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HISTORY OF VACANCY-DOMINATED, SINGLE CRYSTAL SILICON   BACKGROUND OF THE
INVENTION In general, the present invention relates to the' preparation of
a single crystal silicon ingot according to the Czochralski method. In
particular, the invention relates to a process for controlling the thermal
history of the ingot as it is grown, by means of a heater positioned below
the silicon melt, in order to limit the density and size of vacancy related
agglomerated defects in, and improve the gate oxide integrity of, wafers
obtained therefrom. Single crystal silicon, which is the starting material
in most processes for the fabrication of semiconductor electronic
components, is commonly prepared by the so-called Czochralski ("Cz")
method. In this method, polycrystalline silicon ("polysilicon") is charged
to a crucible and melted, a seed crystal is brought into contact with the
molten silicon and a single crystal is grown by slow extraction. After
formation of a neck is complete, the diameter of the crystal is enlarged by
decreasing the pulling rate and/or the melt temperature until the desired
or target diameter is reached. The cylindrical main body of the crystal
which has an approximately constant diameter is then grown by controlling
the pull rate and the melt temperature while compensating for the
decreasing melt level. Near the end of the growth process but before the
crucible is emptied of molten silicon, the crystal diameter is reduced
gradually to form an end-cone. 



Typically, the end-cone is formed by increasing the crystal pull rate and
heat supplied to the crucible. When the     WO 02/-t~-~~( 2 PCT/USO 1 /~~
180 diameter becomes small enough, the crystal is then separated ' from the
melt. In recent years, it has been recognized that a number of defects in
single crystal silicon form in the growth chamber as the ingot cools from
the temperature of solidification. More specifically, as the ingot cools
intrinsic point defects, such as crystal lattice vacancies or silicon
selfinterstitials, remain soluble in the silicon lattice until some
threshold temperature is reached, below which the given concentration of
intrinsic point defects becomes critically supersaturated. Upon cooling to
below this threshold temperature, a reaction or agglomeration event occurs,
resulting in the formation of agglomerated intrinsic point defects. It has
previously been reported (see, e.g., PCT/US98/07365 and PCT/US98/07304)
that the type and initial concentration of these point defects in the
silicon are determined as the ingot cools from the temperature of
solidification (i.e., about 1410C) to a temperature greater than about
1300C (i.e., about 1325C, 1350C or more). That is, the type and initial
concentration of these defects are controlled by the ratio v/Go, where v is
the growth velocity and Gois the average axial temperature gradient over
this temperature range. Specifically, for increasing values of v/Go, a
transition from decreasingly self-interstitial dominated growth to
increasingly vacancy dominated growth occurs near a critical value of v/Go
which, based upon currently available information, appears to be about
2.1x10-5 cm2/sK, where Gois determined under conditions in which the axial
temperature gradient is constant within the temperature range defined
above. Accordingly, process   WO 02/.l-t.t( 3 PCT/US01/~~180 conditions,
such as growth rate and cooling rate {which affect ' v), as well as hot
zone configurations (which affect Go), can 



be controlled to determine whether the intrinsic point defects within the
single crystal silicon will be predominantly vacancies (where v/Go is
generally greater than the critical value) or self-interstitials (where
v/Go is generally less than the critical value). Defects associated with
the agglomeration of crystal lattice vacancies, or vacancy intrinsic point
defects, include such observable crystal defects as D-detects, Flow Pattern
Defects (FPDs), Gate Oxide Integrity (GOI) Defects, Crystal Originated
Particle (COP) Defects, and Crystal Originated Light Point Defects (LPDs),
as well as certain classes of bulk defects observed by infrared light
scattering techniques (such as Scanning Infrared Microscopy and Laser
Scanning Tomography}. Also present in regions of excess vacancies are
defects which act as the nuclei for the formation of Oxidation Induced
Stacking Faults (OISF}. It is speculated that this particular defect is a
high temperature nucleated oxygen agglomerate catalyzed by the presence of
excess vacancies. Once the "agglomeration threshold" is reached, intrinsic
point defects, such as vacancies, continue to diffuse through the silicon
lattice as long as the temperature of that portion of the ingot remains
above a second threshold temperature (i.e., a "diffusivity threshold"),
below which intrinsic point defects are no longer mobile for commercially
practical periods of time. While the ingot remains above this temperature,
vacancy intrinsic point defects diffuse through the crystal lattice to
sites where agglomerated vacancy defects are already present, effectively
causing a given agglomerated defect to grow in size. These agglomerated
WO 021.1~~~G 4 PCT/US01/~~180 defect sites essentially act as "sinks,"
attracting and ` collecting vacancy intrinsic point defects, because of the
more favorable energy state of the agglomeration. Accordingly, the
formation and size of such agglomerated vacancy defects are dependent upon
the thermal history, and more specifically the cooling rate or residence
time, of the main body of the ingot over the range of temperatures from the
"agglomeration threshold" to the "diffusivity threshold." For example, high
cooling rates typically result in the silicon ingot having a large number
of agglomerated vacancy defects which are relatively small in diameter.
Such conditions are favorable, for example, with respect to light point
defects (LPDs) because integrated circuit manufactures typically require
that the number of such defects in excess of about 0.2 microns in size not
exceed about 20 for a 200 mm diameter wafer. However, such conditions are
unfavorable because they typically yield wafers having an unacceptable gate
oxide integrity (GOI); that is, such conditions result in wafers having a
large number of small agglomerated vacancy defects which negatively impact
gate oxide integrity. In contrast, slow cooling rates typically result in
the ingot having a few very large agglomerated vacancy defects, thus
yielding wafers with acceptable GOI values but unacceptable LPD results.
The problems associated with agglomerated vacancy defects are further
complicated by the fact that the cooling rate of the ingot is often not
uniform over the length of the main body. As a result, the size and
concentration of defects in the wafers obtained from such an ingot will not
be the same. ' This variation in the wafers obtained from a single ingot
creates problems for those who have proposed to remove such agglomerated
defects subsequent to their formation. More   WO 02/~~~~6 5 



