
SILICON WAFER AND METHOD FOR PRODUCING THE SAME  The present invention
relates to a silicon wafer and a production method therefor. More
specifically, the present in- 5 vention relates to a polished (mirror
processed) silicon single crystal wafer (-mirror wafer) which is doped with
nitrogen, hydrogen and carbon, and comprises a void region, and method for
producing the silicon wafer. 10 Character sties of the growth of a silicon
single crystal by a Czochraiski method (a CZ method) includes (2) crystal
growth from a free surface of a melt which is gravitationally stable, (2)
the doping or adjustment of impurities, which is necessary to adjust
resistivity, taking into account a con- 15 centration gradient in an axis
direction due to a segregation coefficient specific to the kind of
impurity, (3) the control of the oxygen concentration effective to getter
metal impurities by dissolving oxygen from the crucible, and the control of
the oxygen concentration OT dopant concentration 20 by control of the
pulling-up condition, (4) that the use of a quartz crucible or graphite
parts having higher purity and larger scale, and (5) the use of a large
sized apparatus which enables the growth of a large diameter silicon single
crystal which is free of dislocations. As a large size sili- 25 con single
crystal grown by the Czochralski method can be used as a substrate for LSI,
severe control of the quality of the silicon crystal is required. Grown-in
defects existing inside a crystal just after the 30 silicon single crystal
growth, or oxygen precipitates, dislocation induced in a device production
process and stacking failure etc, deteriorate device characteristics. On
the other  2 hand, it has been clarified that oxygen precipitates can be
utiliced effectively as a gettering site of heavy metals, or increase in
mechanical strength of a substrate, and thus they are considered as
indispensible impurities at present, and 5 control of these crystal defects
is a very important. Accordingly, in a technical field to solve a problem
to con- 



trol these crystal defects, various trials have been per-formed to produce
a wafer where density or size of the grown-in defect is controlled, and for
example, Patent Literature 1 10(JP-A-2006-312576) discloses a production of
a silicon single crystal, in which a non-defect region, where grown-in
defects do not exist, is enlarged over the whole wafer surface, and having
sufficient BMD, which has gettering action in the inside, by setting
nitrogen in the relevant single crystal at 15 I'<1012 to equal to or lower
than 5x10" atoms/cm3 and by setting hydrogen partial pressure in
atmospheric gas inside a growth apparatus at equal to or lower than 40 to
400 Pa, in the course of producing the silicon crystal, 20 According to a
production method of the above Patent Literature 1, it is disclosed that,
by making it an indispensable requirement to produce under hydrogen partial
pressure, and by the doping of carbon or the like so as to suppress
formation of the ring-like OSF appearing in the crystal, and as a 25
result, allowable upper limit of oxygen concentration can be increased,
without elicitation of OST nuclei, Therefore, a wafer can be produced which
is composed of a non-defect region, without decreasing device
characteristics, even when oxygen concentration is high. In addition, it is
also de- 30 scribed in Patent Literature 1, that the relevant non-defect
region means an oxidation induced stacking fault (hereafter may be referred
to simply as ',DST") region, a Pv region (a  3 non-defect region where a
vacancy point defect is dominant) and a Pi region (a non-defect region
where an interstitial silicon point defect is dominant). 5 Still more in
Patent Literature 2 (JP-A-2005-142434), there is disclosed a production
method for a silicon single crystal wafer obtained by slicing a silicon
single crystal doped with carbon and nitrogen, and then by heat treatment
the wafer at a temperature of 900C to melting point of the silicon single
10 crystal, under mixed gas atmosphere( In the above Patent Literature 1,
as shown in .aragraohs [00481 to [00521 and Fig. 4, it has been confirmed
that by pulling-up the silicon crystal using a growing apparatus hay- 15
ing a hot hone causing the temperature gradient in the pulling direction of
the single crystal just after solidification to be smaller at the crystal
peripheral part (Ge) than at the crystal center part (Gc), and growing
under a predetermined hydrogen partial pressure, the Pi region widens(
However, the 



20 Pi region is not adequate to an application where IC effect is required,
because of its inability to form BMD( Moreover, doping with nitrogen or
carbon in a predetermined concentration does not lead to a significant
improvement, since the P" region hardly changes by the doping of carbon,
and the P, re- 25 gion does not change by the doping of nitrogen, even when
hydrogen partial pressure is over 160 Pa.    Therefore, in the production
method in Patent Literature 1, there is a problem that widening of the P,
region cannot be 30controlled effectively.  4 In addition, in the above
Patent Literature 2, the silicon single crystal wafer with high crystalline
property and high thermal conductivity is produced, by decreasing size of
grown-in defect as small as possible by doping nitrogen and carbon, and
then by performing heat treatment of the silicon wafer so as to decrease
defect in particular at the surface layer part of the wafer. However, the
problem remains that sufficient IG effect cannot be obtained due to low
density of the oxygen precipitates. In addition, the occurrence of voids (
holes formed by aggregated vacancy point defects) is less in particular in
the OSF region. Such an OSF region is characterized by the absence of
crystal defects which deteriorate gate oxide integrity (GOI) of an oxide
film, namely C-mode characteristics (high C-mode pass rate). In such a
nitrogen-doped crystal, a region having relatively low void density
(specifically, a region having the density of over 1x103/cm3 and equal to
or lower than 5x103/cm3 in the nitrogen-doped crystal) is present which has
inferior high C-mode pass rate. Therefore, the nitrogen doped crystal
disclosed in the above Patent Literature 2 cannot be said to have high
C-mode pass rate as a whole, and is inferior in GOI of the oxide film.
Accordingly, embodiments of the present invention seek to provide a silicon
wafer composed of a silicon crystal formed with gettering PMD inside having
decreased amount of grown-in defects, and which is superior in GOI of the
oxide film, and has good C-mode characteristics (good high C-mode pass
rate). In addition, embodiments of the present invention seek to provide a
production method for the above silicon wafer.  In view of the above
problems, as a result of intensively studies carried out by the present
inventors, it has been found that a silicon crystal (single crystal
silicon) having excellent GOI characteristics of an oxide film, and good C-
5 mode characteristics (good in high C-mode pass rate) can be obtained by
the doping of nitrogen, carbon and hydrogen in predetermined
concentrations. In addition, the present inventors have found that in tne
10 case where carbon is not added in a level of equal to or higher than
predetermined concentration into the silicon crystal, the OSF does not
disappear even by increasing hydrogen amount in silicon melt to any level.
15 Still more, as well as the doping of nitrogen, carbon and hydrogen in
predetermined concentrations, "rapid cooling" treatment is carried out and
the silicon crystal is pulled-up at a predetermined temperature gradient
(hereafter referred to as "average temperature gradient in a crystal growth
lon- 



20 gitudinal direction" or simply "G"), and at a predetermined pull-up
speed (hereafter referred to simply as "V")_ It has been found that, by
this treatment, a silicon crystal having still more excellent GOI
characteristics of an oxide film, and still better C-mode characteristics
can be obtained. 25 Here, explanation will be given on characteristics of
"rapid cooling" according to the present invention. Conventionally, an
operation of rapid cooling of the silicon crystal has been carried out in
view of enhancing ptoductivity, However, in conventional rapid cooling
treatment, it has been general to 30 increase both temperature gradient and
pull-up speed. On the other hand, the present inventors have found that
"rapid cooling" by limiting temperature gradient in a very narrow  6
predetermined range and maintaining the pull-up speed at a level similar to
that of a conventional method, makes the void density significantly small,
and the voids compose bubble-like shaped aggregates of voids which do not
influence the function of a semiconductor device. According to the first
aspect of the present invention, there is provided a silicon single crystal
wafer which is doped with nitrogen, carbon and hydrogen, comprising: a
plurality of voids, wherein a number which is equal to or more than 50% of
the total number of voids compose bubble-like shaped aggregates of voids; a
V1 region having a void density of over 2x104/cm3 and below 1x102/cm3 which
occupies equal to or less than 20% of the total area of the silicon wafer;
a V2 region having a void density of 5x102 to 2x104/cm3 which occupies
equal to or more than 80% of the total area of the silicon wafer; and a
bulk micro defect density which is equal to or higher than 5x102/cm2. In
addition, the second aspect of the present invention relates to a method
for producing the silicon single crystal wafer, the method comprising
pulling a silicon single crystal in a pull-up furnace with a crystal
pull-up speed and doping the silicon single crystal with nitrogen, carbon
and hydrogen; controlling that a nitrogen concentration in the silicon
crystal is set to be 3x1033 to 3x1015 atoms/cm3; controlling that a carbon
concentration in the silicon crystal is set to be lx1012 to
9x1012atoms/cm3; controlling that a partial pressure of hydrogen in the
crystal pull-up furnace is set to be 3 to 60 Pa; controlling that a
temperature gradient in a longitudinal direction of the silicon crystal
within a temperature range of 1100 to 1200C is set to be equal to or more
than 3.5C/mm; controlling that the  7 crystal pull-up speed is set to be
equal to or lower than an upper limit value and equal to or higher than a
lower limit value; and cutting a silicon wafer from the silicon single
crystal, wherein the silicon wafer comprises a V1 region having a void
density of over 2x104/cm3 and below 1x105/cm3 which occupies 20% of total
area of said silicon wafer if the single crystal was pulled with the upper
limit value of the crystal pull-up speed, and comprises a V2 region having
a void density of 5x102 to 2x104/cm3 which occupies 80% of the total area
of said silicon wafer if the single crystal was pulled with the lower limit
value of the crystal pull-up speed. According to embodiments of the present
invention, a silicon wafer (a mirror wafer) with high quality suitably
usable as a semiconductor device, can be obtained. The silicon wafer has
sufficient EMDs (bulk micro defects) inside which act as gettering-sites,
and is superior in GOI of the oxide film, and has good high C-mode pass
rate. In addition, because the pull-up speed of the silicon crystal from
which the silicon wafer is cut can be increased still more, productivity
can be enhanced significantly. 



