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DESCRIPTION

SILICON EPITAXIAL WAFER AND METHOD OF PRODUCING SAME

5 TECHNICAL FIELD

[0001]

The present invention relates to a silicon epitaxial wafer in which a gettering
effect is provided while defined oxygen concentration is maintained, and slips do not
occur without an increase of an epitaxial defect, and to a technology suitable for a

10  method of producing the silicon epitaxial wafer.
Priority is claimed on Japanese Patent Application No. 2015-095604, filed on

May 08, 2015, the content of which is incorporated herein by reference.

BACKGROUND ART

15 [0002]

In the related art, in order to prevent a decrease of yield, an epitaxial wafer is
produced and the epitaxial wafer is used as a wafer which has intrinsic gettering (IG)
capability which can decrease an effect of metal contamination in a device process and
the like, and which has no defect in a device region.

20 Patent Documents 1, 2, 4, and 5 disclose a method of producing an epitaxial
wafer, in which nitrogen is doped when silicon single crystal is pulled up and a heat
treatment is performed on a wafer sliced from the single crystal.

[0003]

Patent Document 3 discloses descriptions relating to a control of V/G.
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PRIOR ART LITERATURE
Patent Documents

[0004]

[Patent Document 1] Japanese Patent No. 3626364

[Patent Document 2] Japanese Patent No. 4102988

[Patent Document 3] Japanese Patent No. 4224966

[Patent Document 4]  Japanese Unexamined Patent Application, First
Publication No. 2004-304095

[Patent Document 5] Japanese Unexamined Patent Application, First

Publication No. 2007-186376

DISCLOSURE OF INVENTION
Technical Problem

[0005]

Recently, a treatment having harsh thermal conditions, such as an annealing in a
very short time, has been performed in a device manufacturing process, in accordance
with a change of a treatment condition in the device manufacturing process, such as
miniaturization of a design rule. Specifically, the treatment is performed at a
temperature of 1150°C to 1200°C for about 1 millisecond.

A phenomenon of an occurrence of slip which has not previously occurred is
emerged with such a drastic change (intensified) thermal condition. It is considered that
oxygen precipitates (BMD) density in a bulk influence such the occurrence of slip. In
addition, it is considered that it is possible to prevent the occurrence of slip by reducing
the BMD density.

[0006]
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3

Generally, the BMD density is increased as nitrogen concentration becomes
higher. Therefore, the inventors attempted to reduce the nitrogen concentration.
However, when the nitrogen concentration is decreased, a problem in that the BMD
density is decreased too much and sufficient IG capability is not obtained occurs.

[0007]

Further, concentration of nitrogen to be doped varies between the top side and
the tail side of silicon single crystal, since segregation occurs while the silicon single
crystal is pulled up. If the nitrogen concentration is increased, not only the BMD
density is increased, but also a probability of an occurrence of a lamination defect
(epitaxial defect) formed in an epitaxial layer is also increased. Thus, it is necessary
that the nitrogen concentration which influences all characteristics is set to be in a
constant range, for enabling simultaneously realization of the following points over the
full length of a straight body portion used as a wafer: a point of realizing BMD density
with sufficient IG capability; a point of no lamination defect (epitaxial defect) formed in
an epitaxial layer; and a point of preventing the occurrence of slip. It is very difficult to
pull up such silicon single crystal, and realization thereof is not possible.

[0008]

A heat treatment may be performed before epitaxial growth is caused. If the
temperature of the heat treatment is a high temperature, the BMD density is increased.
Therefore, it is considered that the BMD density is decreased by changing the heat
treatment condition to a low temperature side or by not performing the heat treatment.
However, it is not possible to enable simultaneously realization of the above-described
points (point of realizing BMD density with sufficient IG capability, a point of no
epitaxial defect, and a point of preventing the occurrence of slip) only by changing the

condition of the heat treatment.
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[0009]

Considering the above circumstances, the present invention achieves an object
of providing a method of producing a silicon epitaxial wafer in which defect density on a
surface of an epitaxial layer is equal to or less than 0.01 (pieces/cm?), the number of
epitaxial defects is very small, slips do not occur even if annealing is performed for a

very short time, and a gettering capability is provided.

Solution to Problem

[0010]

According to the present invention, there is provided a method of producing a
silicon epitaxial wafer in order to solve the above object.

In the method of producing the silicon epitaxial wafer of the present invention,
silicon single crystal is pulled up in conditions in which nitrogen concentration of the
single crystal is set to be 1x10'" to 2x10" atoms/cm’, oxygen concentration thereof is set
to be 9.5x10"" to 13.5x10"” atoms/cm® (ASTM F123-1979), and a crystal cooling rate is
about 4.2°C/min at a temperature of a silicon melting point to 1350°C and is about
3.1°C/min at a temperature of 1200°C to 1000°C. A heat treatment is performed on a
silicon wafer sliced from the silicon single crystal in a treatment condition of 850°C or
higher and lower than 900°C and about 30 min. Then, an epitaxial layer is formed.

Thus, oxygen precipitate density is set to be 1x10® to 5x10” pieces/cm in a case
where a heat treatment for oxygen precipitation evaluation is performed at 780°C for 3
hours and is performed at 1000°C for 16 hours.