PCT/LISOI I~-t 180 specifically, some have proposed to annihilate defects
formed ' in ingots grown at a high pull rate by heat treating the silicon
in wafer form. For example, Fusegawa et al. propose growing the silicon
ingot at a growth rate in excess of 0.8 mm/minute, and heat treating the
wafers which are sliced from the ingot at a temperature in the range of
1150C to 1280C to annihilate the defects which form during the crystal
growth process. (See, e.g., European Patent Application 503,816 A1) Such
heat treatments have been shown to reduce the defect density in a thin
region near the wafer surface. However, the specific conditions needed will
vary depending upon, among other things, the concentration and location of
the defects. For example, such heat treatments may successfully dissolve
agglomerated vacancy defects in wafers obtain from portions of the ingot
near the seed-cone but not in wafers obtained from portions of the ingot
near the end-cone. Accordingly, treating wafers obtained from ingots having
a nonuniform axial thermal history, and thus a nonuniform axial
concentration of agglomerated defects, requires different processing
conditions. As a result, such wafer heat treatments are uneconomical.
Furthermore, these treatments have the potential for introducing metallic
impurities into the silicon wafers . The nonuniform thermal history of a
given ingot may be due, for example, to conditions associated with growth
of the main body or the end-cone of the ingot. More specifically, often the
cooling rate for the latter portion of the main body and the end-cone
differs from that of the earlier portion of the main body given that,
typically, (i) side heater power is increased after as little as 20% of the
main body has been grown, and (ii) side heater power and growth rate are
WO 02/.l-~.1~G 6 PCTlUS01/.1.t180 increased during growth of the end-cone
of the ingot. Side ' heater power is typically increased during the growth
of the main body because, as the level of the melt decreases, additional
heat is needed in order to ensure the polysilicon remains in a molten
state; that is, side heater power is typically increased as the polysilicon
melt is depleted to ensure that it does not re-solidify or "freeze." Side
heater power and/or growth rate are typically increased during endcone
growth to cause a decrease in ingot diameter. Accordingly, a need continues
to exist for a process which enables a single crystal silicon ingot to be
grown in such a way that the main body of the ingot has a relatively
uniform thermal history, a thermal history that enables wafers to be
obtained which meet LPD requirements and have optimum GOI values. SUMMARY
OF THE INVENTION Among the several objects and features of the present
invention is the provision of a process for controlling the thermal history
of a single crystal silicon ingot; the provision of such a process wherein
the cooling rate of the main body of the ingot is relatively uniform; the
provision of such a process wherein the side heater power of the crystal
puller remains substantially constant, or alternatively is decreased,
during growth of the main body and the end-cone of the ingot; the provision
of such a process wherein the concentration of agglomerated vacancy defects
in the ingot is relatively uniform over the length of the main body; the `
provision of such a process wherein the size of such agglomerated defects
in the silicon, in wafer form, is minimized; the provision of such a
process wherein the gate   WO 02/~~.l.l 7 PCT/US01/~~180 



oxide integrity of the silicon, in wafer form, is improved; the provision
of such a process which does not require high temperature heat treatments,
or does not require differing high temperature heat treatments, of the
silicon in wafer form; the provision of such a process which does not
materially reduce throughput by reducing the pull rate during the growth of
the main body of the ingot; and, the provision of such a process wherein
the axial temperature gradient of the ingot in the crystal puller, at
temperatures above which intrinsic point defects remain mobile, is
controlled to improve uniformity of the thermal history of the main body of
the ingot. Briefly, therefore, the present invention is directed to a
process for controlling the thermal history of a single crystal silicon
ingot during growth, the silicon ingot being pulled from a silicon melt in
accordance with the Czochralski method, the ingot having, in succession, a
seed-cone, a main body, and an end-cone. The process comprises controlling
(i) a growth velocity, v, and (ii) an average axial temperature gradient,
Go, during the growth of the main body of the ingot over the temperature
range from solidification to a temperature of no less than about 1325 C,
such that vacancies are the predominant intrinsic point defect in the main
body, and heating the silicon melt during growth of the main body with a
side heater and a bottom heater, wherein power supplied to the side heater
decreases during growth of a portion of the main body and the end-cone. The
present invention is further directed to a process for preparing a single
crystal silicon ingot, from which may be obtained single crystal silicon
wafers having gate oxide integrity values of at least about 50a and fewer
than about 20   WO 02/.1.~~~C 8 PCT/USU l /~.t 18U light point defects in
excess of about 0.2 microns in size. The single crystal silicon ingot is
pulled from a silicon melt in accordance with the Czochralski method,
wherein the growth velocity, v, and an average axial temperature gradient,
Go, are controlled during growth over the temperature range from
solidification to a temperature of no less than about 1325 C, such that
vacancies are the predominant intrinsic point defect therein. The ingot
has, in succession, a seed-cone, a main body, and an end-cone. The process
is characterized in that, during growth of the main body and end-cone, side
heater power is decreased and heat is applied from below the silicon melt
using a bottom heater. Other objects and features of the present invention
will be in part apparent and in part pointed out hereinafter. BRIEF
DESCRIPTION OF THE DRAWINGS Fig. lA is a sectional view of a Czochralski
growth apparatus in accordance with an embodiment of the present invention.
Fig. 1B is a sectional view of a portion of a Czochralski growth apparatus,
wherein an example of a "slow cool" hot zone is depicted (the apparatus 40
generally representing insulation, shields/reflectors or heaters which may
be extended from the pull chamber and over the melt to slow the rate at
which the growing ingot cools). Fig. 2 is a graph showing the density of
flow pattern ( defects, as well as axial variations therein, throughout the
main body of the ingot, grown in a conventional manner using an "open" type
hot zone configuration. Fig. 3 is a graph showing the power supplied to a
side heater element and a bottom heater element, both as a function   WO
02/-4~~-~G 9 