Fig. 1 is a cross-sectional view of a silicon crystal, schematically
showing the influence of doping with nitrogen, carbon and hydrogen, and the
rapid cooling treatment on the generation of crystal defects. Fig. 2 is a
drawing showing the relation between partial pressure of hydrogen and OSF
density.  8 Fig. 3 is a transmission electron microscope photo, showing an
octahedron-like void aggregate, present in a usual silicon wafer. 5 Fig. 4
is a transmission electron microscope photo, showing a bubble-like shaped
aggregate of voids present in a silicon wafer of the present invention.
Fig. 5 is a drawing schematically showing influence of an oc10
tahedron-like void and a bubble-like shaped aggregate of voids on oxide
film formation.    Fig. 6 is a schematic cross-sectional view showing an
example of a single crystal pull-up furnace used in the present in-15
vention. Fig. 7 is a drawing showing relation between the pull-up speed and
the defect region formation in the silicon crystal. 20 Fig. 8 is a graph
showing investigation results on relation between in-plane distribution of
voids and OSF in a silicon crystal, along with high C-mode pass rate.
Fig. 9 is a drawing showing relation between the Vi region 25 and the V2
region, and V/G and V in a silicon crystal. Explanation will be given below
on best embodiments applying the present invention, with reference to
drawings accompa- 30 nied. It should be noted that the aforesaid drawings
are schematic ones to assist understanding of the present inven- tion,
therefore proportionality relation of dimension and  



9 shape along with configuration are drawn with exaggeration. Therefore,
the aforesaid drawings are partially different from practical ones. 5 The
silicon wafer of the present invention is characterized in being doped with
nitrogen, carbon and hydrogen, in having bulk micro defects in a degree
required for gettering in a device process (hereafter referred to as "MD
value"), and in having voids which form specifically shaped aggregates. Ex-
10 planation will be given below in detail on each of the characteristics.
Fig. 1 is a cross-sectional view of a silicon crystal, schematically
showing the influence of doping the silicon crystal 15 with nitrogen,
carbon and hydrogen, and subjecting the silicon crystal to the "rapid
cooling" treatment according to the present invention on the generation of
crystal defects. The pull-up speed of a silicon crystal shown in Fig. 1 is
higher at the more upward position, when viewed in a longitudinal 20
direction. In addition, in Fig. 1, [A] represents the case without doping
of the single crystal with nitrogen, carbon and hydrogen, [3] the case with
doping of the silicon crystal with nitrogen, only, [C] the case with doping
of the silicon crystal with hydrogen, only, 1101 the case with doping of
the 25 silicon crystal with nitrogen and with subjecting the silicon
crystal to the "rapid cooling" treatment, [E] the case with doping the
silicon crystal with nitrogen and hydrogen, and with subjecting the silicon
crystal to the "rapid cooling" treatment, and [F] the case with doping the
silicon crystal 30 with nitrogen, carbon and hydrogen, and with subjecting
the silicon crystal to the "rapid cooling" treatment. Any of [A] to [F] of
Fig. 1 has a V region having voids (a region with  10 many holes which are
formed by aggregated vacancy point defects), an OSF region (an oxidation
induced stacking fault region), a Pv region, a Pi region, and an I region
(a region with many defects formed by clusters of interstitial silicon
5point defects). [A] to [D] and [E] to [F]cf Fig. 1 differ in 



a void shape, and also [D], [F] and [F] in Fig. 1 have characteristics of
having special VI region and V2 region at a part of the V region. Presence
or absence of each treatment in [A] to [F] is summarized in the following
Table 1. 10 "V1 region" in this description refers to a region having a
void density in a range of over 2x104/cm2 and below lx102/cm2, and "V2
region" refers to a region having a void density in a range of 5x102 to
2x104/cm2. 15 Table 1 [A] [B] [C]  [B][F] Nitrogen dopingNo Yes No Yes 



YesYes Hydrogen doping No No Yes No YesYes i iCarbon dopingINo No No No
NoYes Rapid cooling treatment No No 



No Yes YesYes 1 ;Remark [     flatflat V/G"V/G  First, it has been found
that the shape of a void present in 20 the V region of a conventional
silicon crystal is, as shown in Fig. 3, an octahedron having a {111}
plane(in Fig. 1, it is represented by a square symbol). In a silicon
crystal 



with a crystal size of equal to or larger than 200 mm, produced by the
Czochralski method, the size of the octahedron 25 void is about 100 to 300
nm. Such an octahedron-like void  11 may largely give influence on decrease
in device performance, in particular, GOT characteristics of the oxide On
the other hand, in the silicon wafer according to the pre- 5 sent invention
bubble-like shaped aggregates of voids are present, each aggregate is
composed by a plurality of voids, wherein the number of voids composing
bubble-like shaped aggregates of voids is equal to or more than 50% of the
total void number (refer to (E) and (F) of Fig.. Here, the 10 above "total
void number" represents the number of voids contained in the bubble-like
shaped aggregates of voids and the number of voids not contained therein.
The present inventors performed intensive studies and ob- 15 served silicon
single crystal wafers with a transmission electron microscope (TEM,
JEM-2010, manufactured by JEOL, Ltd.). Observation direction was a 110
direction, and diffraction condition was set to two-wave condition, where
220 reflection is excited.  By setting mismatching amount S from 20 Bragg
condition to be larger than 1 g, the above-mentioned bubble-like shaped
aggregates of voids were discovered, and it has been found that such a
bubble-like shaped aggregates of voids significantly enhance the high
C-mode pass rate, as compared, with conventional octahedron-like shaped
voids. 25 Fig. 4 is a transmission electron microscope photo, showing a
bubble-like shaped aggregate of voids which is present in a silicon single
crystal wafer according to the present invention. The shape of the
aggregate as shown in Fig. 4 looks 



30 like a bubble. The aggregate is formed , when a plurality of voids not
having the {111} plane, and not being a regular octahedron like the void
shown in Fig. 3, are assembled.  12 Therefore, the aggregates of voids
which are observed pecu- liar in the silicon single crystal wafer according
to the present invention, are called "bubble-like shaped aggregates of
voids". In the case of the silicon wafer taking such a 5 void
configuration, as will be described later, such an effect is exerted that
the voids have little adverse influence on a device. Still more, a
bubble-like shaped aggregate of voids of the present invention can be said
a being a considerably "harmless" void. 10 A possible mechanism for the
bubble-like shaped aggregate of voids withstand voltage characteristics of
the oxide film is speculated as follows. Fig. 5 represent schematic
cross-sectional views showing states where oxide film 410 are 15 formed on
voids exposed at the silicon wafer 411 surfaces. First, (A) shows the case
of the octahedron void 41, and (B) shows the case of the bubble-like shaped
aggregate 42 of voids. In the case of the octahedron void 41, the void 41
is never completely covered by the oxide film, providing a state 20 of
incomplete formation of the oxide film. In such an oxide film, GOI is
easily deteriorated. On the other hand, in the case where the bubble-like
shaped aggregate 42 of voids is exposed at the surface, it is completely
covered by the oxide film, because size of each void 43 constituting the
bubble- 25 like shaped aggregate 42 is small. As a result, GOI of the oxide
film is difficult to be deteriorated. On the other hand, a void 44 of a
silicon crystal doped with nitrogen, only, is known to have a. plate-like
or a bar-like shape 44 (refer to JP-A-2001-151596). In the case of such a
void, a 30 void is never completely covered by the oxide film as shown in
(C), and thus withstand voltage characteristics thereof is easily
decreased, similarly as shown in (A). 



