
1   Epitaxial wafer and production method thereof The present invention
relates to an epitaxial wafer and a  production method thereof. More
specifically, the present 5 invention relates to a method for producing an
epitaxial wafer  comprising a step of growing a silicon crystal by the
Czochralski method wherein hydrogen and nitrogen are added to a  silicon
melt, a step of preparing a silicon substrate by  machining said silicon
crystal, and a step of forming an 10 epitaxial layer at the surface of the
silicon substrate.  Prior art With the progress of semiconductor devices in
recent years, a  15 severer control of crystal quality of silicon wafers has
been  demanded. Especially, device characteristics, in particular  Gate
Oxide Integrity, can be deteriorated by defects as the  grown-in defects
existing in a silicon wafer produced by  cutting a silicon crystal after being
grown by the Czochralski 20 method. These grown-in defects are oxygen
precipitates and its  dislocations induced in a device production process,
voids, or  stacking faults. However, on the other hand, these
aforementioned defects are utilized as gettering sites for  heavy metals.
As the concentration of said gettering sites 25 decreases, the purity of the
silicon wafer is compromised and  the concentration of heavy metal
impurities exceeds the level  of 1x1010 atoms/cm2, which is the level
required for the most  advanced device production. Consequently, since it
is necessary  to reduce heavy metal impurities existing on a silicon wafer
as 30 far as possible, controlling those defects is an extremely  important
task. As one of the technologies for avoiding the deterioration of  the
device characteristics caused by voids at the surface of  



35 the silicon wafer, the method of using an epitaxial wafer has 2  been
known, wherein the method comprises the deposition of an  epitaxial layer
by a CVD method on a surface of a silicon  substrate wafer obtained by
cutting out from a silicon single  crystal and then subjecting the cut crystal
to mirror 5 finishing. Because of the absence of voids in this epitaxial
layer, a semiconductor wafer with good Gate Oxide Integrity can  be
attained. However, when the deposition of the epitaxial  layer is
performed, oxygen precipitates (Bulk micro defect:  BMD) generated as a
result of an oxygen deposit are not formed 10 inside the epitaxial wafer
while the silicon wafer is subjected  to heat treatment in a device process.
If no BMDs are  generated, the gettering of heavy metals which are
supposed to  contaminate the wafer during the device process can not be
done. Therefore, a problem of the deterioration of device 15
characteristics would result. Accordingly, to solve such problem, T. Abe
and H. Takeno, Mat.  Res. Soc. Symp. Proc. Vol.262, 3, 1992 for example
reports that  by doping a silicon single crystal with nitrogen, the 20
aggregation of crystal-lattice vacancies in silicon is  suppressed, and that
the crystal defect density is lowered.  JP2000-109396 has been known to
relate to the technology  described in the above-mentioned report.
JP2000-109396 has  proposed a method which comprises the deposition
of an 25 epitaxial layer on a silicon substrate wafer obtained by  cutting
out from a crystal with added nitrogen in order to  sufficiently generate
BMDs even after the deposition of the  epitaxial layer. In this method,
because nitrogen becomes a  nucleus for the formation of BMDs and
BMDs are generated even 30 after the deposition of the epitaxial layer, an
epitaxial wafer  with a superior gettering capability in a heat treatment of a



device process can be attained. in addition, JP2008-150283 has proposed
a method for reducing  35 the number of defects by adding boron and by
optimizing the thermal history of pulling and growing a silicon single
crystal  with a predetermined resistivity through the Czochralski  method.
Such method can reduce the number of epitaxial defects  in the resultant
wafers. Also, a higher in-plane uniformity of 5 the density of oxygen
precipitates as well as a higher  gettering capability can be achieved.
However, it has been clarified by recent studies that the  thermally stable
oxygen precipitates produced by the nitrogen  10 doping, which are
difficult to eliminate even by heat treatment at high temperatures, cause a
problem as they tend to induce  defects in the epitaxial layer. Further,
when the silicon is  doped with boron, the gettering capability becomes
lowered for  the heavy metal impurities unless a high concentration of
boron  15 is used. Therefore, to solve the above problem, for example,
JP3589119  has disclosed a technology for controlling the position where
an OSF ring is generated depending on the pulling rate by 20 controlling a
gap L between the melt surface and the lower end  of a thermal shielding
material so as to adjust the position of  the OSF ring to the pulling rate.
Especially, there has been  proposed a method for pushing the OSF
region out of the crystal  by setting the crystal pulling rate to a value equal
to or 25 higher than 1.2 mm/minute. It has been reported that, in this
method, a density of the epitaxial layer defects can be reduced  to a level
equal to or lower than 0.1 cm2 (defects per square  centimetre) sufficiently
suppressing the generation of the  epitaxial layer defects. 30 In addition,
as another method of technology to avoid the  