PCT/USOl/-t.1180 of body length, when pulling a single crystal silicon
ingot in the conventional manner and in accordance with one embodiment of
the process of the present invention. Fig. 4 is a graph showing the density
of flow pattern defects and axial variations in density throughout the main
body of the ingot, grown in accordance with one embodiment of the present
process using a "slow cool" hot zone, configured by means common in the
art. Fig. 5 is a graph of the axial temperature profile of the second half
of a single crystal silicon ingot (i.e., from an axial position of about
400 mm to about 850 mm) as a function of distance from the melt surface in
a "slow cool" type Czochralski growth apparatus having half the full
thickness of side insulation. Fig. 6 is a graph of the axial temperature
gradient of the second half of a single crystal silicon ingot (i.e., from
an axial position of about 400 mm to about 850 mm) as a function of
temperature in a "slow cool" type Czochralski growth apparatus having half
the full thickness of side insulation. Fig. 7 is a graph of the axial
temperature profile of the second half of a single crystal silicon ingot
(i.e., from an axial position of about 400 mm to about 850 mm) as a
function of distance from the melt surface in a "slow cool" type
Czochralski growth apparatus having seven-eighths the full thickness of
side insulation. Fig. 8 is a graph of the axial temperature gradient of the
second half of a single crystal silicon ingot (i.e., from an axial position
of about 400 mm to about 850 mm) as a function of temperature in a "slow
cool" type Czochralski   WO 02/~~~~6 10 PCT/USO1/-4.1180 growth apparatus
having seven-eighths the full thickness of side insulation. Figs. 9a
through 9e are histograms wherein a number of wafers were analyzed for the
presence of light point defects in excess of about 0.2 microns (Y axis =
number of wafers; X axis = number of LPDs in excess of about 0.2 microns);
Figs. 9a through 9e representing consecutive 20% portions of the ingots
from which the wafers were obtained, the single crystal silicon ingots
having been grown in a "slow cool" hot zone configuration wherein a bottom
heater is not employed and side heater power is increased during the growth
process. Figs. 10a through 10e are histograms wherein a number of wafers
were analyzed for the presence of Light point defects in excess of about
0.2 microns (Y axis = number of wafers; X axis = number of LPDs in excess
of about 0.2 microns); Figs. 10a through 10e representing consecutive 20%
portions of the ingots from which the wafers were obtained, the single
crystal silicon ingots having been grown in a "slow cool" hot zone
configuration wherein a bottom heater is employed and side heater power
remains constant during the growth process. 



Fig. 11 is a graph showing the power supplied to a side heater element and
a bottom heater element, both as a function of body length, when pulling a
single crystal silicon ingot in the conventional manner and in accordance
with a second embodiment of the process of the present invention, wherein
side heater power is decreased. Fig. 12 is a graph showing gate oxide
integrity test results (Y-axis expressed as "% pass") as a function of
ingot length, for ingots prepared with (/) and without (1) the use of a
bottom heater.   WO 02/-4.1.1G 11 PCT/USO1/~.1180 Fig. 13 is a graph
showing the density of flow pattern ' defects and axial variations in
density throughout the main body of the ingot, grown in accordance with a
second embodiment of the process of the present invention, wherein side
heater power is decreased, using a "slow cool" hot zone, configured by
means common in the art. Figs. 14a through 14e are histograms wherein a
number of wafers were analyzed for the presence of light point defects in
excess of about 0.2 microns (Y axis = number of wafers; X axis = number of
LPDs in excess of about 0.2 microns); Figs. 14a through 14e representing
consecutive 20% portions of the ingots from which the wafers were obtained,
the single crystal silicon ingots having been grown in a "slow cool" hot
zone configuration wherein a bottom heater is not employed and side heater
power is increased during the growth process. Figs. 15a through 15e are
histograms wherein a number of wafers were analyzed for the presence of
light point defects in excess of about 0.2 microns (Y axis = number of
wafers; X axis = number of LPDs in excess of about 0.2 microns); Figs. 15a
through 15e representing consecutive 20% portions of the ingots from which
the wafers were obtained, the single crystal silicon ingots having been
grown in a "slow cool" hot zone configuration wherein a bottom heater is
employed and side heater power is decreased during the growth process.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS The process of the
present invention advantageously provides the means by which to grow a
Czochralski.-type single crystal silicon ingot, and preferably an ingot
having silicon lattice vacancies as the predominant intrinsic point defect,
wherein the thermal history is substantially uniform over the   



WO 02/~~~.1G 12 PCT/IJSO1L~~180 entire main body of the ingot. More
specifically, in accordance with the present process, growth conditions are
controlled such that any given segment of the main body of the ingot cools
at about the same rate as the other segments of the main body, between the
agglomeration threshold temperature and the diffusivity threshold
temperature. Stated another way, growth conditions are controlled such that
any given segment resides between the agglomeration threshold temperature
and the diffusivity threshold temperature for about the same period of time
as the other segments of the main body. Accordingly, in contrast to
conventional processes, wherein side heater power is increased during
growth of the main body and the end-cone, the thermal history of the main
body of the ingot in the present process is controlled, at least in part,
by either (i) maintaining the power supplied to the side heater at a
substantially constant level, or (ii) decreasing the power supplied to the
side heater, while heat is supplied from a bottom heater (i.e., a heater
positioned within the crystal puller below the crucible which holds the
silicon melt). It is to be noted that the term "substantially constant," as
used herein in reference to side heater power, is to be understood to mean
a variation of typically less than about 100, 50, or even 2%. Referring now
to Figs. lA and 1B, there is shown an example of a crystal pulling
apparatus 8 suitable for producing Czochralski-type single crystal silicon
ingot 10, in accordance with the present process. The crystal pulling
apparatus 8 includes a fused silica crucible 12 surrounded by a graphite
susceptor 7.4 and contained within a water-cooled stainless steel growth
chamber 16, the growth chamber defining   WO 02/.1-4-~.1G 13 PCT/USO1 /.t~
180 a space, or "hot zone," wherein ingot growth occurs. The crucible 12
holds a silicon melt 18, provided by adding solid polycrystalline silicon
or "polysilicon" (not shown), to the crucible 12. The polysilicon is melted
by heat provided from a side heater 20 which surrounds the crucible 12.
Optionally, melting of the polysilicon may be further aided by the use of a
bottom heater 22 positioned beneath the crucible 12. The side heater 20 is
surrounded by insulation 24 to help retain the heat within the crucible. A
pulling shaft or wire 26 supporting a monocrystalline silicon seed 28 at
its lower end is positioned above the silicon melt 18. Generally speaking,
during the Czochralski process, the seed crystal 28 is lowered until it
contacts the surface of the molten silicon 18 and begins to melt. After
thermal equilibration, the pulling wire 26 is then retracted to withdraw
the seed 28 from the silicon melt 18. As the seed 28 is withdrawn, the
liquid silicon from the melt 18 solidifies around the seed in a single
crystal above the melt. The pulling wire 26 from which the formed single
crystal is suspended is retracted from the melt 18 as it rotates, forming a
substantially cylindrical neck region 30. After the neck of the ingot is
formed, the pull rate is decreased, creating an outwardly flaring region 32
typically referred to as the seedcone of the ingot. When the desired
diameter is obtained, growth conditions are controlled to provide a
substantially continuous diameter for a main body 34 of the ingot 10. .
While the ingot 10 is being pulled, the crucible 12 is rotated via a shaft
3& in a direction opposite that of the ingot. As the ingot 10 grows, the
crucible 12 is raised within the growth chamber 16 to compensate for the
depletion of the silicon melt 18. In a conventional growth process,   WO
02/~~~.1G 14 PCT/USO1/~.1180 side heater power is typically increased after
about 20% to about 50a of the main body 34 of the ingot 10 has been grown,
depending upon the particular configuration of the hot zone of the crystal
pullet, in order to maintain the temperature of the melt and ensure the
melt remains in a molten state. When the melt is nearly depleted, again in
a conventional process, the side heater power, the pull rate, or both are
increased in order to decrease the diameter of the ingot 10, resulting in
the formation of a conical end-cone 38. Once the diameter of the end-cone
38 is sufficiently small, generally 2 mm to 4 mm, detachment of the ingot
10 from the silicon melt 18 can be 