13 In the case where voids form the bubble-like shaped aggregate of voids,
the size of each void constituting the bubble-like shaped aggregate of
voids being small, and its form being almost a sphere, the decrease in
withstand voltage characteris- 5tics of the oxide film is made difficult.
It should be noted that 'form of almost a sphere" in the present
description means a shape having ratio A/E (aspect ratio) which is equal to
or smaller than 2, wherein A is maximal diameter and B is diameter in a
perpendicular direction to a direction where A 10 is obtained, in
measurement of the size by observing the void from a certain observation
surface. In the case where the aspect ratio is over 2, as shown in Fig.
5(0), the void is never completely covered by the oxide film, therefore
withstand voltage characteristics is easily decreased. 15 The size of a
void constituting the bubble-like shaped aggregate of voids of the present
invention is preferably equal to or smaller than 50 mu, and more preferably
equal to or smaller than 30 nm. The number of voids constituting the 20
aggregate is not especially limited, however, it is preferably equal to or
more than 5, more preferably equal to or more than 10, and still more
preferably 20 to 100. The void size within the above ranges still more
enhances the effect that the aggregates are found to be "harmless". In
particular, in 25 the case where the number of the void constituting the
aggregate is equal to or more than 5, identification of the aggregate with
TEM (to be described later) may become easy. That is, in all of the cases
where a microscope is used in observation on the voids in the present
description, the above TEM 30 shall be used, although there is limitation
on resolution.  14 In addition, the number of voids constituting
bubble-like shaped aggregates of voids is equal to or more than 50% of the
total number of voids present in the silicon single crystal wafer (voids
with any kind of the shape, including octa- 



hedron-like shape); the number of such voids is preferable equal to or more
than 70%, and still more preferable equal to or more than 90%. The presence
within the above preferred ranges still more enhances the effect that the
aggregates are found to be "harmless". 10 Next, description will be given
on the relation between the ratio of voids constituting bubble-like shaped
aggregates of voids to the total number of voids and the withstand voltage,
characteristics of the oxide film. As described above, bub- 15 ble-like
shaped aggregates of voids make it difficult to lower the withstand voltage
characteristics of the oxide film. Therefore, by increasing the ratio of
the voids constituting bubble-like shaped aggregates of voids (voids which
are "harmless" for withstand voltage characteristics of the 20 oxide film)
to the total number of voids, the withstand voltage characteristics of the
oxide film can be improved. By setting the ratio of voids constituting
bubble-like shaped aggregates of voids to the total number of voids at
equal to or higher than 50%, the high C-mode pass rate of the V1 re- 25
gion having the void density of over 2x104/cm3 and below lx105/cm3, becomes
20 to 40%, and the high C-mode pass rate of the V2 region having the void
density from 5x102 to 2x104/cm3 becomes 70 to 100%. In the case where the
bubble-like shaped aggregate of voids is absent, the V1 region and V2
region 30 both provide a high C-mode pass rate of 20 to 40%.  15 In the
present description, a defect region comprising voids was evaluated by the
following method. In-plane distribution of voids in the silicon wafer was
measured by using an LSTD scanner (M0-6), manufactured by Raytex Co., which
is a corn- 5 mercial defect evaluation apparatus. This MO-6 irradiates
visible light laser from a brewster's angle, and detects a scattered image
of p-polarized light as a defect image, with a camera arranged in a
vertical direction. Because the laser penetrates only down to 5 pm from the
substrate surface, a 



10 defect present at a depth of down to 5 pm from the substrate surface can
be measured. By adjustment of detection sensitiv- ity voids with a size of
equal to or larger than 50 nm, as converted to a sphere, were measured. The
volume density of the voids was calculated from the area density of the
voids measured, and the penetration depth of 5 um. In addition, a region
having the void density of over 2x104/cm2 and below lx105/cm3, was defined
as the VI region, and a region having the void density of 5x102 to
2x104/cm3, was defined as the V2 region. 20 In addition, a bubble-like
shaped aggregate of voids was identified by the following method. About ten
voids among those observed by using MO-6 were subjected to investigation of
the shape thereof by using a transmission electron micro- 25scope (TEM). An
aggregate composed of a plurality of voids (it was confirmed that equal to
or more than 40 voids were present in the aggregate of voids shown in the
photo of Fig. 4) was defined as a bubble-like shaped aggregate of voids.
Ratio of the aggregate was determined from an observation re- 30 sult with
TEM.  16 A silicon wafer according to the present invention has, in
addition to the above void configuration, two regions (V1 region and V2
region) , having void density in a predetermined range, which is
significantly smaller than that in the V re- gion. The regions (V1 and V2
regions) comprising voids of predetermined size and predetermined density
function as substantially non-defect regions and regions which secure
sufficient gettering-sites. 10 Explanation will be given in detail also
later on these V1 and V2 regions. However, it has been confirmed by the
present inventors that, in order to form the V1 and V2 regions,
predetermined nitrogen doping concentration, predetermined hydrogen partial
pressure, and predetermined cooling rate are 15 mandatory. However, as
shown in Fig. 2, unless a certain degree of carbon concentration is present
inside the silicon crystal, OSF defects do not disappear even by changing
amount of hydrogen partial pressure (referring to [F] of Fig. 1, the OSF
region does not move downward), and the Vi and V2 regions 20 substantially
functioning as a non-defect region, are not formed. 



The present inventors have performed OSF evaluation by the following method
on wafers obtained under various hydrogen 25 partial pressure and carbon
concentration. Firstly, the substrate was treated at 1100C for 1 hour under
atmosphere of steam-containing oxygen. After that, the oxide film was re-
moved with hydrofluoric acid, and then the substrate was etched by 1.5 um
with light etchant, and ellipse-shaped, 30 half-moon-shaped or rod-shaped
OSF pits generated at the surface were observed with an optical microscope.
An OSF area density [pieces/on:2] was determined as POSF pit num-  17
ber/observation area] by counting OSF pit number in a field of view of a
diameter of 2.5 mm, with an optical microscope. By investigating the OSF
area density along a diameter direc- tion of the wafer, the largest OSF
area density among them. 5 was determined. As a result, as shown in Fig. 2,
in the wafer doped with lx10m to 9x10matoms/cm3 of carbon, the OSF
disappeared when hydrogen partial pressure became equal to or lower than 60
Pa. On the other hand, in the wafer not intentionally doped with carbon and
having a carbon concentration 10 of below lalO35atoms/cm3, the OSF never
disappeared even when hydrogen partial pressure was changed. It should be
noted that in the case of the bubble-like shaped      aggregates of voids,
each void composing the aggregate is 15 measured as one void. As is shown
in [F] of Fig. 1, the V1 region and the V2 region are present between the V
region and the OSF region. The V1 region and the V2 region particular, the
V2 region), hay- 20 ing significantly lower void density, as compared with
the V region where the density is over lx105/cm3, are considered a factor
for providing a silicon single crystal wafer having significantly excellent
withstand voltage characteristics of an oxide film, and significantly high
0-mode characteristics, 25 as well as the factor that the majority of voids
which are present in the wafer compose bubble-like shaped aggregates of
voids. 



In the case where a silicon wafer does not substantially con- 30tam n
hydrogen ([A], [B] and [D] of Fig. 1), in addition to the above mentioned
void configuration, it becomes difficult to obtain high C-mode
characteristics in a degree suitably  18 applicable to the semiconductor
device, even when the void density can be made equal to or lower than
2x104/cm3. Still more, even in the case where hydrogen is contained ([Cl
and [E] of Fig. 1), the void density is high and many voids re- 5 main in
the silicon wafer which cause a decrease in yield of a finely integrated
circuits. On the other hand, in the silicon wafer according to the present
invention, by doping of hydrogen, carbon in addition to 10 nitrogen, and by
carrying out the above mentioned 'rapid cooling" treatment, the voids
mainly compose aggregates of a bubble-like shape, rather than holes with a
octahedron-like shape, and still more the void density can be made
significantly lower as conventionally. In the case where the void 15
density is equal to or lower than 2x104/cm (equal to or lower than the
upper limit value of the V2 region), in addition to the above mentioned
void configuration, an adverse influence on the oxide film is low. As a
result, the silicon single crystal wafer of the present invention provides
excellent 20 withstand voltage characteristics of an oxide film, and
significantly high C-mode characteristics. That is, in the case of adding
carbon ([F] of Fig. 1), the boundary at the lower side of the V1 region
sifts in an upward direction, and the boundary at the upper side of the V2
region sifts in a down- 25 ward direction, as compared with the case of not
adding carbon ([E] of Fig. 1). As a result, the width of the V2 region is
broadened, and high C-mode pass rate of equal to or higher than 70% can be
attained more easily over the whole wafer, as compared with the case of not
adding carbon. On the other 30 hand, even in the case where carbon is
added, if the amount of hydrogen doping is too high, the OSF region widens
and the  



19 V2 region disappears, and it is difficult to attain a high mode pass
rate of equal to or higher than 70%. In addition, if the void density is
equal to or higher than 5 5x102/cm3 (equal to or higher than the lower
limit value of the V2 region), and if the voids have the above mentioned
configuration, most parts of the region do not overlap with the OSF region
which is present in a region having the void density below 5x102/cre.
Therefore, high C-mode pass rate, in 10 a degree suitably applicable to the
semiconductor device relevant to the present invention, can be obtained. It
should be noted that a region between fl-f2 in (F) of Fig. 1 represents a
silicon wafer according to the present invention. It is understood that,
when (F) of Fig. 1 is observed, 15 only a small part of both ends, in the
silicon wafer, includes the OSF region. The V region, having a void density
of over lx105/cm3, has the high C-mode pass rate of 0%, but presence of
such a region in 20 a wafer, even in small amount, may make difficult to
produce a wafer having the high 0-mode pass rate of equal to or higher than
70%, over the whole wafer. On the other hand, because the V2 region having
a void density of 2x104 to 5x102/cm3has the high C-mode pass rate of 70 to
100%, it be- 25 comes possible to produce a wafer having a high C-mode pass
rate of equal to or higher than 70%, over the whole wafer, by setting all
of the wafer surface to be the V2 region. The V1 region positioned between
the V region and the V2 region has a high C-mode pass rate of 20 to 40%,
but, as long as this 30 region is present in a ratio of equal to or lower
than 20% relative to total area of the wafer, it becomes possible for  