In the method of producing a silicon epitaxial wafer of the present invention, the

oxygen concentration may be set to be high on the top side of the silicon single crystal
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and to be low on the tail side of the silicon single crystal.

The silicon epitaxial wafer in the present invention is preferably a silicon
epitaxial wafer in which oxygen concentration in a silicon wafer is set to be 9.5x10" to
13.5x10"7 atoms/cm’ (ASTM F123-1979), oxygen precipitate density in the silicon wafer
is 1x10® to 5x10” pieces/cm’ in a case where a heat treatment for oxygen precipitation
evaluation is performed at 780°C for 3 hours and is performed at 1000°C for 16 hours,
and slips do not occur in a case where annealing is performed for a very short time.

In the silicon epitaxial wafer of the present invention, defect density on the
surface of the epitaxial layer may be equal to or less than 0.01 pieces/cm”.

[0011]

In the present invention, in the produced epitaxial wafer, it is preferable that the
oxygen concentration of the wafer before epitaxial growth is set to be 9.5x10'” to
13.5x10' atoms/cm’.  As described above, concentration of nitrogen to be doped varies
between the top side and the tail side of the silicon single crystal, since segregation
occurs while the silicon single crystal is pulled up. The nitrogen concentration on the
top side of the single crystal is low and is increased toward the tail side. However,
when the oxygen concentration is adjusted in the above range so as to be high on the top
side of the single crystal and to be low on the tail side, the variation of the nitrogen
concentration is compensated, and thus it is possible to obtain appropriate oxygen
precipitate (BMD) density.

[0012]

In this state, it is required that the occurrence of slip is prevented, even in a case
where an annealing treatment having harsh thermal conditions is performed for a very

short time, that is, at a temperature of 1150°C to 1200°C for about 1 millisecond. The
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inventors of this application found not only the BMD density but also a new mechanism
regarding the cause of the occurrence of slip. In the new mechanism, a large size BMD
is provided in a wafer (bulk) for the annealing for the very short time in the device
process, and slips occur from the BMD as a starting point.  Therefore, not only the
BMD density is decreased so as not to form an epitaxial defect, but also the BMD density
sufficient for securing IG capability is maintained and the size thereof is reduced in the
new mechanism. In the very short-time annealing which is set as a target in the present
invention, a portion of a wafer is heated up to a high temperature for a very short time
and then is cooled. Thus, very large thermal stress is applied and thus slips occur in the
wafer. The target of the present invention is that thermal stress corresponding to a
treatment of the above-described treatment temperature and the above-described
treatment time is generated. In the present invention, the treatment temperature and the
treatment time are not limited to the above values.

[0013]

Here, the nitrogen concentration is decreased, and thus an attempt to reduce the
BMD density is performed. Although the BMD density is decreased by decreasing the
nitrogen concentration, the BMD density becomes much less than a level of obtaining the
sufficient IG effect. As shown in Fig. 4B, doping amount of nitrogen varies depending
on the pull-up length by occurrence of segregation, accordingly, the BMD density varies
in accordance with the pull-up length. However, it is necessary that this variation of
value is caused not to be out of an allowable range. Thus, in order to remain the BMD
after an epitaxial growth, as shown in Fig. 4A, the oxygen concentration is set to be high
on the top side of the single crystal and is set to be low on the tail side thereof.
Simultaneously, thermal history of the single crystal is controlled, and thus vacancy

density functioning as the nucleus of the BMD is increased. Therefore, the reduction of
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the BMD density is compensated. Further, the heat treatment is performed before the
epitaxial growth, the treatment temperature is appropriately set, and thus finally, the
BMD density is ensured.

[0014]

In a case (low temperature heat treatment) where the treatment temperature in
the heat treatment before the epitaxial growth is set to be lower than 850°C or the heat
treatment is not performed, the BMD density is in a range of about 2x10” to 2x10°
pieces/cm’ and the BMD density is in a state of not being controlled. In particularly, if
the BMD density is less than about 1x10° pieces/cm’, sufficient gettering capability is
not obtained. Thus, it is necessary that a lower limit of the nitrogen concentration is set
to be about 2x10" atoms/cm’, in order to prevent the decrease of the BMD density.

This means that the lower limit of the nitrogen concentration is set because the nitrogen
concentration on the top side is particularly less than that on the tail side by the
segregation. However, as described above, if the lower limit value of the nitrogen
concentration is set, that is, if the nitrogen concentration on the top side is set not to be
less than the lower limit value of the BMD density, the nitrogen concentration on the tail
side becomes more than that. Thus, since the number of epitaxial defects is increased in
the above-described nitrogen concentration, the wafer is not suitable as a wafer for high
quality. Conversely, if the nitrogen concentration is decreased, the required BMD
density is not obtained and sufficient gettering capability is not obtained.

[0015]

In a case where, in the heat treatment, the treatment temperature is set to be
equal to or higher than 900°C and thus the gettering capability is imparted, slips occur

from the BMD as a starting point by very short-time annealing for corresponding to
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miniaturization of a device process. With only this condition, it is not possible to
perform control to satisfy both the sufficient gettering capability and prevention of the
occurrence of slip.