accomplished without causing dislocations to spread to the main body 34 of
the ingot. The ingot 10 is then removed from the growth chamber 14 and
processed to form silicon wafers. Typically, each solidified segment of the
growing ingot coals as it is lifted up and away from the silicon melt and
crucible, resulting in a temperature gradient over the length of the main
body of the ingot. For example, a solidified segment of the main body just
above the melt/solid interface has a temperature of about 1400C, while
typically each previously solidified segment of the ingot has a
correspondingly lower temperature. The precise degree to which each segment
has cooled, however, is at least in part a function of (i) pull rate, (ii)
heater power and (iii) hot zone design (i.e., the presence and position of,
for example, reflectors, radiation shields, purge tubes, light pipes, and
secondary heaters, a11 generally represented in Fig. 1B at 40). More
specifically, it is to be noted that while each solidified segment
typically has a temperature which is lower than the subsequent segment,
growth conditions and/or hot zone designs may be controlled to alter this
result.   WO 02/~~~~1 15 PCT/USO1/~~180 As an example of the foregoing, the
temperature gradient ' of a 200 mm nominal diameter ingot grown under
conventional process conditions (i.e., a process wherein side heat power
increases during the growth of the main body and both side heater power and
pull rate are increased during end-cone growth) in a standard "open" hot
zone design (i.e., a hot zone having no reflectors, radiation shields,
purge tubes, light pipes, or secondary heaters present above the melt to
slow the rate at which the growing ingot would otherwise cool) immediately
after being detached from the silicon melt will range from about 1400C near
the tip of the end-cone to less than about 750C near the seed-cone.
Furthermore, due to the increased pull rate and the ingot becoming detached
from the melt, which causes the ingot to lose the benefit of conductive
heat received therefrom, the latter portion of the main body of the ingot
and the seed-cone cool more quickly than the earlier portion of the main
body. Referring now to Fig. 2, the difference in the cooling rate for
various segments of the ingot can affect, among other things, the size and
distribution of agglomerated defects, such as flow pattern defects or light
point defects, over the length of the ingot (see, e.g., the defect density
at an axial position of about 900 mm, relative to the density of previously
solidified and cooled segments). Stated another way, due to the differences
in cooling rates for segments of an ingot, the latter portion of the ingot
will typically yield wafers having higher densities of small light point
defects or flow pattern defects, and thus poorer GOI values, as compared to
wafers obtained from the earlier portion of the ingot. As previously noted,
hot zone design may affect the rate at which a growing ingot cools within
the crystal pulley and, as a result, the size and distribution of defects
that would   WO l12/.1~~~6 16 PCTIUSOI/-t~ 180 otherwise be obtained. For
example, in contrast to the expected results from a standard "open" hot
zone, if the above-described process were performed in a "slow cooling" hot
zone (i.e., a hot zone having reflectors, radiation shields, purge tubes,
light pipes, secondary heaters, or a combination thereof, present above the
melt, as generally indicated in Fig. 1B at 40, to limit the temperature
profile of the growing ingot, typically to about 2C/mm, about 1C/mm or
less), the increase in side heater power actually results in a decrease in
the axial temperature profile of the latter portion of the ingot, causing
this portion to cool at a slower rate than that of the earlier portion.
This effect is obtained even if the growth rate is increased during
formation of the end-cone. Referring now to Figs. 9a-9e and 14a-14e,
generally depicted are the results of a number of wafers which have been
analyzed, by means common in the art, for the presence of LPDs greater than
about 0.2 microns in size. Specifically, a number of wafers were obtained
from ingots prepared in a "slow cool" hot zone, wherein side heater power
was increased after about 50% of the main body of each ingot was grown. As
can be seen from these results (where figures 9a-9e and 14a-14e represent
wafers obtained from consecutive 20% portions of the main bodies of the
ingots), this increase in side heater power eventually impacts the number
of large LPDs formed. In particular, it is to be noted that, of the wafers
obtained from the first 40% of the main bodies of the ingots (see Figs. 9a,
9b and 14a, 14b), only about 5 had an unacceptable number of LPDs in excess
of about 0.2 microns (i.e., greater than about 20 LPDs). In contrast, of
the wafers obtained from the next 40% of the main bodies of the same ingots
(see Figs. 9c, 9d and 14c, 14d), about 8 wafers were unacceptable. Most
significantly, however, is the fact that more than 25 of the  