above-mentioned problem, for example, JP2008-100906 has  proposed a
method for doping with boron, nitrogen, and  hydrogen. There has been
disclosed that in this method, without 35 increasing the epitaxial layer
defects on the epitaxial wafer, 4  the gettering capability and a low density
of epitaxial layer  defects can be achieved by using hydrogen which
weakens the  nitrogen's effect of promoting the formation of
oxygen-induced  stacking faults. 5 Further, JP2000-281491 has proposed
a method for growing a  silicon single crystal by introducing hydrogen gas
and  incorporating nitrogen in the silicon melt at levels ranging  from 1xi01
to 1.5x1019 cm-3 ;atoms per cubic centimetre). 10 Through this method,
the generation of octahedron-like vacancy  defects is suppressed to lower
the size of the vacancy defects  and to reduce the density of the oxygen
precipitates in the  single crystal. 15 Problem to be solved by the invention
However, as in JP2000-109396, when the silicon substrate wafer  with
added nitrogen is used as an epitaxial wafer substrate,  nitrogen causes
defects in the epitaxial layer. In addition, 20 these nitrogen-induced
defects in the epitaxial layer have been  known to appear in the defect
region called an OSF region of a  nitrogen-doped substrate. One reason is
that a particular  oxygen precipitate already existing in the OSF region at
the  stage just after crystal growth forms a new defect in the 25 epitaxial
layer. It should be noted that the term "OSF region",  as used herein,
refers to a region where the concentration of  the crystal lattice vacancies
is extremely 'Lowered because the  crystal lattice vacancies and the
interstitia' silicon atoms  recombine due to radial diffusion. Also, this is the
region in  



30 which an oxidation heat treatment of the silicon wafer generates
oxidation-induced stacking faults. Doping the silicon wafer with boron at a
high concentration, as  in JP2008-150283 or JP2008-100906, causes a
problem in that the  35 boron impurities in the substrate diffuse out into the
vapour 5  phase during the deposition of the epitaxial layer and get
incorporated into the epitaxial layer again. This phenomenon is  called
auto-doping. On the other hand, a silicon single crystal  wafer doped with
a low concentration of boron cannot solve the 5 problem of the lower
gettering capability for heavy meta'.  impurities in the segregation-type
gettering by boron atoms,  compared to the relaxation-type gettering using
the oxygen  precipitates. 10 Further, as described in JP3589119, when
the crystal size  becomes equal to or larger than 300 mm, it is difficult to
stably grow a crystal with a pulling rate equal to or higher  than 1.2
nun/minute. In addition, it has been noted clearly that  when an epitaxial
layer is deposited after producing a silicon 15 substrate wafer under such
conditions as described in JP2000- 281491, the epitaxial layer generates
defects even when a  substrate with no OSF region is used. It has been
clarified  that such epitaxial layer defect are generated from voids at  the
substrate surface (Fig. 1). As shown in Fig. 1, it has been 20 confirmed
that by doping the silicon crystal with nitrogen and  hydrogen, voids are
generated in the silicon crystal. Those of  the voids which are located in
the vicinity of the substrate  surface before depositing the epitaxial layer
may cause  dislocations in the epitaxial layer. The dislocations are 25
formed in the epitaxial layer at the surface of the substrate  with the voids
as an originating point. Accordingly, the objective of the present invention
is to  



suppress and prevent the epitaxial layer defects generated from  30 voids
in the silicon substrate wafer occurring when the silicon  crystal is doped
with nitrogen and hydrogen. Means for solving the problem 6  As the
result of the present inventors' intensive studies  considering the above
problems, the present invention provides  a method for producing an
epitaxial wafer comprising: a step of growing a silicon crystal by the
Czochralski method  5 comprising adding hydrogen and nitrogen to a
silicon melt and  growing from the silicon melt a silicon crystal having a
nitrogen concentration of from 3x103 cm-' to 3x1019 cri3, a step of
preparing a silicon substrate by machining said  silicon crystal, and 10 a
step of forming an epitaxial layer at the surface of the  silicon substrate.
Effects of the invention 15 By the production method of the present
invention, the  epitaxial layer defects generated from hydrogen defects
(voids)  which are induced by adding hydrogen can be suppressed and
prevented. 20 By the production method according to the present
invention,  the number of bubble-like void aggregates which is a form of a
defect induced by adding hydrogen can be controlled. Also, the  epitaxial
layer defects induced by the bubble-like void  aggregates can be
suppressed and prevented. 25 Brief description of the drawings Fig. 1 is a
photograph showing the appearance of an epitaxial  layer defect induced
by adding hydrogen. 30 Fig. 2 is a drawing explaining the relationship
between the  



defect regions and the nitrogen concentration in a silicon  ingot grown by
the Czochralski method. (a) is a graph showing  the relationship between
the defect regions and the nitrogen 35 concentration in a substrate before
the epitaxial deposition. 7  (b) is a schematic drawing showing the defect
regions and the  nitrogen concentration distribution in a silicon crystal
ingot  during pulling. 5 Fig. 3 is a schematic drawing showing the defect
regions and  the presence or absence of epitaxial layer defects. Fig. 4 is a
photograph taken by a transmission electron  microscope showing a
bubble-like void aggregate in a silicon  10 wafer relevant to the present
invention. Fig. 5 is a photograph taken by a transmission electron
microscope showing a void in a silicon wafer relevant to the  present
invention. 15 Fig 6 is a drawing showing the relationship between the
nitrogen concentration as well as V/G and the epitaxial layer  defects
induced in an epitaxial wafer using a substrate with  hydrogen and
nitrogen added by the method of the present 20 invention. Fig 7 is a
drawing showing the conditions of the epitaxial  layer defect generation in
terms of the amount of the added  nitrogen and hydrogen. 25 Detailed
description and preferred embodiments of the invention  A first aspect of
the present invention is to provide a method  for the production of a
semiconductor wafer, which comprises 30 the following steps: A step of
adding hydrogen and nitrogen to  a silicon melt and growing a silicon
crystal having a nitrogen  concentration ranging from 3x1013 atoms/cm3
to 3x104 cm3 (atoms  