[0016]

Thus, the inventors of the present invention controlled thermal history of crystal
based on an intention of increasing vacancy density which functioned as the nucleus of
the BMD. Therefore, the BMD density can be controlled with a factor which is
different from the nitrogen concentration, the heat treatment condition, and the oxygen
concentration. However, as described above, all the factors have a correlation with each
other, and it is not possible to independently change only one factor. Thus, considering
the relevance, the best conditions are found.

[0017]

As the results, in the method of producing the epitaxial wafer in the present
invention, the oxygen precipitate (BMD) density can be set to be 1x10% to 5x10°
pieces/cm’ after performing the heat treatment at 780°C for 3 hours and the heat
treatment at 1000°C for 16 hours by pulling up silicon single crystal in a state where the
nitrogen concentration in the single crystal is set to be 1x10'" to 2x10" atoms/cm’, the
oxygen concentration thereof is set to be 9.5x10'” to 13.5x10"” atoms/cm’, and the

crystal cooling rate is set to be about 4.2°C/min at a temperature of a silicon melting
point to 1350°C and is set to be about 3.1°C/min at a temperature of 1200°C to 1000°C,
performing the heat treatment on a wafer sliced from the silicon single crystal in a
treatment condition of 850°C or higher and lower than 900°C for about 30 min, and then
causing epitaxial layer growth. As a result, it is possible to produce an epitaxial wafer

in which slips do not occur even though very short-time annealing is performed, and the
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defect density on the surface of the epitaxial layer is equal to or less than 0.01
pieces/cm’.

[0018]

Here, regarding the nitrogen concentration, considering segregation, nitrogen
doping is performed at a time of pulling so as to cause an upper limit value and a lower
limit value of the nitrogen concentration to be in the above range. Doping of nitrogen
can be realized by known process, for example, adding a predetermined amount of a
nitrogen-containing material at a time of melting a raw material or mixing a
nitrogen-containing gas in a pulling atmosphere.

[0019]

Regarding the crystal cooling rate, the cooling rate is controlled respectively at
the first temperature from a silicon melting point to 1350°C and at the second
temperature from 1200°C to 1000°C. In the first temperature, a first part of silicon
single crystal solidified from a silicon melt as a raw material, and in the second
temperature, the silicon single crystal is cooled further. Thus, the vacancy density and
distribution are controlled to be in a desired state. The cooling rate can be controlled by
a pulling apparatus in which a hot zone (thermal shield and the like) including
temperature control device (heating and cooling device) is provided. For example, a
device having a structure as shown in Fig. 2 can be applied.

[0020]

Here, the cooling rate being about 4.2°C/min at a temperature of the silicon
melting point to 1350°C means that the cooling rate may be in a range of 3.9 to
4.6°C/min and is preferably in a range of 4.0 to 4.4°C/min. When the cooling rate is

less than the above range, an epitaxial defect easily occurs on the epitaxial wafer. Thus,
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this case is not preferable. When the cooling rate is more than the above range, a
probability of that pulled crystal is not made to be single crystal and is restored with high
probability, and efficiency is bad. Thus, this case is not preferable. Further, this case
is not preferable because an appearance of crystal becomes deformed.

[0021]

The cooling rate being about 3.1°C/min at a temperature of 1200°C to 1000°C
means that the cooling rate may be in a range of 2.9 to 4.5°C/min and is preferably in a
range of 3.0 to 3.5°C/min. In a case of being out of the above range, an epitaxial defect
easily occurs on the epitaxial wafer. Thus, this case is not preferable.

[0022]

The reason of setting the treatment condition in the heat treatment to be 850°C
or higher and lower than 900°C for about 30 min is because the BMD density for
obtaining sufficient IG capability is ensured and a BMD size which causes slip not to
occur is obtained.

Here, the value regarding the treatment time set to be about 30 min, that is, the
treatment time contains a range having about 10% of width, and specifically, the
treatment time set to be 3043 min (27 to 33 min). In a case where the treatment time is
less than this range, it is not possible to ensure sufficient BMD density. In a case where
the treatment time is larger than this range, the BMD density is not changed. In a case
where the treatment temperature is lower than the above range, it is necessary that the
nitrogen concentration is increased in order to obtain BMD density which allows the
sufficient IG effect to be obtained. However, this case is not preferable because an
epitaxial defect may occur on the epitaxial wafer. In addition, this case is not preferable

because BMD density is not stable and control to be in a desired state is not possible. In
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a case where the treatment temperature is set to be higher than the above range, it is
considered that the BMD grows and the size is increased. Slips occur from a BMD
having a large size as a starting point, and thus this case is not preferable.

[0023]

As shown in Fig. 4A, the oxygen concentration of the wafer can be changed in
accordance with a solidification rate of single crystal at a time of being pulled. In this
case, the oxygen concentration is controlled by setting a rotation state of a crucible and
single crystal and a pulling atmosphere condition when the single crystal is pulled. Asa
result, the oxygen concentration is set to be in a range of 9.5x10"” to 13.5x10"
atoms/cm’.  Furthermore, not only other conditions are set at a time of pulling the single
crystal and at the time of the heat treatment, but also a delicate adjustment of the BMD
density, which is affected according to a change of the above-described nitrogen
concentration, is performed by controlling the oxygen concentration. At this time, the
oxygen concentration is set to not be out of the above range.