WO 02/~~~~1> 17 PCT/USO1/~~1A0 wafers obtained from the final 20% portion
of the same ingots ' (see Fig. 9e and 14e) were unacceptable. Without being
held to any particular theory, it is generally believed that the materials
added to the hot zone to limit the thermal profile absorbs the additional
heat being produced by the side heater as the power is increased and then
radiates this heat toward the adjacent portion of the main body of the
ingot. As a result, the cooling rate of this portion of the main body, as
well as the remaining portions of the main body to be grown, decreases.
Stated another way, the "residence time" of these portions of the main body
within the critical temperature range (i.e., the temperature range having
as an upper boundary the "agglomeration threshold" temperature and as a
lower boundary the "diffusivity threshold" temperature) increases. Wafers
obtained from this portion of the ingot will therefore have lower densities
of smaller agglomerated defects and higher numbers of larger defects,
relative to waters obtained from an earlier portion of the main body of the
ingot. As previously noted, manufacturers of highly integrated circuits
impose stringent limits upon silicon wafers, in terms of the number and
size of agglomerated defects, and thus GOI, which are acceptable. In view
of the foregoing, it can be seen that preferably some balance is maintained
during growth of the main body of the ingot to ensure these limits are met
over a substantial portion of the length of the ingot. More specifically,
preferably growth conditions are maintained to ensure that any given
segment of the main body of the ingot cools sufficiently fast, such that
any given wafer obtained therefrom will not exceed the imposed limit on the
number of LPDs larger than about 0.2 microns in size, while not being   WO
02/-4~.1~6 18 



PCT/USO1/.1.11R0 allowed to cool too fast, such that the same wafer does
not contain too many small LPDs, and thus have an unacceptable GOI value.
Generally speaking, the process of the present invention advantageously
provides the means by which to grow a Czochralski-type single crystal
silicon ingot wherein the thermal history is substantially uniform over a
substantial portion of the main body, and preferably the entire main body,
of the ingot. In accordance with the present process, the thermal history
of the ingot is controlled above the threshold temperature at which
intrinsic point defects are mobile (i.e., the "diffusivity threshold,"
which is typically about 800C, 900C, 950C or even 1050C), such that
substantially the entire main body of the ingot cools at about the same
rate or, alternatively, that substantially the entire main body resides
above this temperature for about the same amount of time. In contrast to
conventional processes, wherein side heater power is increased during
growth of the main body and the end-cone, the cooling rate or residence
time is controlled in the present process, at least in part, by either
maintaining the power supplied to the side heater at a substantially
constant level, or alternatively decrease the power supplied to the side
heater, during the growth of a portion or the entire length of the main
body as well as the end-cone. Maintaining a generally constant level of
side heater power, or alternative decreasing the side heater power, while
growing a single crystal silicon ingot is accomplished by applying heat to
the silicon melt by means of a bottom heater (i.e., a heater positioned
within the growth chamber below the crucible and silicon melt) and, more
specifically, by increasing the power supplied to this bottom heater during
WO 02/.1~.1~6 19 PCT/U S01 /~~ 180 both the growth of a latter portion of
the main body and the end-cone. Generally speaking, while side heater power
remains substantially constant, or alternatively is decreased, heat is
applied to the melt by means of the bottom heater, initiation of this
"bottom heating" occurring during growth of the main body at the same point
in the process at which side heater power would otherwise be increased. For
example, standard growth processes in a conventional "open" hot zone
typically involve the increase in side heater power after about 20% to
about 300, 40% or more of the main body has been grown. Accordingly, bottom
heating may begin in a "slow cool" hot zone after about 20%, 30%, 40% or
more (e.g., , 50%, 60%, etc.) of the main body has been grown. It is to be
noted in this regard that the precise point at which bottom heating begins
is at least in part a function of the design of the hot zone being utilized
and, as a result, may vary from one crystal pulley to the next. Referring
now to Figs. 10a-10e and 15a-15e, generally depicted are the results of a
number of wafers, analyzed by means common in the art for the detection of
LPDs, which were obtained from ingots prepared in a "slow cool" hot zone,
wherein side heater power remained constant (10a-1oe), or alternatively was
decreased (15a-15e), while power was supplied to the bottom heater after
about 50% of the main bodies of the ingots were grown. As can be seen from
these results (where figs. 10a-10e and 15a-15e represent wafers obtained
from consecutive 20% portions of the main bodies of the ingots), in
comparison to the corresponding results presented in Figs. 9a-9e and
14a-14e, respectively, maintaining a constant side heater power or
decreasing side heater power significantly reduced the number of wafers
that   WO 02/-4~~-lC 20 PCT/U S01 /.1~ 180 were obtained which contained
large LPDs. Specifically, it may be observed that less than about 2 wafers
were found to be unacceptable in the second 40% of the main bodies of the
ingots, while in the final 200 only about 2 wafers were found to be
unacceptable when side heater power remained constant (9e) and no wafers
were found to be unacceptable when side heater power was decreased (15e).
The precise values for the power supplied to the side and bottom heating
elements during the growth of the main body of the single crystal silicon
ingot may vary depending upon, among other things, the design of the hot
zone and the size of the polysilicon charge. Typically however, in one
embodiment 