per cubic centimetre) by the Czochralski method (step 1), a  step of
machining the silicon crystal to prepare a silicon 8  substrate (step 2), and
a step of forming an epitaxial layer on  the surface of the silicon substrate
(step 3). By this method, the epitaxial layer defects generated from 5 voids
on the surface of a substrate with added hydrogen when an  epitaxial
layer is deposited on such a substrate can be  suppressed and prevented.
In general, the state of crystal defects varies depending on  10 conditions
such as the presence or absence of a doping of  nitrogen or hydrogen, the
pulling rate, or the parameter values  of V/G. The influence of those
conditions on the generation of  crystal defects will be explained with
reference to Fig. 2. 15 Fig. 2 is a drawing explaining the relationship
between the  defect regions and the nitrogen concentration in a silicon
ingot grown by the Czochralski (CZ) method. (a) is a graph  showing the
relationship between the defect regions and the  nitrogen concentration in
a substrate before the epitaxial 20 deposition. (b) is a schematic drawing
showing V/G and the  nitrogen concentration distribution in a silicon
crystal ingot  during crystal growth. In the CZ method, as is well known, an
ingot of a silicon 25 single crystal is grown while pulling-up gradually
upward from  a silicon melt. In a substrate cut cut of this ingot, three  kinds
of defect regions (V region, OSF region, and I region)  exist as shown in
Fig. 2 (a). 30 First, the V region is a region where an excess of crystal-
lattice vacancies is introduced from the solid-liquid interface  during crystal
growth. There exist voids created by the  aggregation of the crystal-lattice
vacancies. These voids are  also known as "COPS" (crystal originated
particles). 



35 9  The OSF region is a region where OSFs are generated when the
silicon single crystal wafer is subjected to an oxidation heat  treatment. It
should be noted that an OSF as referred to herein  is a disk-like stacking
fault with a diameter of about several 5 microns, where an oxygen
precipitate (the OSF nucleus) exists  at the centre. The USE can be
formed by the aggregation of the  interstitial silicon atoms, which are
generated from the  interface between an oxidized film and a silicon
substrate  around the OSF nucleus. The OSF nucleus is a particular
oxygen 10 precipitate having a property to collect the interstitial  silicon
atoms and is considered to already exist at the  substrate at the stage just
after the crystal growth. Because  the OSF nucleus has a small size (it is
considered to be equal  to or smaller than 10 nm), it cannot be detected
by present 15 evaluation methods such as a particle counter or an infrared
tomograph. Therefore, the presence of OSFs can be confirmed  first by
performing an oxidation heat treatment. The I region is a region where
excess interstitial silicon 20 atoms are introduced from the solid-liquid
interface during the  crystal growth. There exist dislocation loops created
by the  aggregation of the interstitial silicon atoms. For example, according
to conventional knowledge as published  25 in V. V. Voronkov, K. Crystal
Growth, 59 (1982) 625 or M. Iida,  W. Kusaki, M. Tamatsuka, E. Iino, M.
Kimura and S. Muraoka,  Defects in Silicon. T. Abe, W. M. Bullisetal
(ECS., Pennington  N. J., 1999) 499), it has been known that the defect
regions of  the substrate are determined by the nitrogen concentration and
30 the crystal growth condition of V/G (wherein V is a pulling  rate
[mm/minute]; and G is an average temperature gradient  [C/mm] in a
crystal growth axis direction from the melting  



point down to 1350 C). 10  If the substrate was cut out of a silicon single
crystal with  no nitrogen added, crystal lattice vacancies are introduced
excessively to form a V region in a silicon substrate when V/G  becomes
larger than a specific value. In contrast, when V/G 5 becomes smaller
than a specific value, interstitial silicon  atoms are introduced excessively
to form an I region in the  silicon substrate. On the other hand, nitrogen
influences the  quantity of the crystal-lattice vacancies and the interstitial
silicon atoms introduced from the solid-liquid interface. 10 Therefore, the
defect regions of a silicon substrate cut out of  the silicon single crystal
with added nitrogen can be  represented, as shown in Fig. 2(a), bya two
dimensional defect  region map with the nitrogen concentration and V/G
as two axes. 15 In addition, one piece of ingot of a crystal with added
nitrogen has, as shown in Fig. 2(a), a certain width in the  nitrogen
concentration and V/G and is shown by a rectangular  region (called a
growth condition region) in the nitrogen  concentration-V/G drawing. This
is because, as shown in Fig. 20 2(b), an ingot of a crystal with added
nitrogen has a higher  nitrogen concentration at the lower part and has a
lower V/G  value at the crystal periphery compared to the centre part.  The
nitrogen addition to the CZ-silicon single crystal is 25 performed by using
a melt with added nitrogen. However, it has  been known that the ratio
(the segregation coefficient) of the  nitrogen concentration incorporated
from the melt into the  crystal in the solidification process is very small.
Therefore,  most of the nitrogen in the melt remains in the melt, and the 30
nitrogen concentration in the melt is increased as the crystal  growth
proceeds. As a result, the nitrogen concentration  becomes higher at the
lower part of the crystal. In addition,  



