for the invention are set forth in the appended claims.

Although the invention is illustrated and described
herein as method and apparatus for crucible-free zZone
melting, it is nevertheless not intended to be limited to
the details shown, since various modifications and struc-
tural changes may be made therein without departing
from the spirit of the invention and within the scope and
range of equivalents of the claims.

The construction and method of operation of the in-
vention, however, together with additional objects and
advantages thereof will be best understood from the fol-
lowing description of “specific embodiments when read
in connection with the accompanying drawings, in which:

FIG. 1 is a diagrammatic view of apparatus used in
conjuaction with a crystalline rod that is to be processed
and to the lower end of which a seed crystal is fused;

FIG. 2 is a diagrammatic view of a second embodi-
ment of the apparatus of FIG. .1 as used with a crystal-
line tod having a seed crystal fused to. the upper end
thereof, and

FIG. 3 schematically shows. ithe apparatus of FIG. 1
in conjunction ‘with an appertaining power supply cir-
cuit. .

Referring now to the drawings -and first particularly
to FIG. 1, there is shown a semiconductor rod 2, con-
sisting for example of silicon and having a diameter of
about 40 mm., to which a seed crystal 3 having a diam-
eter of 6 mm. is fused. For heating the melting zZone,
which is fo pass along the semiconductor rod 2, there
is provided an induction heating coil 4 shaped as a flat
cylindrical coil. The inner diameter of the heating coil
4 is adjusted to the diameter of the semiconductor rod
2, that is, it is only slightly larger, for example 2 mm.
larger, than the diameter of the rod that is to be proc-
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essed. Within this heating coil 4 there is located a sec-
ond induction heating coil 5 which is shaped, in the em-
bodiment shown in FIG. 1, as a helically wound flat coil.
With the aid of the induction heating coil 5, the melting
zone 6 which is to be formed at the starting location of
the seed crystal is produced at the beginning of the proc-
ess. The semiconductor rod 2 is advantageously proc-
essed beforehand, for example by being conically ground
or shaped and tapering in a direction toward the seed
crystal 3.

FIG. 2 shows schematically a circuit diagram for oper-
ating an apparatus as shown in FIG. 1. The semicon-
ductor tod 2 and seed crystal 3 are clamped at their
extreme ends in respective holders 7 and 8 which are
fixedly mounted. The coil 4 is mounted so that it is
displaceable with respect to the coil 5 along the rod 2
for passing the melting zone upwardly along the rod.
The coil 4 may, if desired, be movable slightly in a down-
ward direction. The coil 4 is energized for example
from a high-frequency current generator 9 through an
adjusting resistor 11, and the coil 5§ is connected, for ex-
ample, to the same generator 9 through a control re-
sistor 10. Switches 12 and 13 are provided for respec-
tively deenergizing the coil § after the melting zone is
formed and energizing the coil 4 at that time.

In all other respects, the zone-melting apparatus may
correspond to those known from U.S. Patents No. 2,972,-
525, No. 2,992,311 and No. 3,030,194, for example.

Thus, after the melting zone is formed with the aid of
the induction heating coil 5, the induction heating coil 4
is conuected to a suitable current source, for example the
high frequency generator 9 producing current at a fre-
quency of 1.5 megacycles, whereupon the induction heat-
ing coil 5 can be switched off by opening the switch 12.
After the melting zone is namely first produced, the in-
duction heating coil 4 can also be coupled to the melting
zone in spite of the greater spacing. On the other hand,
the possibility does not often exist of a coupling there-
between as long as the material to be processed is solid,
for example, in the case of semiconductor rods which are
mostly considered to be insulators in the cold state.
After the heating coil 5 is switched off, the melting zone
is displaced upwardly due to relative motion of the heat-
ing coil 4 and the rod 2. Heating coil 5 can be dis-
placed downwardly beforehand out of the field of the
heating coil 4 whereby the observation of the melting
zome is improved. The heating coil § need be displace-
able only very slightly for this, for example, it need be
capable of being displaced over a distance of, for exam-
ple, only 10 mm. along the rod axis. The heating coil 5
can, however, also if necessary be simply left at its orig-
inal location simce it can no longer be electrically oper-
able there. The leads to the heating coil 5 can, for ex-
ample, simply be left open or unconnected whereby a
coupling of the coil 5 with the coil 4 can be safely avoid-
ed. Also, if necessary, suitable capacitors can be con-
nected in parallel whereby detuning of the heating cir-
cuit of the coil 5 with respect to the heating circuit of the
coil 4 is achieved.