(where side heater power is substantially constant), the power supplied to
the side heater during the growth of substantially the entire main body
(i.e., about 60%, 700, 80%, 90%, 95% or more) and the end-cone in a "slow
cool" hot zone configuration is maintained between about 100 and about 150
kW, preferably between about 110 kW and about 140 kW, more preferably
between about 120 kW and about 130 kW, and most preferably between about
124 and about 126 kW. In contrast, for the same or similar hot zone, the
power supplied to the bottom heater during the growth of about the first
half of the main body (i.e., between about 40% and 60% of the main body) is
maintained between about 0 and about 5 kW, and preferably between about 0
and about 3 kW, while the power supplied to the bottom heater during the
growth of the remainder of the main body (e.g., about the last 400, 50%,
60% or more) and the end-cone is typically increased slowly from the
initial value to a value less than about 50kW, 40 kW or even 30 kW, with
values of about 25 kW, 20 kW and even 15 kW being more preferred for some
embodiments.   WO U2/~~~~1 21 PCT/U SU 1 /.1.~ 180 In a second embodiment,
side heater power is typically maintained between about 100 and about 150
kW, about 110 to about 140 kW, or even about 120 to about 130 kW, and
preferably is maintained at a substantially constant value within the noted
ranges, during growth of a first portion of the main body of the ingot
(e.g., about 20%, 30%, 40%, 50% or more). The side heater power is then
decrease during growth of the remaining portion of the ingot, with the
initiation of bottom heating typically beginning at some point thereafter.
Alternatively, however, bottom heating may be initiated after about 20o to
about 600, from about 25o to about 50% or from about 30% to about 400 of
the main body has been grown. As previously noted, bottom heater power
initially ranges from about 0 to 5 kW, or from about 0 to 3 kW, and then is
slowly increased to a final value of less than about 50 kW, 45 kW, 40 kW,
30 kW or even 15 kW. With regard to the manner by which the bottom heater
power is increased, it is to be noted that in some embodiments the power is
increased along a quadratic curve, as exemplified in Figs. 3 and 11, while
in other embodiments the power is typically increased by about 0.01 to
about 0.1 kW/mm, preferably by about 0.01 to about 0.05 kW/mm, and most
preferably by about 0.02 to about 0.03 kW/mm. A more uniform thermal
history enables a silicon ingot to be obtained having a more uniform
distribution of agglomerated vacancy defects over the length of the main
body; that is, by controlling the manner in which the main body of the
ingot cools between the temperature at which agglomerated defects begin to
form and the temperature at which vacancies are no longer sufficiently
mobile for a commercially practical period of time, a more uniform
distribution of FPDs is obtained. 



WO U2/a~-4-4G 22 PCT/U SU 1 /i.1180 More specifically, side heater power is
maintained at a substantially constant level, or alternatively is
decreased, while heat is applied to the melt from beneath the crucible in
order to allow the main body of the growing ingot to cool at essentially
the same rate over the temperature range from about 900C and about 1150C,
and preferably from about 1000C and 1100C. Stated another way, defect
uniformity is increased if each segment of the main body is allowed to
reside within the noted temperature range for about the same amount of
time. In view of the foregoing, the process of the present invention
utilizes a substantially constant side heater power throughout the growth
of the main body and end-cone of the ingot, or alternatively a side heater
power which decreases during growth of some latter portion of the main body
and the end-cone, while applying heat to the silicon melt using a bottom
heater. Generally speaking, the bottom heater is utilized as necessary to
ensure the polysilicon charge remains molten throughout the process. More
specifically, heat is applied to the melt in a "slow cool" type of hot zone
after about 200, 30%, 40%, 50%, 60% or more of the main body has formed, to
ensure that the latter portion of the main body cools at about the same
rate as the previously solidified portion. Accordingly, the cooling rate
for a given segment of the main body is controlled such that it varies by
less than about 50% relative to the other segments, with variations of less
than about 35%, 20% and 10% being even more preferred. Most preferably,
however, the cooling rate for a given segment of the main body, relative to
the other segments of the main body, will vary by less than about 5%.   



WO 02/-t~.t.lG 23 PCT/USl)1/-4-4180 Referring now to Figs. 5 through 8,
according to one embodiment of the process of the present invention, a
substantially constant side heater power is utilized in conjunction with
the application of heat from beneath the crucible and silicon melt in order
to typically maintain the average axial temperature gradient of the main
body of the ingot at less than about 2C/mm. Preferably, however, the
average axial temperature gradient does not exceed about 1.5C/mm, more
preferably about 1C/mm, and most preferably about 0.5C/mm. In this regard
it is to be noted that while the above average axial temperature gradients
are discussed in reference to a process wherein a substantially constant
side heater power is employed, these gradients are also applicable to a
process wherein side heater power is decreased during the growth process.
The thermal history of the main body of the ingot may be further controlled
by maintaining a relatively constant pull rate throughout the growth of the
main body and end-cone while, if necessary, adjusting the ingot and
crucible rotation rates. In the present process, the average pull rates for
the ingot during growth of the main body, both the first half and second
half, are substantially similar to the average pull rate for the end-cone.
Accordingly, typically the average pull rates for the first half of the
main body, the second half of the main body and the end-cone do not vary by
more than about 50%. Preferably, however, the average pull rates for first
half, second half and end-cone do not vary by more than about 35%, more
preferably about 20%, and still more preferably about 10%. Most preferably,
however, the average   WO 02/.1.1~~G 24 PCTlUS01/~.1180 pull rates for the
first half and second half of the main body and the end-cone do not vary by
more than about 50. The pull rate, during the growth of the main body and
end-cone, typically ranges between about 0.4 mm/minute to about 1.25
mm/minute. More specifically, the average pull rates for the first half of
the main body, the second half of the main body and the end-cone preferably
range between about 0.45 mm/minute to about 0.75 mm/minute, and more
preferably between about 0.45 mm/minute to about 0.65 mm/minute. However,
that pull rate is at least in part a function of ingot diameter;
accordingly, for ingot diameters in excess of about 200 mm, the pull rate
will typically be correspondingly lower. Preferably, the embodiments of
present process are carried out in a "slow cool" type of hot zone and the
bottom heater is utilized, in conjunction with a constant side heater
power, or alternative a decreasing side heater power, and pull rate
control, to ensure that a latter portion of the main body (i.e., about the
last 80%, 70%, 60%, 50%, 40% or less) cools at a rate of less than about
2C/minute, preferably less than about 1.5C/minute, more preferably less
than about 1C/minute, and most preferably less than about 0.5C/minute.
Stated another way, a bottom heater is employed in conjunction with control
of the pull rate and side heater power to ensure substantially the entire
main body of the ingot resides between about 900C and about 1150C, and
preferably between about 1000C and 1100C, for at least about 15, 20 or even