the average temperature gradient G C/mmj in a crystal growth  axis
direction from the melting point down to 1350 C depends 35 on the crystal
cooling capability. However, because the crystal 11  periphery is in
general easily cooled, G is larger at the  crystal periphery. As a result, V/G
becomes lower at the  crystal periphery. 5 By overlapping a range of
growth conditions of one piece of a  crystal ingot with nitrogen added over
the two-dimensional  defect region map which uses the nitrogen
concentration and V/G  as two axes, the defect regions of the crystal can
be  described. For example, in a crystal within a growth condition 10 range
as shown in Fig. 2, the V region can be found at the  crystal centre while
the OSF region can be found at the crystal  periphery. When V/G is
increased with the nitrogen  concentration range fixed, the V region
extends over the whole  substrate surface. When V/G is decreased, the V
region becomes 15 shrunk at the substrate centre, and the I region
extends over  the whole substrate surface. In addition, when the nitrogen
concentration is increased with V/G fixed, the OSF region is  generated
from the periphery and spreads over the whole  substrate surface. 20 As a
result of the detailed investigation on the relationship  between the
epitaxial layer defects generated in the epitaxial  wafer using a
nitrogen-doped substrate with such defect  regions, the nitrogen
concentration and V/G, it has been found 25 that the defect regions after
the epitaxial deposition appear  as shown in Fig. 3. First, when a substrate
with added nitrogen but without  hydrogen is used, the epitaxial layer
defects are generated at  30 a place corresponding to the OSF region of
the substrate (this 



defect is called an N-induced defect). It is considered that  this defect is
generated by a new defect formed in the  epitaxial layer due to a particular
oxygen precipitate already  existing at the stage just after crystal growth in
the OSF 35 region. 12  Then, when a silicon substrate with hydrogen as
well as  nitrogen added is used, OSFs are not generated in a region
corresponding to the OSF region of the substrate with added 5 nitrogen.
The N-induced defects are not generated as well. It  is supposed that this
is because hydrogen renders harmless the  existing particular oxygen
precipitates in the OSF region. On  the other hand, in the case of the
silicon substrate with added  hydrogen, it has been confirmed that a new
epitaxial layer 10 defect different from the N-induced defect is generated
in a  region corresponding to the V region of said substrate (this  defect is
called an H-induced defect). Therefore, when the  epitaxial wafer is
produced by using the silicon substrate with  hydrogen and nitrogen
added, it is necessary to take 15 countermeasures to prevent the
generation of the H-induced  defect. Accordingly, it will be confirmed by
the examples to be  described later that, in the silicon wafer and the
production  20 method thereof according to the present invention, the
epitaxial layer defects induced by the addition of hydrogen can  be
suppressed and prevented by adding nitrogen and hydrogen as  well as
by setting the hydrogen partial pressure to a proper  range. 25 n
producing the silicon wafer according to the present  invention, it has been
confirmed by the present inventors that  by growing the silicon crystal
under the predetermined  



conditions with hydrogen and nitrogen added, the shapes of the 30 voids
in the V region vary. That is, the form of the voids  changes from an
octahedron to a bubble-like void aggregate (see  Fig. 4). In addition, it is
considered that said bubble-like  void aggregates cause the H-induced
defects which are generated  in the epitaxial layer. 35 13  That is, as a
result of an intensive study, the present  inventors have been able to
observe the silicon crystal  (silicon wafer) relevant to the present invention
by using a  transmission electron microscope (TEM, JEM-2010,
manufactured 5 by JEOL Ltd.). The observation direction was the 110
direction.  The diffraction condition was set to the two-wave condition
which the 220 reflection excites. When the deviation quantity S  from the
Bragg condition was set larger than 1 g, the above  bubble-like void
aggregates were found. And, the influence of 10 the bubble-like void
aggregates on the epitaxial layer was  found when the epitaxial layer was
formed on the silicon wafer  having the bubble-like void aggregates. An
explanation of the  bubble-like void aggregate in comparison to a
conventional void  will be given below. 15 It has been noted clearly that
the shape of voids existing in  the V region of a conventional silicon crystal
is an octahedron  having {111} surfaces as shown in Fig. 5. In the silicon
single  crystal having a crystal diameter of equal to or larger than 20 200
mm produced by the Czochralski method, the size of the  octahedral voids
is about 100 to 300 nm. Upon deposition of the  epitaxial layer, no
epitaxial layer defects are generated in  the V region where such
octahedron-like voids exist. 25 On the other hand, Fig. 4 is a photograph
taken by a  



transmission electron microscope showing a bubble-like void  aggregate
existing in a silicon crystal in the present  invention. The term "bubble-like"
means an aggregate of a  plurality of irregularly shaped voids which have
neither an 30 octahedral shape nor {lli} surfaces as shown in Fig. 4.
Therefore, a void aggregate seen specifically in the silicon  wafer (silicon
crystal) according to the present invention is  called a "bubble-like void
aggregate". The present inventors  have found that, when an epitaxial
layer is deposited on a 35 substrate containing many such bubble-like
void aggregates, H 14  induced defects are generated in a large quantity
in the  epitaxial layer. The reason why the bubble-like void aggregates  as
shown in Fig. 4 induce the generation of H-induced defects  as shown in
Fig. 1 has not been clarified yet at the present 5 stage. However, it is
estimated that small voids dissolve in  the grown silicon crystal, leaving
relatively large voids. As a  result, a vacancy appears. And, the vacancy
agglomerates and  form a vacancy type dislocation loop. Then, such
dislocation  loop is transcribed onto the epitaxial layer, and two pieces of
10 dislocation (H-induced defect) are considered to be formed in  the
epitaxial layer. As an allowable quantity for the number of epitaxial layer
defects, it would not be a problem as far as the device 15 characteristics
is concerned if the number of such defects is  lower than the embodiment
with the smallest number of such  defects (0.04 cm-2 [defects per square
centimetre], that is 28  defects/wafer for a 300 mm wafer) described in
JP3589119 for  example. According to the knowledge by the present
inventors, 20 it has been confirmed that the epitaxial layer defect can be
kept at the above-mentioned level by maintaining the ratio of  the
bubble-like void aggregates equal to or smaller than 0.4.  