20 attaining the high C-mode pass rate of equal to or higher than 70%, over
the whole wafer. In view of productivity, it is preferable that the void
den- 5 sity is as small as possible in view of suppression of generation of
grow-in defects, but, becomes equal to or higher than 5x102/cm, and that
the lower limit value of V/G is specified at 0.7. 10 The V2 region
specified in this way occupies equal to or more than 80% of the total area
of the silicon wafer according to the present invention. In such a case,
withstand voltage characteristics of the oxide film becomes extremely good,
as well as the high C-mode pass rate which can be equal to or 15 higher
than 70%. In the case where the high C-mode pass rate is equal to or higher
than 70%, such a silicon wafer can be used sufficiently in a device such as
DRAM or the like requiring not so severe withstand voltage characteristics
of the oxide film, as compared with a flash memory. In addi- 20 tion, the
V2 region preferably occupies equal to or more than 90%, and more
preferably occupies 95 to 100%, of the total area of the silicon wafer. On
the other hand, the V1 region (a region having the void 25 density of over
2x104/cm3 and below lx105/cm3) occupies equal to or less than 20% of the
total area of the silicon wafer. In such a case, withstand voltage
characteristics of the oxide film becomes still further good, as well as
the high C-,mode pass rate surely becomes equal to or higher than 70%. 30
21 higher than 5x103/cm3, preferably equal to or higher than 5x109/cm3 and
more preferable equal to or higher than lx109/cm3. It should be noted that
the above END density correctly means 



BMD density after heat treatment, and the above END density within such a
range can provide sufficient gettering capability. 10 The END density in
the present description is measured as follows. First, heat treatment for
oxygen precipitation  (hereafter referred to also as "precipitation heat
treatment') is carried out to the silicon wafer at 780 CC for 3 hours,
subsequently at 1000 C for 16 hours. Then, the sill 15 con wafer is cleaved
and subjected to a measurement of the in-plane BMD of the silicon wafer,
with a END analyzer MO-4, manufactured by Raytex Co. In-plane positions of
measurement points were set from the center to the edge, in a 10 mm pitch.
In this way, value of the END density is determined. 20 The nitrogen
concentration of a silicon wafer according to the present invention is
3x1013 to 3x1015atoms/cm3, and the preferable nitrogen concentration is
2x1014 atoms/cm3 to 2x10 atoms/cm3. 25 In the case where the relevant
nitrogen concentration is made to be equal to or higher than 3x1013
atoms/cm3, the END density can be equal to or higher than 5x106atoms/cm3,
and when the lower limit of the nitrogen concentration is equal to or 30
higher than 2x1014 atoms/cm3, the END density can be made to be equal to or
higher than lx103atoms/cm3. In addition, when the relevant nitrogen
concentration is equal to or lower than  22 3x10Thatoms/cm3, because there
is little overlap of the OSF region and the V2 region, it is possible to
attain high C-mode pass rate of equal to or higher than 80% in most region
in the resultant silicon wafer. It should be noted that the 



5 nitrogen concentration in the silicon single crystal and the nitrogen
concentration in the resultant silicon single crystal wafer are
substantially the same. The carbon concentration in the silicon wafer
according to 10 the present invention is lx10Th to 9x10' atoms/cm3, and the
preferable carbon concentration is 3x1013 atoms/cm3 to 5x10Th atoms/cm3.
When the relevant carbon concentration is within a range of 153x10Th to
5x10Thatoms/cm3, it becomes relatively easy to con- vert the whole wafer
surface to the V2 region, and in addition, by setting hydrogen partial
pressure at 35 to 54 Pa, it becomes possible to attain high C-mode pass
rate of equal to or higher than 90%. It should be noted that the carbon
con- 20 . centration in the silicon single crystal and the carbon
concentration in the resultant silicon single crystal wafer are
substantially the same. In addition, the silicon single crystal wafer
according to 25 the present invention contains nitrogen, hydrogen and
carbon; contains a plurality of voids composing bubble-like shaped
aggregates of voids which are present in equal to or more than 50% of the
total number of voids; contains a VI region having a void density of over
2x104/cm3 and below 1x105/cm3 30 which occupies equal to or less than 20%
of the total area of the silicon single crystal wafer; contains a V2 region
having a void density of 5x102 to 2x104/cm3 which occupies equal  23 to or
more than 80% of the total area of the silicon single crystal wafer; and
contains a bulk micro defect density which is equal to or higher than
5x108/cm3. The silicon single crys- tal wafer according to the present
invention is out from a 



5 silicon single crystal produced by the present invention. A second aspect
of the present invention is a method for pro- ducing a silicon single
crystal wafer comprising pulling-up a silicon single crystal and cutting
the silicon single crystal 10 wafer from the silicon single crystal. The
single crystal is pulled-up in a pull-up furnace by controlling that the
nitrogen concentration in the silicon single crystal is set to be 3x1013 to
3x105atoms/cre; by controlling that the carbon concentration in the silicon
single crystal is set to be lx10Th 15 to 9x10Thatoms/cm3; by controlling
that the partial pressure of hydrogen in the crystal pull-up furnace is set
to be 3 to 60 Pa; by controlling that the temperature gradient in a
longitudinal direction of the silicon single crystal within a temperature
range from 1100 to 1200C, during pulling-up said 20 silicon crystal, is set
to be equal to or higher than 3.5 C /mm; and controlling that the crystal
pull-up speed is set to be equal to or lower than an upper limit value and
equal to or higher than a lower limit value, wherein a wafer out from the
produced silicon single crystal comprises a V1 region 25 having a void
density of over 2x104/cm and below lx105/cm3 which occupies 20% of the
total area of said silicon wafer, if the single crystal was pulled-up with
the upper limit value of the crystal pull-up speed, and, wherein a wafer
out from the produced silicon single crystal comprises a V2 re- 30gion
having a void density of 5,4102 to 2x104/cm' which occu- pies 80% of the
total area of said silicon wafer, if the sin-  24 gle crystal was pulled-up
with the lower limit value of the crystal pull-up speed.   In addition, the
silicon single crystal wafer is cut from a 5 silicon single crystal which
was pulled-up in the mentioned manner. 



Control of the above mentioned pull-up speed is carried out by control of
size (width) of the V1 region the region hav- 10 ing the void density of
over 2x104/cm3 and below lx105/cm3), the V2 region (the region having the
void density of 5x102 to 2x104/cm3) and the OSF region. It should be noted
that the above mentioned pull-up furnace is not especially limited, as long
as growth condition of a crystal in the present inven- 15 tion can be
attained. In addition, description will be given later on control of the
pull-up speed. The method for producing the silicon wafer according to the
present invention comprises doping the silicon single crystal 20 with
nitrogen, carbon and hydrogen in predetermined concentrations; controlling
that the partial pressure of hydrogen inside the crystal pull-up furnace is
set to be at a predetermined value; controlling that a rapid cooling
treatment of the silicon single crystal is carried out comprising a prede-
25 termined temperature gradient and a predetermined pull-up speed; and
controlling that the void density is adjusted so as to be present within a
predetermined range in at least a part of the body of the silicon single
crystal. In addition, if necessary, the diameter of the silicon single
crystal may 30 be set at a predetermined value.  25 By the present
invention (in particular, since nitrogen, carbon, and hydrogen are added In
predetermined concentrations, and since a "rapid cooling" treatment is
performed by controlling the above mentioned temperature gradient in the 5
above mentioned temperature range at a predetermined value, the OSF region
can be shrunk. As a result, any kind of micro fault, which can be present
in the OSF region, can be eliminated. In this way, the silicon wafer can be
produced, which is superior in GOI of an oxide film and has high C-mode
pass 10 rate, while maintaining predetermined amount of BMD concentration
as gettering-sites. In other words, with shrink of the OSS region, a low
void density region, which never crosses with the OSF region, can appear
over a wide range. In addition, most parts of the silicon wafer obtained by
the 



15 production method according to the present invention, are such a. low
void density region having trace amount of the shrunk OSF region (at the
end part of the silicon wafer of (F) of Fig. 1). 20 Then, although the void
density becomes significantly low, considerable number of voids is still
present which might lead to decrease in GOI of the oxide film or high
C-mode pass rate. However, due to the method according to the present
invention (in particular, due to the doping of nitrogen, car- 25 bon and
hydrogen in predetermined concentrations, and due to the "rapid cooling"
treatment comprising a predetermined temperature gradient and a
predetermined pull-up speed), the majority of voids compose bubble-like
shaped aggregates, and do not have a octahedron-like shape, which makes
them harmless 30 to considerable extent.  26 The above mentioned expression
"harmless" means that the voids provide substantially no adverse influence
on a device. Still more, in such a case, because the pull-up speed (V) is
significantly increased, productivity may also be increased 5significantly.
The nitrogen concentration in a silicon single crystal wafer according to
the present invention is 3x1013 to 3x105 at- 10 oms/cm3, and the preferable
nitrogen concentration is 2x1014 atoms/o2 to 210i5 atoms/cm3. In the case
where the relevant nitrogen concentration is equal to or higher than 3x1013
atoms/cm3, the END density can 15 be equal to or higher than
5x108atoms/cm3, and when the lower limit of the nitrogen concentration is
equal to or higher than 2l0the END density can be made to be equal 