[0024]

In the method of producing a silicon epitaxial wafer of the present invention, the
oxygen concentration may be set to be high on the top side of the silicon single crystal
and to be low on the tail side of the silicon single crystal.

[0025]

The growth of an epitaxial film in the present invention can be performed in a
normal condition. For example, an epitaxial layer having a film thickness of about 1 to

7 um is grown by supplying a film forming gas such as trichlorosilane under reduced

pressure in a temperature condition of about 1300°C.
[0026]

In the present invention, after the heat treatment for oxygen precipitation
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evaluation is performed at 780°C for 3 hours and is performed at 1000°C for 16 hours,
the BMD density can be set to be 1x10® to 5x10° pieces/cm’, since the above all the
treatment conditions are satisfied.

Accordingly, it is possible to produce an epitaxial wafer in which slips do not
occur even though very short-time annealing is performed, and the defect density on the
epitaxial surface is equal to or less than 0.01 pieces/cm”.

[0027]

The very short-time annealing in this case means a treatment which is performed
at a temperature of 1150°C to 1200°C for about 1 millisecond or a thermally harsh
treatment which is comparable in heat conditions to the above conditions of the treatment.
Here, about 1 millisecond means 0.7 to 1.1 milliseconds.

Slips not occurring means that slip defects having a size of 0.1 mm or more are
not provided on the surface of a wafer in visual examination of an image captured by
using an X-ray. At this time, determination is performed by using an image which is

enlarged in a microscope at about x10 and x30.

Advantageous Effects of Invention

[0028]

According to the present invention, since all the above conditions are satisfied,
an effect in that it is possible to provide an epitaxial wafer which has sufficient gettering
capability and in which slips do not occur even though very short-time annealing is

performed and a state of reducing epitaxial defects is maintained can be exhibited.

BRIEF DESCRIPTION OF DRAWINGS
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[0029]

FIG. 1 is a sectional view showing a silicon epitaxial wafer in an embodiment of
a method of producing an epitaxial wafer according to the present invention.

FIG. 2 is a longitudinally section of a CZ furnace used in the embodiment of the
method of producing an epitaxial wafer according to the present invention.

FIG. 3 is a front view schematically showing a silicon single crystal in the
embodiment of the method of producing an epitaxial wafer according to the present
invention.

FIG. 4A is a graph showing a change of oxygen concentration with respect to a
solidification rate when the silicon single crystal is pulled.

FIG. 4B is a graph showing a change of nitrogen concentration with respect to

the solidification rate when the silicon single crystal is pulled.

BEST MODE FOR CARRYING OUT THE INVENTION

[0030]

Hereinafter, an embodiment of a method of producing an epitaxial wafer
according to the present invention will be described with reference to the drawings.

FIG. 1 is a sectional view showing a silicon epitaxial wafer in the embodiment.
In Fig. 1, the reference sign of W indicates a silicon epitaxial wafer.

[0031]

The silicon epitaxial wafer W according to the embodiment is applied to, for
example, a semiconductor element such as a MOS and a memory.  As shown in Fig. 1,
an epitaxial layer W1 is formed on a wafer WO sliced from silicon single crystal which
has been pulled up by a CZ method. Thus, oxygen concentration in a bulk is set to be in

a range of 9.5x10"" to 13.5x10"” atoms/cm’, the number of epitaxial defects on the
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surface of the epitaxial layer W1 is set to be equal to or less than 0.01 pieces/cm?, and
slips do not occur even though very short-time annealing is performed.

[0032]

Regarding the method of producing a silicon wafer, firstly, as a process of
pulling silicon single crystal, polysilicon which is a raw material of silicon crystal is
laminated and disposed in a quartz crucible. Then, a CZ crystal is pulled up in an Ar
atmosphere or in a predetermined atmosphere in which a predetermined gas such as
hydrogen is contained. The CZ crystal is the name of a crystal which also includes
magnetic field applied CZ crystal and is produced by a Czochralski method (CZ method).

[0033]

At this time, as a nitrogen-added silicon single crystal, silicon single crystal is
pulled while a compound including nitrogen is added at a stage of a raw material so as to
obtain predetermined nitrogen concentration or is pulled in an atmosphere in which
nitrogen is provided. Simultaneously, a predetermined amount of a dopant is added into
the raw material in accordance with a type of a set substrate, for example, if the substrate
is a p-type, B (boron) is used as the dopant. When pulling is performed, the oxygen
concentration of single crystal is controlled by setting the atmosphere gas type, the flow
rate, pressure, the rotation speed of the crucible and the single crystal, and the like.

Pulling of nitrogen-added CZ silicon single crystal will be described below. A
wafer having a size of 300 mm to ¢450 mm will be described, but the present invention
is not limited thereto.