It should be noted that the "ratio of the bubble-like void  aggregates"
according to the present invention means a ratio of 25 the bubble-like void
aggregates to the total void number which  is set to 1. The "total void
number" means the total number of  voids contained in the bubble-like
void aggregates as well as  other voids not contained in the aggregates.
30 Therefore, regarding the voids existing in the silicon  substrate
obtained from the silicon crystal according to the  present invention, the
number of the bubble-like void  aggregates having a plurality of irregular
voids aggregated is  preferably below 0.4 relative to the total number of
voids. 35 Below 0.3 relative to the total number of voids would be more 15
preferable. In this way, the number of bubble-like void  aggregates, which
are one kind of hydrogen defects induced by  the addition of hydrogen,
can be controlled. Thus, the  epitaxial layer defects induced by the
bubble-like void 5 aggregates can be suppressed and prevented. In
addition, it has been confirmed that in a silicon crystal  grown by adding
only nitrogen to a silicon melt, no bubble-like  void aggregates are formed.
When nitrogen and hydrogen are 10 added, the ratio of bubble-like void
aggregates increases  proportionally to the added hydrogen
concentration. Further, it  has been confirmed that for a silicon crystal
grown by adding  nitrogen and hydrogen to the silicon melt, the ratio of
bubble- like void aggregates increases in spite of the increase in the  15
nitrogen concentration. In addition, th_e increase in the cooling rate during
the silicon crystal growth decreases the  ratio of the bubble-like void
aggregates. Further, it is  considered that a vacancy-hydrogen composite
or an interstitial  silicon-hydrogen composite can be formed by a reaction
of 20 hydrogen in the silicon crystal with the vacancies or  



interstitial silicon atoms existing in excess. Thus, the number  of vacancies
or interstitial silicon atoms is decreased, which  allows growing a silicon
crystal with a smaller number of COPs  or dislocation loops or a small
defect size. Accordingly, it is 25 considered that if the hydrogen
concentration added to the  silicon melt is lowered, the amount by which
the vacancies or  the interstitial silicon atoms existing in excess in the
silicon crystal can be rendered harmless decreases as well.  Thus, the
defect density in the silicon crystal cannot be 30 suppressed. Therefore,
for example, as in embodiment 1 in paragraph "0048",  or embodiment 2
in paragraph "0055" of the above-cited JP- 2000-281491, under the
condition in which the hydrogen volume 35 ratio in the atmosphere during
growth of the silicon single 16  crystal is decreased to 50 ppm (5x10-3 %)
or 0.1 ppm (lxl0-5 %)  while maintaining a high nitrogen concentration
atmosphere as  high as 1016 to 1019 order, the generation of crystal
defects  such as OSFs cannot be suppressed for the above reason. 5
Therefore, defects remain in an epitaxial layer after the  deposition
thereof. In addition, it is understood that by  increasing the hydrogen
volume ratio of the atmosphere during  the growth of the silicon single
crystal to as high as 4 %  under a high nitrogen concentration of the
atmosphere as 10 described in paragraph "0056" of said Literature, the
ratio of  bubble-like void aggregates increases. Thus, the epitaxial  layer
defects can not be suppressed and prevented. Therefore, it is considered
that the number of bubble-like void  15 aggregates can be controlled by
controlling such conditions  within specified ranges, as the nitrogen
concentration in the  silicon single crystal and the hydrogen partial
pressure in  growing the crystal, the cooling rate and pulling rate. 



20 Fig. 6 is a schematic drawing showing the relationship between  the
epitaxial layer defects generated in an epitaxial wafer and  the nitrogen
concentration and V/G, wherein the above epitaxial  wafer used a
substrate with hydrogen and nitrogen added and was  produced by the
production method of the present invention. The 25 H-induced defects in
the V region and the N-induced defects in  the region corresponding to the
OSF region at the substrate  with only nitrogen added are both
suppressed. In the production  method of the present invention, because it
is not necessary to  control a defect region of the substrate by controlling
V/G to 30 avoid the epitaxial layer defect, it is advantageous that an
allowable range for the crystal production condition can be  broadened.
Fig. 7 shows a part of the experimental results achieved by the  35
present inventors. As shown in Fig. 7(a), it can be confirmed 17  that in
the silicon crystal grown by the addition of nitrogen,  the OSF ring caused
by the addition of nitrogen is formed as  can be understood from Fig. 3(a).
By doping with hydrogen under  such conditions, a change occurs as
shown in Fig. 3(b). It can 5 be confirmed that the OSF ring derived from
the nitrogen  addition does not appear (see Fig. 7(b)). Therefore, it has
been confirmed that, by the addition of  nitrogen and hydrogen, although
the generation of oxygen 10 precipitates etc. as a result of the nitrogen
addition as one  cause of the epitaxial layer defects can be controlled by
hydrogen doping, defects derived from hydrogen are generated as  shown
by Fig. 7(b). However, it can be understood that by  adding nitrogen and
hydrogen in a predetermined range and by 15 setting predetermined
conditions (cooling rate or the like), as  in the production method of the
present invention, the bubble- like void aggregates found by the present
inventors can be  