to or higher than lx1O9atoms/cm3. In addition, when the relevant nitrogen
concentration is equal to or lower than 20 3x1015 atoms/cnO, because there
is little overlap of the OSF region and the V2 region, it is possible to
attain high C-mode acceptance rate (C-mode good product rate) of equal to
or higher than 80% in most region of the resultant silicon wafer. In
addition, the doping of nitrogen into the silicon 25 single crystal can be
performed by a known method, for example, by charging a silicon wafer
having a nitride film into silicon melt, so as to attain the above nitrogen
concentration. It should be noted that the nitrogen concentration in the
silicon single crystal and the nitrogen concentration in 30 the resultant
silicon single crystal wafer are substantially the same.  27 For the
description of the oxygen concentration in the silicon single crystal wafer
according to the present invention, a value calculated by using a
conversion factor (3.03x1011/cm2) of Japan Electronics and Information
Technology Industries Association (JEITA) is used. Specifically, a standard
measurement method of inter-lattice oxygen atom con- centration in the
silicon crystal by infrared absorption (former JEIDA-6l) is used. It is
preferable that the above oxygen concentration is set to be equal to or
lower than 108.0x1017 atoms/cm3, more preferably equal to or lower than
7.0x1017atoms/cm3, and still more preferably 5.0x1017 to 7.0x1017
atoms/cm3. When the oxygen concentration is equal to or lower than
8.0x10flatoms/cm3,high C-mode non-conforming defects are suppressed. In
addition, an oxygen concentration 15of lower than 5.0)(1017atoms/cm3 is not
preferable, because ex- treme decrease in yield in crystal pulling-up can
not be avoided. It should be noted that the oxygen concentration in the
silicon single crystal, and the oxygen concentration in the resulting
silicon single crystal wafer are substantially 20 the same. During the
crystal is pulled-up, oxygen is dissolved from the quartz crucible holding
the silicon melt and transferred into the melt and into the growing silicon
single crystal. 



25 The step of doping the silicon single crystal with hydrogen according to
the present invention preferably comprises introducing hydrogen gas into an
atmosphere of a pull-up furnace during pulling-up the silicon single
crystal, or adding water, acid, or a hydrocarbon such as alcohol, CH4,
C'H4, etc. 30 The partial pressure of hydrogen in the crystal pull-up fur-
nace is set to be 3 to 60 Pa, preferably 3 to 60 Pa, more  28 preferably 20
to 50 Pa, and still more preferably 35 to 45 Pa. When the relevant hydrogen
partial pressure is equal to or 5 higher than 3 Pa, the ratio of voids
composing bubble-like shaped aggregates of voids to the total number of
voids becomes equal to or higher than 50%, and in particular, in the case
where the above partial pressure is equal to or higher than 35 Pa, the
ratio becomes equal to or higher than 60%. 10 In addition, when the above
partial pressure is equal to or lower than 60 Pa, because there is little
overlap of the OSF region and the V2 region, it is possible to attain a
high C-mode acceptance rate (C-mode good product rate) which is equal to or
higher than SO% over nearly the whole surface of 15 the resultant silicon
single crystal wafer. The carbon concentration in the silicon single
crystal wafer according to the present invention is lx1015 to 9x1015
atoms/cm3, and the preferable carbon concentration is 3x1016 to
205x10matoms/cm3. When the relevant carbon concentration is 3x10'5 to
5x105atoms/cm3, it becomes relatively easy to convert the whole wafer
surface to the V2 region, and in addition, by setting the hy- 25 drogen
partial pressure at 35 to 45Pa, it becomes possible 



to attain high CL-mode acceptance rate which is equal to or higher than
90%. It should be noted that the carbon concentration in the silicon single
crystal and the carbon concen- tration in the resultant silicon single
crystal wafer are 30 substantially the same.  29 Now, explanation will be
given on a single crystal production apparatus, which is capable of
carrying out the above mentioned "rapid cooling" treatment, with reference
to an exam- ple. Fig. 6 is a schematic cross-sectional view showing an 5
example of a single crystal production apparatus used in the present
invention. The single crystal production apparatus shown in Fig. 6
comprises a member for melting a semiconductor material and a mechanism for
pulling-up a grown single crystal. The member for melting the semiconductor
material is 10 accommodated inside a heating chamber 2a, and the mechanism
for pulling-up the grown single crystal is installed at the inside and
outside of a pulling-up chamber 2b constituting a part of an upper part
structured body, which is designed to be separable from this heating
chamber 2a. This upper part 15structured body has also a middle chamber 2c.
Inside the heating chamber 2a, a crucible for accommodating a melt L is
installed, and this crucible is supported so as to be freely rotatable and
freely descended and ascended by a 20 rotation shaft 5. The rotation shaft
5 is rotated, and de- scended and ascended by a drive apparatus not shown.
The drive apparatus ascends the crucible when the liquid surface is
lowered, so as to compensate the liquid surface lowering accompanying the
pulling-up of a single crystal S. In addi- 25 tion, the drive apparatus
always rotates the crucible with a predetermined rotation rate to carry out
stirring of the melt L. The crucible is constituted by a quartz crucible
3a, and a graphite crucible 3b for supporting the quartz crucible. 



At the side wall part of the crucible, a heater 4 to melt 30 silicon is
arranged so as to surround the circumference of the crucible. At the
outside of heater 4, a heat insulator 12 is installed so as to surround the
circumference, and to  30 prevent that heat from heater 4 radiates directly
to the heating chamber 2a. In the pulling-up chamber 2b, a pull-up wire 8
is installed, 5 wherein one end thereof is attached at a wire winding-up
machine 11 and which wire is hanging down by penetrating  through a top
wall of a ceiling part of the middle chamber 2c, and a chuck 10 for holding
a seed crystal 9 is attached at the lower end of this pull-up wire 8. The
wire winding-up 10 machine 11 pulls up the single crystal S, gradually
growing at the lower end side of the seed crystal 9 according to growing
speed thereof. At the same time, the winding-up machine 11 always rotates
the single crystal S in an opposite direction to a rotation direction of
the crucible. 15 From a gas introduction entrance 13 formed at an
accommodation part of the pulling-up chamber 2b, argon gas is introduced,
and this argon gas is designed tc be discharged from a gas discharge exit
14, after passing through inside of the 20 heating chamber 2a. Reason for
passing argon gas through inside the chamber in this way is to prevent
mixing of SiO gas or CO gas with the silicon melt. Si gas and CO gas are
generated inside the chamber due to melting of silicon with the heater 4.
25 Above the crucible , a liquid cooling structured body 21 and a cooling
body 22 are arranged in the chamber so as to surround a growing single
crystal. The liquid cooling structured body 21 is a structured body having
liquid coolant passing 



30 through inside thereof. In Fig. 6, the liquid cooling structured body 21
is constituted as a water cooling member made of stainless steel, and water
is used as a coolant.  31 The cooling body 22 is composed of a material
with high thermal conductivity and arranged so as to cool the growing
single crystal S. A material composing the cooling body 22 may be selected
from substances with high thermal conductivity 5 and high heat radiation
rate, for example, silver, silver alloys, carbon or copper and the like,
but it is most preferable to use silver or silver alloys, as such a
material has high thermal conductivity and at the same time lacks the risk
to contaminate the melt or the single crystal. Coating gold 10 or silver or
alloys thereof on the surface of a cooling body made of copper or copper
alloys may also be adopted. The liquid cooling structured body 21 and the
cooling body 22 are jointed by explosive bonding, and the jointed part con-
15 stitutes an explosive bonding jointed part 25. For explosive bonding,
materials to be jointed are arranged in parallel at a suitable interval
apart. By putting suitable amount of explosive on either of the materials
via a buffering material and by initiating one end thereof with a
detonator, both ma- 20 terials collide with progress of explosion, and at
the explosion point, both metal materials show viscous fluid-like behaviour
by very large deformation speed and high pressure to generate metal jet
flow from the explosion point to the forward. By this metal jet, the oxide
film or gas adsorption 25 layer at the metal surface is removed, therefore
a clean surface appeared adheres closely by high pressure, and both
materials joint completely metallurgically. Since the jointed part between
the cooling body 22 and the 30 liquid cooling structured body 21 is
explosive bonding jointed, a good jointed part is formed in spite of a
joint part between different metals, and still more, nearly 100% of  32
contact rate can be secured in contact area. Therefore, neat 



conduction from the cooling body 22 to the liquid cooling structured body
21 becomes extremely good, which enables to decrease temperature of the
cooling body 22. 5 The cooling body 22 is arranged at a position for
shielding radiation heat from the crucible or the melt L to the single
crystal S, with a nearly rotation-symmetry-shape to the center axis of the
growing single crystal S. and is jointed to 10 the liquid cooling
structured body 21 at the upper end part of the cooling body 22. In Fig. 6,
the cooling body 22 is drawn in a cylindrical shape, and contact area of
the explosive bonding jointed part 15 25 between the cooling body 22 and
the liquid cooling struc- tured body 21 has nearly the same area of
cross-sectional area of a main cooling body. The surface of the cooling
body 22 has the property capable of absorbing the incident heat radiation,
by making the inside of the cooling body 22 facing 20 the single crystal S
black. In addition, the outside of the cooling body 22 facing the crucible
or a heat shielding body 26, may be a surface with high reflectance so as
to reflect the incident heat radiation. 25 The liquid cooling structured
body 21 is a water cooling chamber of a doughnut-type shape, and is
arranged between the middle chamber 2c and the heating chamber 2a. First,
in producing the single crystal S, the upper part 30 structured body,
having the pulling-up chamber 2b, the middle chamber 2c and the liquid
cooling structured body 21, which is explosive bonding jointed with the
cooling body 22, is  33 separated from the heating chamber 2a, then silicon
polycrys- 