After the coil 5 is switched off, the coil 4 is then dis-
placed upwardly in the direction of the arrow (FIG. 3)
5o that the melting zone 6 is also displaced in an upward
direction. Consequently, the heating power supplied to
the coil 4 is increased so that greater amounts of the
semiconductor material can be melted whereby the melt-
ing zone is increased with respect to the increasing diam-
eter. In this manner, the melting zone 6 can be passed
upwardly through the entire rod 2 with the result that
the heating power is so greatly reduced that only a glow-
ing zone remains in existence which is then displaced
downwardly due to the relative motion of the heating
coil 4. The new melting of the melting zone can, if nec-
essary, be produced by the heating coil 4 alone. How-
ever, heating can also be provided either additionally
with or solely by the induction heating coil § in order
1o produce the new melting zone.
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In FIG. 2 there is shown another embodiment of the
apparatus shown in FIG. 1 in which a seed crystal is lo-
cated at the upper end of the vertically oriented semi-
conductor rod which is to be processed rather than the
lower end thereof. It has been found to be desirable in
many cases with Jarger rod diameters to provide for the
movement of the melting zone in a direction from an
upper to a lower position. Those elements shown in
FIG. 2 which correspond to the elements shown in FIG.
1 are identified with the same reference numerals as in
FIG. 1 with the addition of the letter a. Tt is of course
clearly evident that the man of ordinary skill in the art
may readily adapt the embodiment of FIG. 2 to the oper-
ating circuit of FIG. 3.

I claim:

1. Method of crucible-free zone melting a vertically
mounted crystaltine rod of relatively large diameter
joined at one end to a seed crystal of relatively small di-
ameter and coaxially surrounded by a radially spaced
pair of induction coils at the junction of the rod and the
seed crystal, which comprises energizing a first induction
coil radially closer to the junction for heating the seed
crystal to a temperature at which a melting zone is
formed at the junction therein and the seed crystal is
fused to the rod, deenergizing the radially closer induc-
tion coil and simultaneously energizing a second induc-
tion coil radially more distant from the junction for
applying heat to substantially the same junction area 1o
maintain it in molten state, and relatively displacing the
rod and the radially more distant induction coil in the
longitudinal direction of the rod for passing the melting
zone along the rod.

2. Apparatus for crucible-free zone melting a ver-
tically mounted crystalline rod of relatively large diam-
eter joined at one end to a seed crystal of relatively small
diameter, comprising a first induction coil surrounding
the seed crystal at its junction with the rod and having
an inner diameter only slightly larger than the diameter
of the seed crystal, said first induction coil being ener-
gizable for heating the seed crystal to a temperature at
which a melting zone is formed therein and the seed
crystal is fused to the rod, and a second induction coil
coaxial to and surrounding said first induction coil, said
second induction coil having an inner diameter slightly
larger than the diameter of the rod and being energiz-
able for applying heat to the melting zone so that it is
maintained in molten state. :

3. Apparatus for crucible-free zone melting a vertical-
ly mounted crystalline rod of relatively large diameter
joined -at one end to a seed crystal of relatively small
diameter, comprising a first induction coil” surrounding
the seed crystal at its junction with the rod and having an
inner diameter only slightly larger than the diameter of
the seed erystal, said first induction coil being energizable
for heating the seed crystal to a itemperature at which a
melting zone is formed therein and the seed -crystal is
fused to the rod, and a second induction coil coaxial to
and surrounding said first induction coil, said second in-
duction coil having an inner diameter slightly larger than
the diameter of the rod and being energizable for apply-
ing heat to the melting zone so that it is maintained in
molten state, said second induction coil being displace-
able in the longitudinal direction of the rod for passing
the melting zone along the rod.

4. Apparatus for crucible-free zone melting a vertically
mounted crystalline rod of relatively large diameter
joined at one end to a seed crystal of relatively small
diameter, comprising a first induction coil surrounding
the seed crystal at its junction with the rod and having
an inner diameter only slightly larger than the diameter
of the seed crystal, said first induction coil being ener-
gizable for heating the seed crystal to a temperature at
which a melting zone is formed therein and the seed
crystal is fused to the rod, and a second. induction coil
coaxial to and surrounding said first induction coil, said
econd induction coil having an inner diameter slightly
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larger than the diameter of the rod and being ener-
gizable for applying heat to the melting zone so that it is
maintained in molten state, said second induction coil
being displaceable in the longitudinal direction of the
rod for passing the melting zone along the rod, said first
induction coil being relatively slightly displaceable oppo-
site to the displacement direction of the rod away from
the melting zone at the junction.
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