[0034]

FIG. 2 is a longitudinally sectional view of a CZ furnace applied for describing
producing of silicon single crystal in the embodiment. The CZ furnace includes a

crucible (quartz crucible) 101 and a heater 102. The crucible 101 is disposed at the
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center portion of a chamber. The heater 102 is disposed on the outside of the crucible
101. The crucible 101 has a double structure in which the quartz crucible 101 that
accommodates a raw material melt 103 and is on the inside thereof is held by a graphite
crucible 101a on the outside thereof. The crucible 101 is driven to be rotated and lifted
by a support shaft 101b called as a pedestal. A cylindrical thermal shield 107 is
provided over the crucible 101. The thermal shield 107 has a structure in which a shell
is made of graphite, the inside thereof is filled with graphite felt, and temperature control
device is provided. The temperature control device (not shown) has a cooling device
configured by a water cooling pipe and the like and has a heating device such as a heater.

[0035]

For example, in a case of pulling for a wafer having a size of ¢300 mm, the CZ
furnace in which a single crystal having a size of 300 mm can be grown is used, for
example, an aimed diameter is 310 mm and a body length is 1200 mm in the single
crystal.

[0036]

Next, a method of setting an operation condition for growing CZ silicon single
crystal will be described.

Firstly, polycrystal of high-purity silicon is loaded in the crucible. For example,
boron (B) as a dopant is added to cause resistivity of crystal to have a p-type.

In the present invention, the p type or the p-type indicates a wafer having boron
(B) concentration which corresponds to resistivity of 1 to 100 Qcm. A p+ type indicates
a wafer having boron concentration which corresponds to resistivity of 0.1 Qcm to 1
Qcm. Ann type or an n-type indicates a wafer having phosphorus (P) concentration

which corresponds to resistivity of 1 to 100 Qcm.  An n+ type indicates a wafer having
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phosphorus concentration which corresponds to a resistivity of 0.1 Qcm to 1 Qcm.

A p/p-type means a wafer in which a p-type epitaxial layer is laminated on a
p-type substrate (wafer). A p/n-type means a wafer in which a p-type epitaxial layer is
laminated on an n-type substrate.

[0037]

FIG. 3 is a front view schematically showing silicon single crystal in the
embodiment.

In the embodiment, in the CZ furnace shown in FIG. 2, so as to satisfy the
nitrogen concentration to be in a range of 1x10"" to 2x10" atoms/cm” in the silicon
single crystal, pulling is performed while a predetermined amount of a
nitrogen-containing material is added to a silicon melted liquid when a raw material is
melted, or the silicon single crystal is pulled in an atmosphere in which a
nitrogen-containing gas is mixed.

Here, in a case where the nitrogen concentration is set to be more than an upper
limit value of the above range, a BMD level at which the occurrence of slip during very
short-time annealing is caused is obtained. Thus, this case is not preferable. In a case
where the nitrogen concentration is set to be less than a lower limit value of the above
range, a BMD level at which obtaining a sufficient IG effect is not possible is obtained.
Thus, this case is not preferable.

[0038]

The crystal rotation speed, the crucible rotation speed, the heating condition, an
applied magnetic field condition, a pulling rate, and the like are controlled to set initial
oxygen concentration in the silicon single crystal to be 9.5x10' to 13.5x10'7 atoms/cm’
(ASTM F123-1979).

[0039]
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Then, silicon is heated and melted by the heater 102, and thereby a melt 103 is

obtained. Then, seed crystal Ss attached to a seed chuck 105 is immersed in the melt
103 and crystal pulling is performed while the crucible 1 and a pull-up shaft 4 are rotated.
A crystal orientation is set to be any of {100}, {111}, or {110}. If necessary for no
crystal dislocation, a neck portion Sn is formed by seed drawing (necking), and then a
shoulder portion S is formed. Thus, the diameter is extended and thus, for example, an
aimed body diameter of 310 mm is obtained.

[0040]

Then, a body portion Sb is formed to grow up to, for example, 1200 mm at a
constant pulling rate. A tail portion St is formed by reducing the diameter in a
predetermined condition, and tail drawing is performed. Then, crystal growth is ended.
Here, the pulling rate V is appropriately selected in accordance with the resistivity, the
diameter size of silicon single crystal, a hot zone structure (thermal environment) of a
single-crystal pulling device to be used, and the like.

[0041]

In the embodiment, in a region corresponding to a body portion (straight body
portion) Sb, the crystal cooling rate is set to be about 4.2°C/min at a temperature from the
silicon melting point to 1350°C and is set to be about 3.1°C/min at a temperature from
1200°C to 1000°C. That is, in a time just after solidification, which is a time when
vacancies functioning as a nucleus of a BMD is formed, and in a period having a
temperature range when vacancies distribution state is formed in single crystal by pair
annihilation between vacancy and interstitial silicon, pulling conditions are controlled.
Accordingly, a growth condition of a crystal including vacancy is controlled, and thus
crystal characteristics which influence epitaxial defect density, the occurrence of slip in

very short-time annealing, and the degree of obtaining the IG capability are controlled.
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Specifically, control may be performed by changing a distance H from the melt
to the thermal shield 107. The temperature control device configured from the cooling
device or the heating device can be also used. As described above, a temperature state
of single crystal is controlled and the pulling rate is controlled, and thus the above
conditions are realized.

