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Single crystal of silicon with <100> orientation, which is doped with n-type
dopant, and method for producing such a single crystal

The subject matter of the invention is a single crystal of silicon with <100> orientation,
which is doped with n-type dopant, and a method for producing such a single crystal.
Semiconductor wafers are sliced from single crystals of this type and used as
substrates for producing electronic components for power applications, for example,
power MOSFETs. The single crystals required are usually pulled from a melt provided
in a crucible by the CZ method.

Prior art / Problems

EP 1 158 075 A1 discloses for example that it is advantageous to pull the starting
cone of the single crystal in such a way that its form is comparatively pointed. This
measure reduces the frequency of events causing dislocations, which would lead to
the termination of the growth of the monocrystalline crystal.

The influence that constitutional supercooling has on the formation of dislocations has
also been investigated (J.Friedrich et al., ACTA PHYSICA POLONICA A No.2,
Vol.124 (2013), pp. 219-226), and results of the investigation taken to draw the
conclusion that it is advantageous to establish a higher temperature gradient, reduce
the pulling rate and increase the convective transport of melt.

In US 2015/0275392 A1 it is reported that surface facets often appear on the starting

cone before dislocations occur there.

The inventors of the present invention have addressed the problem of showing how
the frequency of the formation of dislocations that make it necessary to abort pulling
can be reduced further. The solution to the problem also comprises a single crystal
with characteristic features.
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The subject matter of the invention is therefore a single crystal of silicon with <100>
orientation, which is doped with n-type dopant, comprising a starting cone, a
cylindrical portion and an end cone, a crystal angle in a middle portion of the starting
cone, the length of the middle portion is not less than 50% of a length of the starting
cone, being not less than 20° and not greater than 30°, and edge facets extending
from a periphery of the single crystal into the single crystal, the edge facets in the
starting cone and in the cylindrical portion of the single crystal in each case having a
length which is not more than 700 pm.

The single crystal is doped with phosphorus, arsenic or antimony or with a mixture of
one or more of these dopants. The resistivity in the case of doping with phosphorus is
preferably not more than 1.2 mQcm, in the case of doping with arsenic is preferably
not more than 3 mQcm and in the case of doping with antimony is preferably not more
than 30 mQcm.

The single crystal has in the cylindrical portion a diameter of preferably not less than
150 mm or not less than 200 mm, particularly preferably a diameter of not less than
300 mm.

Characteristic features of the single crystal are the crystal angle in the middle portion
of the starting cone and the length of edge facets, in particular the length of those in
the region of the starting cone. The starting cone can be divided into three portions,
specifically into a first portion, in the course of which the crystal angle increases to the
crystal angle of the second, middle portion, and a third portion, in the course of which
the crystal angle decreases to the crystal angle of the cylindrical portion of the single
crystal.

The crystal angle is the angle between the <100> direction, in which the single crystal
grows, and a tangent to the periphery of the single crystal. Edge facets are facets
along {111} planes, which extend from the periphery of the single crystal into the
interior of the single crystal at a boundary angle to the tangent mentioned.
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In the middle portion of the starting cone, the middle portion having length which is not
less than 50%, preferably not less than 70% and particularly preferably not less than
90% of the length of the starting cone, the crystal angle is not less than 20° and not
greater than 30°. The third portion of the starting cone (shouldering) has a length in
the lower single-digit percentage range, for example 2%. The first portion of the

starting cone of the single crystal has a length that corresponds virtually to the rest.

The inventors have found that dislocations originate at edge facets and that the length
of the edge facets, in particular the length of those in the starting cone, is a critical
parameter on which the frequency of the formation of dislocations depends. They
conclude that the length of the edge facets should be not more than 700 um in the
starting cone and not more than 700 um, preferably not more than 300 pm, in the
cylindrical portion of the single crystal in order to solve the problem addressed.

For determining the length of the edge facets, the single crystal may be cut in {110}
planes parallel to the direction of growth of the single crystal, to be precise in such a
way that a typical growth line (ridge) of the single crystal is located in the middle of the
detached tile-shaped sample (slab). One side of the sample is then ground, polished
and preferably etched by means of preferential defect etching according to Secco
(preferential etching) down to the center of the growth line. The length of the edge
facets can subsequently be determined by inspection with an optical microscope.
When doing so, it must be ensured that the measuring plane coincides with the center
of the growth line (greatest measurable facet length), otherwise the facet length is

wrongly measured too small.

The length of the edge facets can be influenced by the temperature gradient in the
growing single crystal. It is all the shorter the greater the temperature gradient is along
the direction of extent of the edge facets. It is therefore preferred to work towards
achieving that the phase boundary between the growing single crystal and the melt
assumes a form on the basis of which this temperature gradient becomes as great as
possible. That is the case when the angle of curvature between the direction of the
pulling axis and the direction opposite to the direction of growth of the single crystal in

the region of the periphery of the single crystal is 0° or less than 0°, particularly
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preferably -35.3°. The region of the periphery of the single crystal is the region that
extends from the periphery radially into the single crystal up to a length of 0.1 mm.