talline of a raw material and very trace amount of impurities, which will
become dopants, are charged into the crucible, and then the upper part
structured body is attached at 5 the heating chamber 2a again. In this
state, inside of the crucible is heated with the heater 4, to wait till the
semiconductor material in the crucible is melted. When the semi-  conductor
material has reached a molten state, the pull-up wire 8 is descended by
actuation of the wire winding machine 1011, so that the seed crystal 9
attached at the chuck 10 is subjected to contacting with the surface of the
melt L. When the single crystal S starts to grow onto the seed crystal 9 in
this state, then the wire winding up machine 11 is pulled-up in
predetermined speed to make the single crystal S grown. 15 In this way, in
the process for growing the single crystal S under pulling-up from the melt
L, radiation heat from the single crystal S is injected to the cooling body
22 composed of a material with high thermal conducting material. In this 20
case, since the cooling body 22 is explosive bonding jointed with the
liquid cooling structured body 21, which is cooled with a liquid coolant
and thus maintained at low temperature, radiation heat exchange with the
single crystal S becomes good, and it becomes possible to increase cooling
rate of the 25 single crystal S. At the same time, because it is possible
to Quench the single crystal S during pulling-up, generation of the crystal
defect of the single crystal S becomes extremely rare. 30 Once, when the
single crystal S has been pulled up and cooled, a silicon single crystal
wafer is cut from the single crystal and ,if desired, subjected to various
conditioning  34 



treatments like polishing so that a mirror polished wafer is obtained.
Then, a precipitation heat treatment may be performed to precipitate
oxygen, in order to obtain a BMD density of a degree which is necessary for
gettering in a device 5 process. The conditions of such heat treatment are
not especially limited, as long as the desired BMD density can be obtained.
However, the heat treatment is preferably performed at a temperature from
700 to I000C for 1 to 30 hours. In addition, such heat treatment may be
performed under a con- 10 stant treatment temperature or a constant
treatment time, or may be performed in two stages where at least any of
them is changed during the treatment, and for example, a heat treat- ment
described in JP-A-2007-176732 can be performed. It should be noted that, in
the precipitation heat treatment 15 adopted as a measurement method for END
density in the above description, the two-stage heat treatment is
performed. Still more, an epitaxial layer may be formed at the surface of
the mirror polished wafer by a known method. 20 Subsequently, an
explanation of the rapid cooling treatment will be given which is performed
with a predetermined temperature gradient and a predetermined pull-up
speed, during the above mentioned crystal pulling-up. 25 The temperature
gradient in a longitudinal direction of the silicon crystal within a
temperature range from 1100 to 1200C is set to be equal to or higher than
3.5C/mm during the pulling-up of the silicon single crystal. When the above
temperature gradient is equal to or higher than 3.5C/mm, and 30 when the
pull-up speed is decreased to a certain degree, the above mentioned V2
region between the void region and the 055 region will appear over a wide
range. It is speculated  35 that the appearance of the V2 region is caused
by the inter- action of point defects, at temperatures in the region of
1100 to 1200C. The above mentioned temperature gradient is preferably 3.5
to 5.0C/ram, more preferably 3.5 to 4.8C/mm, 5 and still more preferably
3.8 to 4.2C/mm. By setting the temperature gradient within the above
mentioned very limited range, the "rapid cooling" causes that the void
density becomes significantly low, and that the voids compose bubblelike
shaped aggregates which have nearly no adverse influence 10 on the
semiconductor device. In addition, the single crystal can be pulled-up
stably and easily at relatively low pull-up speed. In particular, the case
of setting the upper limit of the above mentioned temperature gradient at
5.0C/mm is suitable, because crystal growth is stable, even at relatively 



15 low pull-up speed. According to the present invention, the crystal
pull-up speed is controlled by specifying a ratio of the V1 region or the
V2 region occupying the total area of the silicon wafer. Spa- 20 cifically,
the upper limit value of the crystal pull-up speed is a value when the V1
region becomes 20% of the total area of the above mentioned silicon wafer.
On the other hand, the lower limit value of the crystal pull-up speed is a
value when the V2 region becomes 80% of the total area of the above 25
mentioned silicon wafer. The above mentioned upper limit value is
preferably a value when the Vi region becomes 0% of the total area of the
above mentioned silicon wafer, and the above mentioned lower limit value is
preferably a value when the V2 region becomes 80% of the total area of the
above men- 30 tioned silicon wafer. The above mentioned upper limit value
is still more preferably a value when the V1 region becomes 0% of the total
area of the above mentioned silicon wafer,  36 and the above mentioned
lower limit value is still more preferably a value when the V2 region
becomes 100% of the total area of the above silicon wafer. In this case,
the whole surface of the wafer becomes the V2 region. S In more detail, the
control of the crystal pull-up speed by such setting of the upper limit
value and the lower limit value, is carried out by controlling a size
(width) of the V1 region and the V2 region, along with the OSF region.
Control 10 of the size (width) of the VI region and the V2 region is as
described above. Control of the size (width) of the OSF region depends on
the above mentioned shrink degree of the OSF region. 15 Fig. 7 is a drawing
showing the relation between the pull-up speed and the occurrence of a
defect region in the silicon single crystal. The lower part of Fig. 7 is a
drawing showing a cross-settion of a pulled-up single crystal.
Cross-sections from the single crystal taken at points (a), (b) and 20(c)
are shown in the upper part of Fig. 7. It has been found that any of the
cross-sections at points (a), (b) and (c) has 



an area ratio of the V2 region of equal to or higher than 80%, and that a
total area ratio of the V1 region plus the OSF region is equal to or lower
than 20%. That is, the 25 points (a) and (c) are boundaries, and the
cross-section where the V1 region is 20% of the total area of the above
mentioned silicon wafer represents the upper limit value of the crystal
pull-up speed, and the cross-section where the V2 region is 80% of the
total area of the above mentioned sill- 30 con wafer represents the lower
limit value of the crystal null-up speed. Therefore, the cross-sections at
points (a) and (c) and any cross-sections between these both ends refer  37
to silicon single crystal wafers obtained by the present invention. In
addition, a numerical range of the crystal pull-up speed 5(V) according to
the present invention is 0.53 to 0.68 mm/minute, preferably 0.53 to 0.63
ram/minute, and more pref- erably 0.56 to 0.63 mm/minute. Each of these
three ranges corresponds to a range, a preferable range and a more prefer-
able range, respectively, defined in terms of the ratio of 10 the V1 region
or the V2 region occupying the total area of the above mentioned silicon
wafer. A crystal pull-up speed which is equal to or lower than 0.87
mm/minute enables to avoid a state that the whole surface of the above
mentioned silicon wafer becomes the V1 region, and enables to generate 15
the V2 region. Therefore, it not only provides extremely good GOI of the
oxide film but also the high C-mode pass rate (C-mode conforming rate) of
equal to or higher than 70%. On the 



other hand, a crystal pull-up speed which is equal to or higher than 0.40
mm/minute enables to avoid a state that the 20 whole surface of the above
silicon wafer becomes the OSF region, and provides the high C-mode pass
rate (C-mode conforming rate) of equal to or higher than 70%. The
measurement of the COI of the oxide film (calculation of 25 high C-mode
pass rate) was carried out as follows. At the surface of a substrate
(wafer) after heat treatment, the oxide film with a thickness of 25 nm was
fo5med under dry oxygen atmosphere at 1000C, and the GOI of the oxide film
was measured. A number of 164 polysilicon electrodes with an area 30 of 20
mm2 were used for the measurement of the GOT at the wafer surface. The
ratio of the electrodes, showing withstand voltage of a judgment current of
100 mA and an electric field  38 intensity of equal to or higher than 11
MV/cm, is defined as high C-mode pass rate, and the high C-mode pass rate
of equal to or higher than 70% is judged "good". 5 Still more, according to
the-Voronkov theory .(V. V. Voronkov; Journal of Crystal Growth, 59 (1982)
625 to 643), a parameter V/G, which is the ratio of the crystal pull-up
speed (V) and the average temperature gradient in a crystal growth
longitudinal direction (G), determines type and total concentration 10 of a
micro defect (point defect). Here, G is defined as average temperature
gradient in a crystal growth longitudinal direction from melting point to
1350C. Therefore, because control of the crystal pull-up speed in the
present embodiment can be specified also by calculation of V/G, it will be
15 explained below. A relative V/G value was defined as follows. A pull-up
fur- nace having the same structure as the pull-up furnace for pulling-up a
silicon single crystal doped with nitrogen, 20 carbon and hydrogen, was
used for pulling-up a silicon single crystal which was not doped with
nitrogen, carbon and hydro- gen at various pull-up speed V. Then, a wafer
was cut out from the pulled-up crystal to be subjected to precipitation 



heat treatment at 780C for 3 hours, and subsequently at 25 1000C for 16
hours, and then the BMD density was measured with a BMD analyzer. A region
having the BMD density of equal to or higher than lx108/cm3 was defined as
a V-rich region comprising the Pv region, the CSF region and the V region;
a region having the BMD density of below lx10B/cm3 was 30 defined as an
I-rich region comprising the Pi region and the I region; and a boundary
between the V-rich region and the I-  39 rich region was defined as a V-I
boundary. The V/G value at the position of the V-I boundary was defined as
(V/G)cdt. The absolute value of V/G cannot be determined unless the
absolute value of G is known. However, by defining the relative V/G, where
V/G is standardized by (V/G)cr," it is considered that when the relative
V/G is larger than 1, the defect region becomes the V-rich region, while
when the relative V/G is smaller than 1, the defect region becomes the
I-rich re- 10 gion. By examination of relation between the pull-up speed
and the V-I boundary position in advance, the relative V/G value of a
crystal pulled-up at a certain pull-up speed, can be determined by using a
pull-up furnace with the same structure. 15 A method for controlling the V1
region and the V2 region by V/G is as follows. In the present embodiment
shown in (F) of Fig. I, the V1 region appears where V/G is in a range of
equal to or higher than 1.1x(V/G)0fit. In addition, the V2 re- 20gion
appears where V/G is in a range of 1.1x(V/G)"(m to 