controlled. Also, the epitaxial layer defects (H-induced  defects) generated
from the bubble-like void aggregates can be 20 suppressed and
prevented as shown in Fig. 7(c). In addition, it  is considered that the
bubble-like void aggregate found by the  present inventors is not a huge
cavity formed by the  aggregation of hydrogen but rather is an object
morphologically  changed from the void defect formed by the aggregation
of 25 crystal-lattice vacancies due to hydrogen addition. Below, the
production method for the epitaxial wafer according  to the present
invention will be explained step by step. 30 Step 1 The production method
of the epitaxial wafer according to the  present invention comprises a step
of adding hydrogen and  nitrogen to a silicon melt and then growing a
silicon crystal 18  having a nitrogen concentration ranging from 3x10'13
cm-3 to  3x1014 cm-3 by the Czochralski method. The method for adding
nitrogen into the silicon melt according  5 to the present invention is not
specifically limited, and any  known method can be used. For example, it
is possible to  introduce nitrogen gas during the melting of the silicon raw
material or to add a silicon substrate on which a nitride was  deposited by
a CUD method or the like before melting the 10 silicon raw material. The
nitrogen concentration in the silicon crystal according to  the present
invention is preferably from 3x1013 CM -3 to 3x10 cm- 3, and more
preferably from 5x10'3 cm 3 to 2x101` cm 3.  15 If the nitrogen
concentration in the crystal is below 3x1013  CM-3, the BMD density
would become less than 2x103 cm 3. As a  result, a sufficient gettering
capability can not be achieved.  On the other hand, if the nitrogen
concentration is over 3x101` 



20 cm3, the ratio of bubble-like void aggregates would become  greater
than 0.4. As a result, the epitaxial layer defects  induced by the hydrogen
addition would be generated. The method for adding hydrogen to the
silicon melt in the 25 process of growing the silicon crystal according to
the present  invention preferably comprises a step of pulling the silicon
single crystal under an atmosphere with a hydrogen partial  pressure
ranging from 0.1 mbar to 0.4 mbar, or more preferably  from 0.2 mbar to
0.35 mbar. 30 If the hydrogen partial pressure is below 0.1 mbar, the
epitaxial layer defect induced by nitrogen would not be  suppressed. If the
hydrogen partial pressure is over 0.4 mbar,  the ratio of bubble-like void
aggregates would become greater 19  than 0.4. As a result, the epitaxial
layer defects induced by  the hydrogen addition would be generated. The
quantity of hydrogen to be introduced into a crystal  5 growing furnace in
the production method according to the  present invention is determined
such that the volume ratio  thereof (volume of hydrogen/volume of total
mixed gas to be  introduced) is 0.3 % to 1.0 or more preferably 0.5 % to
0.9  10 A volume ratio of hydrogen in the atmosphere of the furnace of
over 1.0 % is not preferable because of its explosion risk. On  the other
hand, with a volume ratio of below 0.3 it is  difficult to incorporate
hydrogen in the silicon single 15 crystal. Hydrogen to be introduced into
the crystal growing furnace in  the production method according to the
present invention may be  a mixture of hydrogen with an inert gas or the
like. For the 20 inert gas, the inexpensive Ar gas is preferable, but various



kinds of rare gases such as He, Ne, Kr or Xe can be used singly  or
alternatively as a mixed gas thereof. The method for adding boron to the
silicon melt according to  25 the present invention is not specifically
limited, and any  known method can be used. For example, it is possible
to  introduce boron during the melting of the silicon raw material,  to add a
silicon substrate on which a boron-containing compound  or the like was
deposited by a CVD method or the like during 30 the melting of the silicon
raw material, or to charge boron as  an element into the silicon melt. The
pulling rate V [mm/minute] according to the method of the  present
invention is not specifically limited. However, in 20  terms of productivity, it
is preferable to be equal to or  higher than 0.8 [mm/minute]. In the step of
growing the silicon crystal according to the  5 present invention, the
cooling rate of the silicon single  crystal at 1100 to 1200 C is preferably set
equal to or higher  than 3.5 C/minute. More preferably, the cooling rate of
the  silicon single crystal at 1100 to 1150 C is set equal to or  higher than
3.5 C/minute. 10 If the cooling rate at 1200 to 1100 C during the crystal
growth is below 3.5 C/minute, the ratio of bubble-like void  aggregates
would become over 0.4. As a result, the epitaxial  layer defects induced by
the hydrogen addition would be 15 generated. Because the upper limit of
the cooling rate varies  depending on the diameter of the silicon single
crystal to be  grown, it is not specifically limited. However, in particular,  a
large crystal diameter equal to or larger than 300 mm is  difficult to attain
with a cooling rate equal to or higher than  20 4.5 C/minute. 