It is preferred that the phase boundary, when pulling the middle portion and the third
portion of the starting cone, has a form which, considered counter to the pulling axis,
is concavely curved, w-shaped or planar. Such a form should also be aimed for when
pulling the cylindrical portion of the single crystal, a concavely curved phase boundary
being particularly preferred. In this case, the angle of curvature between the direction
of the pulling axis and the direction opposite to the direction of growth of the single
crystal in the region of the periphery of the single crystal is preferably less than 0°.

The subject matter of the invention is also a method for producing a single crystal
from silicon with <100> orientation, comprising

the doping of a melt with n-type dopant;

the pulling of a starting cone, a cylindrical portion and an end cone of the single
crystal by the CZ method;

the pulling of the starting cone with a crystal angle of not less than 20° and not more
than 30° in a middle portion of the starting cone, the length of which is not less than
50% of a length of the starting cone, fluctuations of the crystal angle being limited by
means of angle control to not more than 0.01°/s; the pulling of the cylindrical portion of
the single crystal at a pulling rate that is not more than 75% of a limit pulling rate, in
the event of it being exceeded the deformation of the single crystal preventing

continuation of the pulling; and the active cooling of the single crystal.

Particularly preferred is the pulling of the cylindrical portion of the single crystal at a
pulling rate that is not more than 65% of the limit pulling rate.

Before the pulling of the single crystal, the melt is doped with phosphorus, arsenic,
antimony or with a mixture of one or more of these dopants. Preferably provided is an
amount of dopant sufficient to pull a single crystal of which the resistivity in the
cylindrical portion of the single crystal in the case of doping with phosphorus is
preferably not more than 1.2 mQcm, in the case of doping with arsenic is preferably
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not more than 3 mQcm and in the case of doping with antimony is preferably not more
than 30 mQcm.

The inventors have found that the linear growth of the edge facets depends
particularly on the crystal angle and the temperature gradient at the phase boundary
between the growing single crystal and the melt. In order to achieve the aim of limiting
the linear growth of edge facets to the extent desired, the crystal angle should be not
greater than 30°, and the region in the vicinity of the phase boundary should be
actively cooled, preferably by means of a cooling device through which water flows for
cooling, in particular even already during the pulling of the starting cone. The cooling
rate in the temperature range from the melting point (1410°C) of silicon to 1000°C is
preferably not less than 2 K/min when pulling the cylindrical portion of a single crystal
of silicon with a diameter of at least 300 mm.

These measures are not yet sufficient on their own, since the system reacts very
sensitively to fluctuations of the crystal angle and temperature fluctuations in the
region of the phase boundary. It is therefore also favorable for the pulling of the
middle portion of the starting cone of the single crystal to be accompanied by angle
control and to limit the pulling rate significantly when pulling the cylindrical portion of
the single crystal.

A control based on the crystal angle is preferably used during the pulling of the middle
portion of the starting cone up to the point in time at which the shouldering is begun.
Such control is described for example in WO 00/60145 A1 and uses the crystal angle
as a reference variable. Shouldering refers to the transitional phase during which the
crystal angle of the starting cone is returned to the crystal angle of the cylindrical
portion of the single crystal.

It is also preferred to pull the single crystal without angle control on the basis of a
preconceived plan (controlled) during the shouldering. The control makes allowance
for the pulling rate and the heating output of the crucible heating, and possibly the
heating outputs of one or more additional heaters for heating the melt from above.

During the shouldering, the pulling rate should be not more than 1.5 mm/min.
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Preferably, the pulling rate is set to this value during shouldering. Instead of
increasing the pulling rates beyond this limit, the heating output of the crucible heating
and possibly the heating output of the one or more additional heaters may be

increased.

During the pulling of the cylindrical portion of the single crystal, the pulling rate should
be not more than 0.75 times, particularly preferably not more than 0.65 times, a limit
pulling rate. The limit pulling rate is the maximum possible rate at which the single
crystal can be pulled in the device used without the single crystal being deformed so
much that it becomes impossible for pulling to be continued. If the position of the axis
through the middle of the single crystal deviates from an intended position by more
than 5 mm, it can be assumed that there is a deformation of the single crystal in the
existence of which the pulling can no longer be continued. The limitation of the pulling
rate serves the purpose of limiting temperature fluctuations in the region of the phase

boundary.

As already mentioned, it is of advantage to ensure that the phase boundary during the
pulling of the cylindrical portion of the single crystal has a form that is concavely
curved. Preferably, the angle of curvature in the region of the periphery of the single
crystal is less than 0°. For this purpose, the ratio of the rate of rotation of the single
crystal and the rate of rotation of the crucible should preferably be not less than 2
and/or the melt should be exposed to a horizontal magnetic field or a CUSP magnetic
field of preferably not less than 2500 Gauss.