25 minutes, with durations of at least about 40, 50 or even 75 minutes
being more preferred. However, in some instances, times or durations of at
least about 100 minutes, 150 minutes or more may be preferred.   WO
02/-4~-4~G 25 PCT/USO11-t~ 180 In this regard it is to be noted that, when
side heater power remains constant, in at least some instances residence
times of about 20 to about 100 minutes, or about 20 to about 75 minutes are
preferred. Similarly, when side heater power is decreased, in at least some
instances residence times of about 15 to about 50 minutes, or about 25 to
about 40 minutes are preferred. It is to be further noted that preferably
the "residence time" is sufficiently long to obtain a relatively high GOI
value, while not exceeding a duration which would result in an unacceptable
number of LPDs in excess of about 0.2 microns. Accordingly, therefore,
typically a given ingot segment will not reside within the temperature
range for more than about 250 minutes, while in some instances the
residence time will not exceed about 225, 200, 175 or even about l50
minutes. It is to be still further noted, however, that absolute values of
cooling rates and residence times will vary depending upon the hot zone
design, the ingot diameter and the pull rate, among other things.
Accordingly, for purposes of defect uniformity, absolute values are
therefore not critical to the present process; rather, the relative
differences for any given segment between the absolute values for cool
rates and residence times are the important considerations. Referring now
to Figs. 4 and 13, single crystal silicon ingots grown by the present
invention exhibit a relatively uniform axial concentration of vacancy-type
agglomerated defects, such as FPDs, particularly throughout the main body
of the ingot. Such uniformity can, among other advantages, reduce the
post-growth processing problems and expense encountered with nonuniform
crystals. However, in addition to obtaining uniformity in defect
distribution over the length of   WO 02/~~~-4G 26 PCT/US01/-t-4180 the
ingot, it is also important to control the size and number of agglomerated
detects formed. Accordingly, the present process will be optimized to also
limit the number of light point defects in excess of about 0.2 microns in
size while ensuring that an acceptable GOT value is obtained (i.e., a GOI
value of at least about 50%, 60%, 700, 80, 90% or more; see, e.g., Fig.
12). More specifically, by controlling the thermal history in the manner
set forth above, the density and uniformity of large light point defects in
the main body can be controlled, while also limiting the number of smaller
defects, such as FPDs, which negatively impact GOI. Typically, therefore,
the present process enables a single crystal silicon ingot to be prepared
having a relatively uniform density of FPDs over a substantial portion of
the main body (i.e., about &0%, 70%, 75%, 80%, 85%, 900 or more), the
density typically being less than about 150 defects/cm2, preferably less
than about 100 defects/cm2, more preferably less than about 75 defects/cm2,
and most preferably less than about 50 defects/cm2. Furthermore, the
present process enables a silicon wafer to be obtained therefrom wherein
the number of large LPDs (i.e., larger than about 0.2 microns) on the
surface is less than about 20 defects/wafer, preferably less than about 15
defects/wafer, and more preferably less than about 10 defects/wafer.
Accordingly, the present process enables wafers to be obtained which meet
or exceed current requirements imposed by integrated circuit manufacturers.
It is to be noted in this regard that FPDs and LPDs are - detected and
measured by means common in the art. For example, for FPDs, a vacancy-rich
wafer is typically immersed in a Secco etch solution for about 30 minutes
and then  



WO 02/-4~~-4G 27 PCT/US01/~~180 visually inspected under a microscope to
detect such defects. LPDs are typically detected and measured by reflecting
laser light off of the surface of the wafer, by means of a Surfscan 6200 or
a Tencor SP-1 instrument. It is to be further noted that, in addition to
LPD limits, manufacturers of integrated circuits also impose limits on the
gate oxide integrity of silicon wafers, typically requiring each wafer to
have a GOI of at least 50%, as determined by means standard in the art.
Accordingly, referring now to Fig. 12, it can be seen that by controlling
the thermal history of the main body of the ingot in the manner set forth
in this invention, silicon wafers may be obtained therefrom having a gate
oxide integrity (GOI) of at least about 50%, preferably about 60%, more
preferably about 700, still more preferably about 80%, and most preferably
at least about 850 (e. g., 90%, 95%, etc.). The present process is
therefore advantageous because it provides the means by which to obtain
silicon wafers which meet currently existing LPD and GOI requirements over
substantially the entire usable length (i.e., at least about 50%, 60%, 70%,
80%, 90%, 95% or more) of the single crystal silicon ingot. In addition to
controlling heater power during growth of the main body of the ingot, it is
also important to control heater power during growth if the end-cone. More
specifically, while the side heater power remains substantially constant,
or alternative is decreased, throughout the growth of both a portion of the
main body and the end-cone, the power supplied to the bottom heater
typically increases, once initiated, throughout the growth of the remaining
portion of the main body and the end-cone. As noted above, in some
embodiments the power is increased along   WO 02/-4.1~-46 28 PCT/USO1/~~180
a quadratic curve, as exemplified in Figs. 3 and 11. 



- Furthermore, it is to be noted that, during growth of the endcone, the
average power supplied to the bottom heater is ' typically at least about
110% of the average power supplied to the bottom heater during the growth
of the main body, with average power levels of at least about 150%, 200%,
300%, or even 400% being more preferred, in some instances. It is to be
noted, however, that even with these increases in bottom heater power
during the growth process, in most circumstances the average power supplied
to the bottom heater is only a minor portion of the total power supplied to
the heating elements. More specifically, during the growth of the end-cone,
the power supplied to the bottom heater is typically only between about 5%
and about 15% of the average power supplied to the side heater during the
growth of the end-cone. With regard to the side heater power, as previously
noted, in one embodiment, preferably this remains essentially constant
throughout the entire growth process (i.e., growth of both the main body as
well as the end-cone). However, the power level may vary during growth of
the end-cone, the average power supplied at times ranging between about 90%
and about 110% of the average power supplied to the side heater during the
growth of the main body. Additionally, for a second embodiment, wherein
side heater power is decreased, the rate of decrease may be constant or it
may vary during growth of the remaining portion of the main body and
end-cone. In addition to controlling heater power and pull rate, the ingot
and crucible rotation rates may be adjusted during growth of the main body
and/or the end-cone. Typically, the ingot rotation rate and the crucible
rotation rate during the   WO 02/~~~.16 29 PCT/US011~~180 growth of the
main body are maintained between about 10 rpm to about 15 rpm and between
about 5 rpm to about 10 rpm, respectively. During growth of the end-cone,
one or both of these rotation rates are typically decreased, with the
average values during end-cone growth being less than the respective
average values during growth of the main body. For example, the ingot
rotation rate during the growth of the end-cone is preferably less than
about 10 rpm, while the crucible rotation rate during the growth of the
end-cone is preferably less than about & rpm. More preferably, the rates of
rotation for the ingot and crucible are ramped downward. Most preferably,
the rates of rotation for the ingot and crucible are ramped downward from
about 10 rpm to about 5 rpm, and from about 6 rpm to about 1 rpm,
respectively. The process of the present invention is particularly suited
for improving gate oxide integrity, while limiting the number of LPDs in
excess of about 0.2 microns, in silicon wafers obtained from single crystal
silicon ingots prepared in a "slow cool" hot zone under growth conditions
which cause silicon lattice vacancies to be the predominant intrinsic point
defect (from the central axis to the radial edge, to some radial position
there between) over a substantial portion, and preferably the entire
length, of the main body of the ingot. Generally speaking, single crystal
silicon ingots may be grown to be "vacancy type" by controlling the ratio
of v/Go such that the value of this ratio is greater than the critical
value of v/Go (which, based on currently available information, appears to
be about 2.1x10-5 cmz/sK, where Go is determined under conditions in which
the axial temperature gradient is constant within the temperature range
bound by the solidification temperature and a temperature greater than
about 1300C) over some portion of the radius of the main 