In addition, because the aggregation of crystal-lattice  vacancies resulting
in the formation of voids does not occur  over 1200 C while the crystal is
being cooled, there are no 25 effects on the ratio of the bubble-like void
aggregates even by  adjusting the cooling rate in this temperature range.
Further, because the void formation reaction is already  completed, there
are no effects on the ratio of bubble-like 30 void aggregates below 1100 C
while the crystal is being cooled  even by adjusting cooling rate in this
temperature range. As described above, in the present invention a crystal
heating  apparatus and a crystal cooling apparatus can be used in the 35
crystal growth using the Czochralski method in order to set the 21  cooling
rate during silicon crystal growth within a  predetermined range. The
apparatus for the production of the  silicon crystal which can be used in
the production method  according to the present invention is not
specifically limited. 5 However, in order to increase the crystal cooling rate
at 1100  to 1200 C during crystal growth, a special treatment such as
increasing the cooling capability of a thermal shielding plate  to be
installed so as to surround the crystal may become necessary as
described in JP2004-224642 for example.  10 Step 2 The method of
producing an epitaxial wafer according to the  present invention includes a
step of preparing a silicon 15 substrate machining said silicon crystal. A
silicon substrate wafer is usually produced from the silicon  crystal ingot
prepared by the above-mentioned production  method, by such steps as
slicing the silicon crystal using a 20 wire saw or an internal-diameter saw,
and subjecting the sliced  wafers to chamfering, planarization (including
e.g. grinding or  



lapping), etching, and polishing (including stock-removal and  mirror
polishing). However, it should not be specifically  limited thereto. 25 Step 3
The method of producing an epitaxial wafer according to the  present
invention includes a step of forming an epitaxial layer  30 at the surface of
this silicon substrate. In step 3, the single crystal silicon is subjected to the
epitaxial growth onto the surface of the front surface part of  the silicon
substrate wafer using a CVD apparatus (for example, 35 an epitaxial
growth apparatus manufactured by Applied Materials 22  Co., Ltd., or
ASM Co., Ltd.). In this way, the epitaxial layer  with a desired film
thickness for the desired semiconductor  device can be formed, and the
silicon substrate wafer according  to the present invention can be attained.
5 A second aspect of the present invention is to provide an  epitaxial wafer
having an epitaxial layer formed at the surface  of a silicon substrate wafer
which comprises a nitrogen  concentration ranging from 3xl01' cm3 to
3x10" cm3. Also, the 10 number of bubble-like void aggregates having a
plurality of  irregular voids aggregated is below 0.4 relative to the total
number of voids existing in said silicon substrate. It is considered that the
production method of the present 15 invention controls such conditions
within specified ranges as  the nitrogen concentration in the silicon single
crystal and  the hydrogen partial pressure during crystal growth, the
cooling rate, and the pulling rate. Thus, the epitaxial wafer  obtained by
this production method has less epitaxial layer 20 defects, which are
generated from the hydrogen defects (voids)  



induced by the hydrogen addition. Further, according to the production
method of the present  invention, since the conditions including the
nitrogen 25 concentration in the silicon single crystal, the hydrogen  partial
pressure during growth of the crystal, the cooling  rate, and the pulling rate
are all found to be controlled  within a specified range, the epitaxial wafer
obtained by this  production method generates a limited number of
bubble-like 30 void aggregates. Also, the number of bubble-like void
aggregates as one kind of hydrogen defects induced by the  addition of
hydrogen is kept below 0.4 relative to the total  void number. Thus, the
epitaxial layer defect induced by the  bubble-like void aggregate can be
reduced. 35 23  Examples The present invention will be explained below
with reference to  Examples and Comparative Examples. It should be
noted that the  5 present invention is not limited to the above
embodiments and the following examples. They are exemplary only. As
long as any  of those having substantially the same configuration as the
technical idea described in the claims of the present invention  and those
having the similar function effect, they are 10 considered to be within the
technical range of the present  invention. 1. Production of the silicon
substrate wafer 15 In each of the present Examples and Comparative
Examples, an  apparatus for the production of a silicon single crystal by
the  usual Czochralski method is used. A first puller having a  general
cooling rate and a second puller, wherein a thermal  shielding plate is
cooled by a special method to increase the 20 cooling rate at 1100 to
1200 C, were used. It should be noted  



that, in performing the present invention, the puller is not  specifically
limited as long as it is capable of performing the  growth condition of the
present invention. 25 Nitrogen was added by putting a wafer having a
nitride film  into the silicon melt so as to set the concentration of  nitrogen
in the silicon single crystal to 1.8x10- cm In  addition, hydrogen was added
by introducing a mixed gas  containing hydrogen into each of the pullers. It
should be 30 noted that the hydrogen partial pressure (mbar) in the puller
was set to the condition described in the following Table 1.  The cooling
rate of the crystal at 1100 to 1200 C during  growing the crystal in the first
puller was set to 2.5 35 C/minute, and the cooling rate in the second puller
was set to 24  3.8 C/minute. The cooling rates of the temperature in each
Example and each Comparative Example are described in Table 1  below.
5 The silicon crystal grown by utilizing this apparatus had a
conduction-type of p-type and a crystal size (diameter) of 300  mm (12
inches). The resistivity of the silicon single crystal  was from 10 to 15
Qcm. The pulling rate in any case was below  1.2 mm/minute. 10 The
nitrogen concentration, the cooling rate, and the hydrogen  partial
pressure applied in the Examples and Comparative  Examples are
specified in Table 1 below. 15 2. Measurement of the nitrogen
concentration in the silicon  substrate wafer The nitrogen concentration of
the silicon substrate wafer  obtained by slicing the crystal grown by the
above method was  20 measured by using secondary ion mass
spectrometry (SIMS). However, because a wafer having a nitrogen
concentration equal  