0.7x(V/G)srft. Therefore, the present invention comprises a silicon single
crystal wafer having a defect region representing a V/G which is equal to
or more than 1.1x(V/G)0dt and which occupies an area which is equal to or
less than 20% of 25 the total area of the silicon wafer, and having a
defect region representing a V/G which is 1.1x(V/G)sm to 0.78(V/G)crit
which occupies an area of the silicon wafer which is equal to or more than
80% of the total area of the silicon wafer. More preferably, the silicon
single crystal wafer has a defect re- 30 gion which occupies the whole
surface of the wafer and which represents a region where V/G is equal to or
lower than 1.1x(V/G)crit, and has a defect region which occupies an area
40 which is equal to or more than 80% of the total area of the silicon
wafer and represents a region where V/G is 1.1x(V/G)0rit to 0.7x(V/G)=1,..
Still more preferably, the silicon single crystal wafer has a defect region
which occu- 5 pies the whole surface of the wafer and represents a V/G
which is 1.1x(V/G)crit to 0.7x(V/G),,. The relation between the V1 region
and the V2 region, and between the V/G and the V in the silicon crystal is
shown in Fig. 9. 10 Explanation will be given below on a cross relation
among voids and in-plane USE distribution in the silicon crystal, along
with high 0-mode pass rate. The present inventors have examined mutual
relation between 15 voids and in-plane USE distribution in the silicon
crystal, along with high 0-mode pass rate. The voids and in-plane CSF
distribution in the silicon crystal are measured by using the above
mentioned commercial defect evaluation apparatus, an LSTD scanner (M0-6)
manufactured by Raytex Co. The measure- 20 ment conditions were as
described above. From the area den-     ' (Pcm21) of the voids and USE
measured, and the measurement depth of 5 pm, the volume density ([1ere]) of
the voids was calculated. The experiments included case [B] representing
doping with nitrogen, only, i.e. no hydrogen doping, no 25 carbon doping
and no "rapid cooling" treatment according to the present invention; case
[D] representing doping with ni- trogen and the "rapid cooling" treatment
according to the present invention, i.e. no doping with hydrogen and no
doping with carbon; and case [F] doping with nitrogen, carbon and 30
hydrogen and the "rapid cooling" treatment according to the present
Invention. 



41 Fig. 8 shows the examination results regarding the relation between the
voids and in-plane OSF distribution in the sili- con crystal, and the
corresponding C-mode pass rates. The conditions for cases [B], [D] and [F]
are summarized in the 5following Table 2. Table 2  B D El Nitrogen doping
Yes Yes Yes Hydrogen doping 



No No Yes Carbon doping No No Yes Rapid cooling treatment No Yes Yes  As
shown in Fig. 8, a region having the void density [[/cm2 10in a range of
5x102 to 2104/cm3 and a good high C-mode pass rate (70 to 100%) was found
in case [F], only. The Other regions had a lower high C-mode pass rate
which was only 20 to 



15 The diameter of the above mentioned silicon single crystal and the
pressure inside the crystal pull-up furnace may be set at predetermined
values. In principle, the diameter of the silicon single crystal is 20 not
limited. However, the diameter is preferably set to be equal to or larger
than 200 mm. When the diameter is equal to or larger than 200 mm, the
present invention is particularly suitable, since silicon single crystal
wafers with a diameter of equal to or larger than 200 mm are mainly used
for menu- 25 facturing devices such as DRAM.  42 The pressure inside the
crystal pull-up furnace is set to be 40 to 250 mbar. The lower limit value
is equal to or higher than 40 mbar, preferably equal to or higher than 60
mbar, and more preferably equal to or higher than 80 mbar which to 5 avoid
effectively a decrease of the product yield during pulling-up of the single
crystal. The higher limit value is equal to or lower than 250 mbar,
preferably equal to or lower than 150 mbar, and more preferably equal to or
lower than 100 mbar which enables to avoid effectively a decrease of the 10
product yield during pulling-up of the single crystal. Explanation of the
present invention will be given below by means of examples . However, the
present invention should not be limited to the following examples. That is,
the fol- 15 lowing examples are only exemplifications, and any one, which
has substantially the same constitution as technological concept described
in the claims of the present invention and exerts similar action effect,
should be included in technological scope of the present invention. 20
Example 1 Pulling-up of a silicon single crystal was carried out by using a
silicon crystal production apparatus. The silicon crystal production
apparatus used in the present example is a 



25 single crystal production apparatus having the cooling body 22 shown in
Fig. 6. Such an apparatus is used in producing a silicon crystal by the
usual CZ method. The crucible diameter was 22 inch, the weight of
semiconductor material to be inserted into the crucible was 100 kg, and
growing single crys- 30tal S was an 8 inch crystal.  43 As a material for
the cooling body 22, silver was used, and the cooling body 22 had an inner
diameter of 260 mm, an outer diameter of 300 mm, and a length of 280 mm. As
the liquid cooling structured body 31, a constitution of a doughnut- 5
shaped water cooling chamber having a cooling water pipeline inside was
used, and the liquid cooling structured body 31 was attached at the lower
part of the middle chamber 2c. Specifically, the aforesaid production
apparatus was conf g- 10 ured as a pull-up furnace 1 or a pull-up furnace
2, where the heat shielding body 36 was cooled by the above mentioned
method to increase the temperature gradient within the temperature range of
1100C to 1200C, or as a pull-up furnace 3 causing a common temperature
gradient in the respective 15 temperature range. In the pull-up furnace 1
and the pull-up furnace 2, a joint part of the cooling body 22 and the
liquid cooling structured body 21 was jointed by explosive bonding. On the
other hand, in the pull-up furnace 3, a joint part of the cooling body 22
and the liquid cooling structured body 21 20 was bolt-jointed. In the
pull-up furnace 1, the temperature gradient in a longitudinal direction of
a crystal within the temperature range from 1100 to 1200C was set to be 4C
/mm during pulling-up 25 the crystal, the aforesaid temperature gradient
was set to be 5C /mm in the pull-up furnace 2, and the aforesaid
temperature gradient was set to be 3C /mm in the pull-up furnace 3. Kinds
of the above pull-up furnaces (item -Pull-up furnace" in Table 3) and the
aforesaid temperature gradient 30 in each of Examples and Comparative
Examples, are described in the following Table 3. 



44 A conduction type of the silicon crystal grown by utilization of this
apparatus was p-type (boron doping), and the crystal diameter was 200 mm (8
inch). 5 Nitrogen doping was carried out by charging a wafer eying a
nitride film into silicon melt. The nitrogen concentration of the silicon
wafer obtained by slicing the pulled-up silicon single crystal was measured
using a secondary ion mass spectrometer (SIMS). The oxygen and 10 carbon
concentrations were measured by an infrared absorption method, and the
respective value of JEITA (Japan Electronics and Information Technology
Industries Association) was used - as a conversion factor. That is, the
conversion factor for interstitial oxygen concentration is 3.03x1017/cm2,
and the 15conversion factor for carbon concentration. is 8.1x1016/cm2.
However, because a wafer having a nitrogen concentration of equal to or
lower than 5x1014 atoms/me cannot be measured using SIMS, the nitrogen
concentration was determined by using Expression 1 which is specified
below. 20 Any known method may be used for doping the silicon single
crystal with nitrogen; for example, nitrogen gas is introduced and
dissolved in the silicon melt; or a silicon substrate with a nitride
deposited thereon by a CVD method or 25 the like is mixed with the silicon
raw material before or after melting of the silicon raw material. The
segregation coefficient, k, which is the ratio of the impurity
concentration in the crystal after solidification to the impurity
concentration in the melt, has the value of 7x10-4, in the case 30 of
nitrogen (W. Zulehner and D. Huber, Crystal Growth, Properties and
Applications, p28, Springer-Verlag, New York, 1982).  45 The nitrogen
concentration of a silicon single crystal wafer which is produced according
to the present invention, can be calculated by 



5 Expression 1 Nitrogen concentration in a wafer=kx(1-solidifica on
rate)(kxnitrogen concentration in the melt It should be noted that the
nitrogen concentration in the melt means the nitrogen concentration in the
initial melt. 10 Here, solidification rate (gig) of the silicon crystal can
be determined by: Expression 2      Solidification rate (g/g) of the
silicon crystal=(weight of 15crystallized silicon)/(weight of the initial
melt) The measured value [atoms/cm3] of the nitrogen concentration are
described in the following Table 3. 20 In addition, hydrogen doping was
carried out by the introduction of a hydrogen containing gas mixture into
each of the pull-up furnaces. The hydrogen partial pressure [Pa] and some
of the conditions set are described in the following Table 3. The crystal
pull-up speed V and the in-plane distribution of 25 G were controlled as
follows. First, the crystal pull-up speed was limited to an upper limit
value such that the V1 region having the void density of over 2x104/cm3 and
below lx105/cm3 was controlled so as to be equal to or less than 20% of
total area of a silicon single crystal wafer cut from the 30 pulled-up
silicon single crystal. Second, the crystal pull-up speed was limited to a
lower limit value such that the V2 region having the void density of over
Sx102/cm3 and below  46 2x104/cm was controlled so as to be equal to or
more than 80% of total area of a silicon single crystal wafer cut from the
pulled-up silicon single crystal. The values of the crystal pull-up speed,
the in-plane V/G maximal values (V/G at the 5 wafer center), and the V/G
minimal values (V/G at the wafer edge) are as described in the following
Table 3. It should be noted that V/G in Table 3 is standardized by
(v/G)crit. A plurality of wafers were cut from the same position of the
single crystal and converted to mirror polished wafers. 