At this time, the temperature of the pulling furnace can be obtained by
simulation with analysis software such as FEMAG.

[0042]

In the embodiment, as described above, the addition of nitrogen is performed
with controlling the pulling condition when the straight body portion is pulled up, and
these processes are combined with a heat treatment (which will be described later).
Thus, with synergy effect of these process, when an epitaxial layer is grown on the wafer,
BMD density can be controlled such that the occurrence of the epitaxial defect on the
surface thereof, the occurrence of slip in the very short-time annealing, and gettering
capability are in predetermined ranges over the full length of the straight body portion as
each wafer cutting position. That is, a silicon single crystal having such desired quality
can be pulled up. And then, working efficiency can be improved and the cost of
producing a silicon single crystal or a silicon epitaxial wafer produced from the silicon
single crystal can be significantly reduced.

[0043]

Subsequent to the process of pulling silicon single crystal, as a wafer machining
process, machining of the nitrogen-added CZ silicon single crystal is performed, and thus,
as shown in FIG. 1, the silicon wafer WO which includes nitrogen is obtained.

[0044]

In the wafer machining process, a general method of machining the silicon wafer
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WO is used. Specifically, after slicing of the silicon single crystal is performed by a
cutting device such as an ID saw or a wire saw, chamfering and the like are performed.
A silicon wafer obtained thereby is annealed. Then, a surface treatment process such as
polishing and washing is performed on the surface thereof. For example, as the wafer
machining process, the surface of the silicon substrate W0 which is the nitrogen-added
CZ silicon single crystal is mirror-finished, and then, for example, RCA washing
obtained by combining SC1 and SC2 is performed. Various processes such as lapping,
cleaning, and grinding are performed in addition to the above processes. The processes
are appropriately changed and used (for example, an order of the processes is changed or
some processes are omitted) in accordance with the purpose.

[0045]

In the silicon wafer W0 obtained in this manner, the nitrogen concentration is
1x10" to 2x10" atoms/cm’ and the oxygen concentration is 9.5x10"" to 13.5x10"’
atoms/cm’ (ASTM F123-1979).

[0046]

Since nitrogen in a solid solution state is contained in silicon, introduction of
nitrogen is performed in a form in which nitrogen in a silicon lattice is substituted with
silicon. That is, since an atomic radius of nitrogen is smaller than that of a silicon atom,
in a case where nitrogen is coordinated at a substitution position, a stress field of crystal
functions as a compressive stress field. Thus, oxygen and impurities between lattices
are easily captured to the compressive stress field. An oxygen precipitate which is
stable at a high temperature and has high density is exhibited from the
substitution-position nitrogen as the starting point in as-grown. In addition, the high
gettering effect is easily imparted to the silicon substrate WO.

[0047]
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The concentration of nitrogen added in the silicon is required to be restricted to
be in the above-described range. The reason is as follows. When the nitrogen
concentration is less than the above range, acceleration of forming a nitrogen and
oxygen-based precipitate is not active. Thus, it is not possible to realize forming of the
nitrogen and oxygen-based precipitate having the above-described sufficient density.

If the nitrogen concentration is more than the above range, a BMD distribution
state, which is a not-preferable state where slips occur in the very short-time annealing
and an epitaxial defect occurs, is obtained.

[0048]

Further, the oxygen concentration Oi of the silicon substrate WO is required to
be in the above range. The reason is as follows. When the oxygen concentration Oi is
less than the above range, forming a nitrogen and oxygen-based precipitate is not
accelerated and a precipitate having high density is not obtained. Thus, it is not possible
to obtain the required gettering capability.

If the oxygen concentration Oi is more than the above range, the precipitate is
formed too much. Thus, there is a probability of the precipitate functioning as a source
of slip occurrence.

[0049]

Then, as the heat treatment, a heat treatment is performed at a temperature of
850°C or higher and lower than 900°C under an atmosphere of an inert gas for about 30
min.

Here, the value regarding the treatment time set to be about 30 min, that is, the
treatment time contains a range having about 10% of width, and specifically, the
treatment time set to be 30+£3 min (27 to 33 min). In a case where the treatment time is

less than this range, it is not possible to ensure sufficient BMD density. In a case where
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the treatment time is larger than this range, the BMD density is not changed. In a case
where the treatment temperature is lower than the above range, it is necessary that the
nitrogen concentration is increased in order to obtain the BMD density for obtaining
sufficient IG capability. However, in this case, an epitaxial defect may occur on the
epitaxial wafer. Thus, this case is not preferable. In addition, the case is not preferable
because BMD density is not stable and control to be in a desired state is not possible. In
a case where the treatment temperature is set to be higher than the above range, the BMD
density is too high and slips occur from a BMD as the starting point.  Thus, this case is
not preferable.

[0050]

Then, in an epitaxial layer forming process, loading the silicon substrate in an
epitaxial growth furnace is performed in order to grow an epitaxial layer. As shown in
FIG. 1, for example, an epitaxial layer W1 in which dopant concentration has a p type is
grown by using various CVD methods (chemical vapor deposition method).