The invention is further explained below with reference to drawings.

Brief description of the figures

Fig. 1 serves for explaining the terms and shows a longitudinal section through the
middle of a starting cone in a schematic form of representation.
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Fig. 2 schematically shows a partial section in the direction of growth through a
growing starting cone.

Fig. 3 shows a diagram in which the temperature gradient along the facet G is plotted
against the angle of curvature 6.

Fig. 4 shows part of a micrograph of a sample after preparation during inspection in
an optical microscope.

Fig. 5 and Fig. 6 show by an example according to the invention the profile of the
crystal angle and the length of edge facets.

List of the designations used

Starting cone
Edge facet
Surface facet

Meniscus

a H W N =

Phase boundary

A starting cone 1 with a crystal angle k, as schematically represented in Fig.1,
typically has edge facets 2 and possibly surface facets 3. The edge facets 2 extend
from the periphery of the starting cone 1 along {111} planes into the interior. The
angle of intersection p between a {111} plane and a plane perpendicular to the
direction of growth of a single crystal with <100> orientation has the fixed value of
54.7°.

Fig.2 shows a starting cone 1 of a <100>-oriented single crystal of silicon, which
grows at a phase boundary 5 with a melt. The phase boundary 5 extends to the
periphery of the single crystal to a three-phase boundary TPB, where, at the upper
end of a meniscus 4 of the melt, the liquid phase |, formed by the melt, the solid phase
s, formed by the single crystal, and the gas phase g, formed by a surrounding
atmosphere, meet one another. The profile of the phase boundary 5 also represents
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approximately the profile of an isotherm. Edge facets extend along a direction that
forms an angle a of 35.3° with the direction of the pulling axis pd. The temperature
gradient Gy in the direction of extent of an edge facet should be as great as possible,
to make the length of the edge facet as small as possible. Accordingly, the angle of
curvature 8 between the direction of the pulling axis and the direction of the
temperature gradient Gg at the periphery of the single crystal should be 0° or less than
0°, particularly preferably -35.3°. The temperature gradient Gs extends from the phase
boundary 5 at right angles into the single crystal and consequently has the direction
opposite to the direction of growth of the single crystal. The temperature gradients Gy
and Gs and also the angle of curvature 8 relate to one another by way of the following
equation:

Gs = c0s(35,3° + 6) x Gt

Unlike the representation according to Fig.2, the phase boundary 5 has as far as
possible a form which, considered counter to the direction of the pulling axis, is
concavely curved, w-shaped, virtually planar or planar. The crystal angle k in a middle
portion of the starting cone, the length of which is not less than 50% of a length of the
starting cone, is not less than 20° and not more than 30°.

In Fig.3, the temperature gradient Gy is plotted against the angle of curvature 6. The
temperature gradients G; and Gs reach a maximum at 6 = -35.3°.

A micrograph according to Fig.4 can be used for determining the length of edge
facets. It shows a part of the middle portion of a starting cone. Additionally depicted
are the crystal angle k and the length |; of an edge facet.

Fig. 5 and Fig.6 show an example, according to the invention, the profile of the crystal
angle k and the length I; of edge facets from the beginning of the pulling of the middle
portion of the starting cone at position P = -125 mm to the pulling of the first 25 mm of
the cylindrical portion of the single crystal (Fig.5) and the corresponding profile from
the beginning of the pulling of the cylindrical portion (P = 0 mm) to the pulling of the
first 125 mm of the cylindrical portion of the single crystal (Fig.6).



Patent claims

1. A method for producing a single crystal from silicon with <100> orientation,
comprising

the doping of a melt with n-type dopant;

the pulling of a starting cone, a cylindrical portion and an end cone of the single crystal by
the CZ method;

the pulling of the starting cone with a crystal angle of not less than 20° and not more than
30° in a middle portion of the starting cone, the crystal angle being an angle formed by the
<100> orientation and a periphery of the single crystal, the length of which is not less than
50% of a length of the starting cone, fluctuations of the crystal angle being limited by means
of angle control to not more than 0.01°/s;

the pulling of the cylindrical portion of the single crystal at a pulling rate that is not more than
75% of a limit pulling rate, in the event of the limit pulling rate being exceeded the
deformation of the single crystal making continuation of the pulling difficult; and

the active cooling of the single crystal in the region in the vicinity of the phase boundary
between the growing single crystal and the melt.

2. The method as claimed in claim 1, also comprising the pulling of the single crystal in
a transitional region between the starting cone and the cylindrical portion at a pulling rate of
not more than 1.5 mm/min.

3. The method as claimed in claim 1 or 2, the cooling of the single crystal being

performed by means of a water-cooled cooling.

4. The method as claimed in one of claims 1 to 3, also comprising the slicing of
semiconductor wafers from the cylindrical portion of the single crystal.