to or lower than 5x10'4 cm3 cannot be measured by using SIMS,  the
nitrogen concentration determined by the following equation  was used.
This equation will be explained in detail below. 25 The nitrogen
concentration incorporated into the crystal from a  silicon melt used in the
production method of the present  invention can be calculated by the
following Equation 1: 30 Nitrogen concentration in the wafer k x (1 -
solidification ratio) (k-i) x (nitrogen concentration  in the melt) It should be
noted that the nitrogen concentration in the melt  35 may also be referred
to as the initial melt nitrogen 25  concentration. Here, the solidification
ratio (g) of the  silicon crystal can be determined by Equation 2:
Solidification ratio (g) of the silicon crystal 5 = (Weight of crystallized
silicon)/(Weight of initial melt) In addition, it has been known that the
segregation coefficient  k, which is the ratio of the impurities incorporated
into the  crystal after the solidification of silicon melt to the 10
concentration in the melt, is 7x10_9 in the case of nitrogen (W.  Zulehner
and D. Huber, Crystal Growth, Properties and  Applications, p. 28,
Springer-Verlag, New York, 1982). The  measurement value of the
nitrogen concentration (in atoms per  cubic centimetre) is shown in the
-following Table. 15 3. OSF evaluation of silicon substrate wafer The OSF
evaluation of the substrate obtained by slicing the  crystal grown by the
above method was performed by the 20 following method. First, the silicon
substrate wafer was  oxidized at 1100 C for 1 hour in an oxygen
atmosphere  containing steam. Then, the oxidized film was removed with  



hydrofluoric acid, and then the epitaxial layer in a thickness  of 1.5 pm was
etched with a Wright etching solution. Then the 25 ellipse-like,
half-moon-like or bar-like OSF pits generated at  the surface were
observed with an optical microscope. An OSF  surface density (in defects
per square centimetre) was  determined as OSF pit number per
observation area by counting  the number of the OSF pits while scanning
the wafer in the 30 wafer diameter direction with a view field of a diameter
of 2.5  mm using an optical microscope. An area having an OSF surface
density of equal to or higher than 100 cm2 was defined as an  OSF
region. The inner diameter and outer diameter [cm] of the  OSF region,
determined in this way, are described in the 35 following Table 1. 26  As
for the ratio of the number of bubble-like void aggregates  relative to the
total void number in the substrate, a value  determined by the above
method is described in the following  5 Table. 4. Production of the epitaxial
wafer and evaluation thereof  An epitaxial wafer was produced by slicing
the silicon crystal  10 grown by the above method, mirror-fabricating this
substrate wafer and depositing a silicon single crystal layer (the  epitaxial
layer) by the epitaxial method on the substrate  wafer. 15 S. BMD
measurement of the epitaxial wafer The BMDs of the epitaxial wafer were
measured by the following  method. First, the epitaxial wafer prepared by
the above method  was subjected to a heat treatment at 1000 C for 16
hours, and 20 thereafter the BMD density was measured with a BMD
analyzer  (MO-4) manufactured by Raytex Corp. 6. Measurement of the
epitaxial layer defects of the epitaxial  wafer 



25 The epitaxial layer defects of the epitaxial wafer were  measured by the
following method. First, the epitaxial wafer  was measured with the particle
counter SP-1 manufactured by  KLA-Tencor Corp. to identify the positions
of LPDs (light point 30 defects) equal to or larger than 0.09 um. After that,
the LPD  positions were measured with AFM to identify the LPD as an
epitaxial layer defect other than foreign substances adhered to  the
surface. Among the epitaxial layer defects identified, the  epitaxial layer
defects generated at the position corresponding 35 to the OSF region of
the substrate were defined as N-induced 27  defects, while the epitaxial
layer defects generated inside  from the OSF region were defined as
H-induced defects. The  number of the H-induced defects and the
N-induced defects  determined in this way are described in Table 1. 28  U
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W U W U W U W  H 29  It should be noted that in all of the epitaxial
wafers  described in Table 1, the BMD density was equal to or higher
than 2x108 cm-3. In the Examples, the generation of H-induced  defect
was improved compared to the Comparative Examples, while 5 the
N-induced defects were not generated. 



30  Claims 1. A method for producing an epitaxial wafer comprising: a
step of growing a silicon crystal by the Czochralski method  5 comprising
adding hydrogen and nitrogen to a silicon melt and  growing from the
silicon melt a silicon crystal having a  nitrogen concentration of from
3x10'3 cm-3 to 3x1019 cm3, a step of preparing a silicon substrate by
machining said  silicon crystal, and 10 a step of forming an epitaxial layer
at the surface of the  silicon substrate. 2. The method according to claim
1, wherein the step of adding  hydrogen into the silicon melt in the step of
growing said 15 silicon crystal comprises growing the silicon single crystal
under an atmosphere with a hydrogen partial pressure of from  0.1 mbar
to 0.4 mbar. 3. The method according to claim 1 or 2, wherein the number
of  20 bubble-like void aggregates having a plurality of irregular  voids
aggregated relative to the total number of voids existing  in said silicon
substrate is below 0.4. 4. The production method for the epitaxial wafer
according to  25 any one of claims 1 to 3, wherein in the step of growing
said  silicon crystal, the cooling rate of said silicon crystal at  1100 to 1200
C is set equal to or higher than 3.5 C/minute.  5. An epitaxial wafer having
an epitaxial layer formed at the 30 surface of a silicon substrate wafer
which comprises a nitrogen  concentration in the range of 3xlC'3 CM -3 to
3x1019 cm 3, wherein  the number of bubble-like void aggregates having
a plurality of  irregular voids aggregated relative to the total number of
voids existing in said silicon substrate is below 0.4. 