As an epitaxial process, the epitaxial layer W1 is formed in an atmosphere of,
for example, trichlorosilane, dichlorosilane, or the like as a film forming gas, a dopant
gas, and hydrogen as a carrier gas. The epitaxial layer W1 is formed in a temperature
condition of about 1100°C to 1200°C. The formed epitaxial layer W1 has a film
thickness of 1 to 10 um and preferably about 1 to 3 p or about 3 to 5 um.  After or
before the epitaxial process, a surface treatment may be performed in an atmosphere in
which a HCl gas or the like is included.

[0051]

After that, a heat treatment is performed at 780°C for 3 hours and a heat

treatment for oxygen precipitation evaluation is performed at 1000°C for 16 hours.
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[0052]

According to the embodiment, the nitrogen concentration and the oxygen
concentration of crystal are set to be in the above-described state, and the cooling rate of
crystal is set to be in the above-described state in a temperature range of the silicon
melting point to 1350°C and in a temperature range of 1200°C to 1000°C. In this state,
silicon single crystal is pulled up.  After the heat treatment having the above treatment
condition is performed on a wafer sliced from the silicon single crystal, epitaxial layer
growth is performed. Thus, the BMD density, after the heat treatment for oxygen
precipitation evaluation is performed at 780°C for 3 hours and is performed at 1000°C
for 16 hours, is set to be 1x10° to 5x10° pieces/cm”.

That is, all the conditions are satisfied, and thus it is possible to produce an
epitaxial wafer in which slips do not occur even though very short-time annealing is
performed, and the defect density on the epitaxial surface is equal to or less than 0.01
pieces/cm’.

[0053]

In the present invention, the nitrogen concentration has a value obtained by
calculation. The concentration below the measurement limit (1x10'* atoms/cm’) of a
secondary ion mass spectrometer (SIMS) can be calculated by using a segregation
coefficient k (k=7x10*) obtained from the nitrogen concentration which indicates a
certain solidification rate and which is measured in a range of the measurement limit or
higher of the SIMS. That is, a value which is calculated by a general segregation
expression: Crop=Cx(1-X)'™ (Here, Crop indicates the nitrogen concentration on the top
side, Cx indicates the nitrogen concentration measured at a solidification rate X by the

SIMS) or a value which is calculated by Crop=kC, (Cy indicates the amount of nitrogen
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put into, for example, a wafer having a nitride film attached thereto when the raw
material is melted) is used as the calculated nitrogen concentration.

In the present invention, “the single crystal top” means a start of pulling a
straight body portion which is used for slicing a wafer. “The single crystal tail” means
an end of pulling the straight body portion which is used for slicing a wafer.

[0054]

Slip not occurring means that a slip defect having a size of about 0.1 mm or 0.1
mm or more is not provided on the surface of a wafer in visual examination of an image
captured by using an X-ray. At this time, determination is performed by using an image
which is enlarged in a microscope at about x10 and x30.

[0055]

Regarding measurement of an epitaxial defect, the density of defects having a
size of 0.01 um or more was determined by using a laser light scattering type particle
counter (SP1 (surfscan SP1): manufactured by KILLA-Tencor Corporation).

[0056]

The BMD density is measured in a manner as follows. A sample is etched in a
dash solution (3.2+5% of hydrofluoric acid, 16.5+5% of nitric acid, 69.2+5% of glacial
acetic acid, 0.005% of a silver nitrate aqueous solution, and 11+5% of pure water) by 5
um. The sample after etching is cleaved and an oxygen precipitate in a cross section is

measured.

EXAMPLE
[0057]

An example of the present invention will be described below.
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As the pulling condition, silicon single crystal having ¢310 mm and a length of
1200 mm was pulled in a state where the nitrogen concentration at crystal top was set.
Here, a cooling rate in the temperature range of the silicon melting point to 1350°C and
the temperature range of 1200°C to 1000°C and the initial oxygen concentration (at a
time of pulling) in a straight body portion were controlled.

[0058]

The surface of a wafer sliced from single crystal was mirror-polished.  After a
heat treatment was performed at 875°C or another temperature for 30 min, epitaxial
growth was performed in an atmosphere in which a trichlorosilane gas was contained, in
a condition of 1300°C for 30 sec. Thus, a p-type epitaxial layer having a film thickness
of 3 um was formed on the wafer. Density of epitaxial defects occurring on the surface
of the epitaxial layer was measured with respect to a distance in an axial direction.
Regarding measurement of an epitaxial defect, the density of defects (SF) having a size
of 0.01 um or more was determined by using a laser light scattering type particle counter
(SP1 (surfscan SP1): manufactured by KLLA-Tencor Corporation). Further, the BMD
density after the heat treatment for oxygen precipitation evaluation was performed at
780°C for 3 hours and was performed at 1000°C for 16 hours was evaluated.

Further, after very short-time annealing was performed at a temperature of
1150°C to 1200°C for about 1 millisecond, it was determined whether or not slip
occurred in an image captured by using an X-ray.