10 The V region of a wafer is a region in which voids are formed as a
result of introduction of excess vacancy point defects from a solid-liquid
interface during crystal growth. There- fore, specifically, the V region of
the substrate can be 15 specified by the above mentioned void density. The
evaluation and identification of the void region inside the wafers was
carried out by the above mentioned method. In addition, as described above,
volume density of the voids was 20 calculated, to determine the V1 region
and the V2 region. The inner diameter and the outer diameter [cm] of the V1
region and the V2 region determined in this way are described in the
following Table 3. 25 The evaluation of OSF was carried out by the
following method. First, the wafer was subjected to an oxidation treatment
under oxygen atmosphere containing steam at 1100C for 1 hour. After that,
an oxide film was removed with hy- drofluoric acid, and then etched by a
thickness of 1.5 um, 30 with a light etching liquid, to observe
ellipse-like, half moon-like or rod-like OSF pits generated at the surface
with  47 an optical microscope. The OSF area density [piece/cm2] was
determined as (OSF pits number/observation area) by scanning the wafer in a
diameter direction and by counting the number of OSF pits in a view field
of 2.5 mm diameter with an cpti- 5 cal microscope. The OSF region was
defined as a region having an OSF area density of equal to or higher than
100 pieces/cm2. The inner diameter and outer diameter [cm] of the OSF
region determined in this way, are described in the following Table 3, 10
Still more, as for each of oxygen concentration, ratio of the 



number of voids composing bubble-like shaped aggregates of voids to the
total number voids (Void Ratio), the END density and the high C-mode pass
rate, the respective values measured 15 by the above mentioned methods are
described in the following Table 3. Example 2 A silicon single crystal was
pulled-up similarly  as in Exam- 20 pie 1, except that conditions of oxygen
concentration, nitrogen concentration, carbon concentration, pull-up speed,
along with minimal value and maximal value of V/G were set as described in
the following Table 3. 25 Example 3 A silicon single crystal was pulled-up
similarly as in Example 1, except that conditions of oxygen concentration,
nitrogen concentration, carbon concentration, pull-up speed, along with
minimal value and maximal value of V/G were set as de- 30 scribed in the
following Table 3.  48 Example 4 A silicon single crystal was pulled-up
similarly as in Example 1, except that conditions of oxygen concentration,
nitrogen concentration, carbon concentration, pull-up speed, along with
minimal value and maximal value of V/G were set as described in the
following Table 3. Example 5 A silicon single crystal was pulled-up
similarly as in Exam- 10 plc 1, except that conditions of oxygen
concentration, carbon concentration, pull-up speed, along with minimal
value, par-' tial pressure of hydrogen and maximal value of V/G were set as
described in the following Table 3. 



15 Example 6 A silicon single crystal was pulled-up similarly as in Example
1, except that conditions of oxygen concentration, carbon concentration,
pull-up speed, along with minimal value, partial pressure of hydrogen and
maximal value of V/G were set 20 as described in the following Table 3.
Example 7 A silicon single crystal was pulled-up similarly as in Example 1,
except that conditions of oxygen concentration, carbon 25 concentration,
pull-up speed, along with minimal value and maximal value of V/G were set
as described in the following Table 3. Example 8 30 A silicon single
crystal was pulled-up similarly as in Example 1, except that conditions of
oxygen concentration, carbon concentration, pull-up speed, along with
minimal value, pull-  49 up furnace and maximal value of V/G were set as
described in the following Table 3. Comparative Examples 1-7 5 A silicon
single crystal was pulled-up similarly as in Example 1, except that
conditions of oxygen concentration, nitrogen concentration, carbon
concentration, pull-up speed, along with minimal value, pull-up furnace,
partial pressure of hydrogen, and maximal value of V/G were set as
described in the 10following Table 3. Results of the .above Examples and
Comparative Examples are shown in Table 3. 
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1.1J` 1'11111 WI eu<  51 From Table 3, the high C-mode pass rate of any of
the silicon wafers obtained in Examples 1 to 8 showed excellent results of
over 70%. Therefore, the silicon crystal obtained in any of these Examples
can be said to be applicable to any device 5 including a device such as
DRAM. In the case where the pull-up speed was 0.56 to 0.62, and the minimal
V/G value was equal to or more than 0.7 and the maximal V/G value was equal
to or less than 1.1, still more excellent results were obtained. The high
C-mode pass rate was of over 90% in both 



10cases. It was found that, as compared with Example 8, the other Examples
1 to 7 showed significantly more stable crystal pull-up speed. Such a
result is considered to show that conditions 15 of the pull-up speed and
temperature gradient set in Examples 1 to 7 are extremely suitable for
stability of the crystal pull-up speed. On the other hand, in each of the
Comparative Examples, the 20 high C-mode pass rate was below 70%, or
crystal pull-up itself was impossible. Therefore, the silicon crystal
obtained in any of these Comparative Examples can be said not to be
applicable to any device including a low grade device. Reasons for
obtaining such poor results in each of Comparative 25 Examples are
discussed as follows: Comparative Example 1 was not able to eliminate
certain kind of a micro defect which may present in the OSF region, because
the whole surface of the wafer was the OSF region; in Comparative Example
2, the area ratio of the V2 region to the total area of the silicon 30
wafer was less than 80%; in Comparative Example 3 bubble-like shaped
aggregates of voids were not formed, because the hydrogen partial pressure
was extremely insufficient, and the  52 area ratio of the V2 region to the
total area of the silicon wafer was less than 80%; in Comparative Example
4, the V2 re- gion was narrowed because the partial pressure of hydrogen
was significantly high; in comparative Example 5, the V2 re- 5 gion was
narrowed because the carbon concentration was sig- nificantly low; in
Comparative Example 6, the 'cooling" treatment according to the present
invention was insufficient; and in Comparative Example 7 the nitrogen
concentration was high, such that a certain kind of the micro defects 10
which may present in the CSF region could not be eliminated, because the
whole surface of the wafer was the OSF region.  



53 Patent Claims:  1. A silicon single crystal wafer which is doped with
nitro gen, hydrogen and carbon, comprising 5 a plurality of voids, wherein
a number which is equal to or more than 50% of the total number of voids
compose bubblelike shaped aggregates of voids;    a Vl region having a void
density of over 2x10'/cm2 and below 10 lx102/cm2 which occupies equal to or
less than 20% of the total area of said silicon wafer; a V2 region having a
void density of 5x102 to 2x104/cm which occupies equal to or more than 80%
of the total area of said silicon wafer; and 15 a bulk micro defect density
which is equal to or higher than 5x108/cm3,  2. A method for producing a
silicon single crystal wafer, comprising 20 pulling a silicon single
crystal in a pull-up furnace with a crystal pull-up speed and doping the
silicon single crystal with nitrogen, carbon and hydrogen; controlling that
a nitrogen concentration in the silicon crystal is set to be 258x1013 to
3%1022 atoms/cm2; controlling that a carbon concentration in the silicon
crystal is set to be lx1015 to 9x1015 atoms/cm3; controlling that a partial
pressure of hydrogen in the crystal pull-up furnace is set to be 3 to 60
Pa; 30 controlling that a temperature gradient in a longitudinal di- 



rection of the silicon single crystal within a temperature  54 range of
1100 to 1200C is set to be equal to or more than 3,5 C /mm; controlling
that - he crystal pull-up speed is set to be equal to or lower than an
upper limit value and equal to or higher than a lower limit value; and
cutting a silicon wafer from the silicon single crystal, wherein the
silicon wafer comprises a V1 region having a void density of over 2x104/cm2
and below lx105/cm3 which occupies 20% of the total area of said silicon 10
wafer if the single crystal was pulled with the upper limit value of the
crystal pull-up speed, and comprises a V2 region having a void density of
5x102 to 2x104/cm3 which occupies 80% of the total area of said silicon
wafer if the single crystal was pulled with the lower limit value of the
crystal pull-up 15speed, 3. The production method according to claim 2,
characterized in that oxygen concentration in the silicon single crystal is
set to be equal to or lower than 7x10flatoms/cm3. 