Tables show the results.
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[0059]
[Table 1]
Experimental Experimental Experimental Experimental Experimental Experimental
Example 1 Example 2 Example 3 Example 4 Example 5 Example 6

Crystal nitrogen concentration [atoms/cm?] 1.0E+11 2.0E+13 3.0E+12 6.0E+12 3.0E+12 4.0E+11
Crystal thermal history [°C/min] )
Silicon melting point to 1350°C 42 4.2 4.2 4.2 4.2 42
Crystal thermal history [°C/min]|

? 3.1 3.1 3.1 3.1 3.1 3.1
1200°C to 1000°C
Oxygen concentration E17 [atoms/cm®] 13.5 9.5 12.8 12.0 10.5 12.0
Heat treatment temperature [°C] 875 875 875 875 875 875
BMD density [/cm’| 6.2E+08 3.0E+09 2.0E+09 5.0E+09 1.0E+08 4 8E+08
Epitaxial defect [/cm’] 0.004 0.010 0.006 0.007 0.006 0.000
Slip None None None None None None

[Table 2]
Experimental Experimental Experimental Experimental Experimental Experimental Experimental Example
Example 7 Example 8 Example 9 Example 10 Example 11 Example 12 13
Crystal nitrogen concentration [atoms/cm?] 1.0E+12 1.0E+12 5.0E+13 2.0E+13 1E+12 SE+12 ND (Nonc Dopc)
Crystal thermal history [°C/min] , ,
Silicon melting point to 1350°C 42 29 42 29 42 42 42
Crystal thermal history [°C/min]

y - 3. . 3. . 3. 3. 3.
1200°C to 1000°C ! 21 ! 21 ! ! !
Oxygen concentration E17 [atoms/cm’] 13.5 13.5 12.0 12.6 10 12.4 135
Heat treatment temperature [°C] 650 875 875 875 900 840 875
BMD density [/cm’] 1.0E+07 5.0E+07 1.0E+09 7.0E+09 5.0E+09 8.00E+07 4.00E+07
Epitaxial defect [/cm’| 0.005 0.005 0.020 0.020 0.015 0.005 0.001
Slip None None None Presence Presence None None
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[0060]

From the results, in Experimental Examples 1 to 6, all the conditions in the
present invention are satisfied. Thus, it is understood that the BMD density is in the
predetermined range, epitaxial defects are equal to or less than the reference value, and
slips do not occur.  On the contrary, the BMD density is small in Experimental
Examples 7 and 8. Thus, it is understood that it is not possible to show the sufficient
gettering capability. It is understood that the number of formed epitaxial defects is more
than the defined amount in Experimental Example 9. It is understood that the
occurrence of slip is observed in Experimental Example 10. It is understood that the
heat treatment temperature is too high and the number of formed epitaxial defects is more
than the defined amount in Experimental Example 11. In Experimental Example 12, the
heat treatment temperature is too low and the BMD density is small.  Thus, it is
understood that it is not possible to show the sufficient gettering capability. In
Experimental Example 13, doping is not performed and the BMD density is small.

Thus, it is understood that it is not possible to show the sufficient gettering capability.

Reference Signs List
[0061]
W... SILICON EPITAXIAL WAFER
WO... WAFER

W1... EPITAXIAL LAYER
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CLAIMS

1. A method of producing a silicon epitaxial wafer, comprising:

a step of pulling up a silicon single crystal;

a step of slicing the silicon single crystal to form silicon wafers;

a step of heating the silicon wafers; and

a step of forming an epitaxial layer on the silicon wafer,

wherein in the step of pulling up the silicon single crystal, nitrogen concentration of
the single crystal is set to be 110" to 2x10'? atoms/cm?, oxygen concentration thereof is set
to be 9.5x10'7 to 13.5%x10'7 atoms/em® (ASTM F123-1979), a crystal cooling rate is set to be
about 4.2°C/min at a temperature of a silicon melting point to 1350°C and is set to be about
3.1°C/min at a temperature of 1200°C to 1000°C,

wherein in the step of heating the silicon wafers, the 51110011 water is heated under
conditions of 850°C or higher and lower than 900°C for about 30 min,

wherein after the step of forming the epitaxial layer on the silicon wafer, oxygen
precipitate density in a case where a heat treatment for oxygen precipitation evaluation is
performed at 780°C for 3 hours and is performed at 1000°C for 16 hours is set to be 1x10° to
5x10° pieces/cm’.

2. The method of producing a silicon epitaxial wafer according to Claim 1,
wherein the oxygen concentration is set to be high on a top side of the silicon single
crystal and set to be low on a tail side of the silicon single crystal.

3. A silicon epitaxial wafer, comprising: a silicon wafer and an epitaxial layer formed on a
surface of the silicon wafer,

wherein oxygen concentration in a silicon wafer is set to be 9.5x10'7 to 13.5x10!7
atoms/cm’ (ASTM F123-1979),

wherein oxygen precipitate density in the silicon wafer in a case where a heat
treatment for oxygen precipitation evaluation is performed at 780°C for 3 hours and is
performed at 1000°C for 16 hours is 1x1 0% to 5%10° pieces/cm®, and

wherein slips do not occur in a case where very short-time annealing is performed at a
temperature of 1150°C to 1200°C for 0.7 to 1.1 milliseconds.

4. The silicon epitaxial wafer according to Claim 3,
wherein defect density on a surface of the epitaxial layer is equal to or less than 0.01
pieces/cm?,