WO 02/~~~~6 30 PCT/US01/~~180 body, and preferably over the entire radius
(such that the ' particular portion of the ingot is vacancy-dominated from
the central axis to the radial edge). Control of the ratio of v/Go is
discussed in detail in, for example PCT/US98/03686, PCT/US98/07365 and
PCT/US98/07304, which are incorporated herein by reference. As illustrated
by the following Example, the process of the present invention may be used
to more precisely regulate the thermal history of single crystal silicon
ingots. By adjusting the distribution of power to the side heater and the
bottom heater elements, the uniformity of the thermal history of the
crystal is improved. The controlled distribution of power also improves the
uniformity of the thermal history by allowing a more constant pull
rate/growth rate of the crystal. As a result, a single crystal silicon
ingot prepared in accordance with the present invention may be further
processed, by means common in the art, to consistently yield single crystal
silicon wafers over the length of the ingot which have improved gate oxide
integrity and fewer light point defects. The Example sets forth a
particular set of conditions that may be used to achieve the desired result
for one embodiment of the present invention. However, it is to be noted
that, depending upon such parameters as the nominal diameter of the ingot,
hot zone design, crucible diameter and charge size, it may be desirable to
change these conditions, adjusting for example the growth rate, the rates
of rotation of the ingot and the crucible, as well as the power supplied to
the heaters, at some point during the growth process.   WO 02/.~~~~6 31
PCT/USO1/-4-4180 Accordingly, these conditions should not be viewed in a
limiting sense. EXAMPLE Constant Side Heater Power In accordance with the
present process, a number of single crystal silicon ingots were prepared
according to the Czochralski method, grown under conditions to ensure
vacancies were the predominant intrinsic point defect within the silicon
(i.e., the ingots were vacancy-type). Specifically, each ingot was grown to
have a nominal diameter of about 200 mm and a main body length of about 850
mm, each being pulled from a 22 inch diameter crucible containing a 100 Kg
polysilicon charge. A Ferrofluidics crystal puller having a "slow cool" hot
zone configuration was employed in all cases. During growth of the main
body, the pull rate ranged from about 0.6 to about 1 mm/minute (the rate
being adjusted as necessary for purposes of, among other things, ensuring
the silicon remained vacancy-type). The rate of rotation of the ingot was
about 15 rpm, while the rotation rate of the crucible ranged from about 6
rpm to about 8 rpm. The power supplied to the side heater during the growth
of the main body and the end-cone was substantially constant, typically
ranging from about 120 kW to about 130 kW. Power to the bottom heater
remained off until about half of the main body (i.e., about 400 mm) had
been grown, at which point power supply was initiated and slowly increased
along a quadratic curve to a final level of about 30 kW. More specifically,
the power was increased from about 0 kW to about 10 kW over an axial
position of about 400 mm to about 850 mm. As growth of the   



WO 02/i-4.1.1G 32 PCT/USO1/-4-4180 end-cone was initiated, crucible and/or
ingot rotation rates were increased, or alternatively the growth rate, as
needed in order to cause tapering to begin, and the power supply was
increased from about 10 kW to a final value of about 30 kW. For purposes of
comparison, a number of single crystal silicon ingots similarly prepared
(i.e., similar growth rates, ingot and crucible rotation rates, crystal
puller/hot zone configurations, etc.), with the exception that bottom
heating was not employed and side heater power was increased during the
growth process. More specifically, the bottom heater remained off
throughout the process, while the side heater power was gradually
increased, after about half of the main body was grown, from about 120 kW
to about 140 kW. Additionally, upon initiation of end-cone growth, the side
heater power was increased from about 140 kW to about Z60 kW. Once grown,
the main body of each ingot sliced into wafers by means common in the art,
the wafers were then grouped according to which 20% segment of the main
body from which they were obtained. The wafers were then analyzed, by means
common in the art, for the presence of LPDs in excess of about 0.2 microns.
The results for the process of the present invention are shown in Figs. 10a
through 10e, while the comparative results from those ingots grown without
the use of constant side heater power/bottom heating are shown in Figs. 9a
through 9e. As discussed in detail above, it may be observed that when side
heater power is increased, the number of LPDs in excess of about 0.2
microns in the latter portion of the ingot increases significantly.   WO
02/.1.1~~C> PCT/US(I1/-1A80 33 In view of the above, it will be seen that
the several objects of the invention are achieved. As various changes could
be made in the above process conditions without departing from the scope of
the invention, it is intended that all matter contained in the above
description be interpreted as illustrative and not in a limiting sense.
WO 02/-4e.16 34 What is claimed is: PCT/USO 1 /~~ 180 1. A process for
controlling the thermal history of a single crystal silicon ingot during
growth, the silicon ingot being pulled from a silicon melt in accordance
with the Czochralski method, the ingot having, in succession, a seed 



cone, a main body, and an end-cone, the process comprising: controlling (i)
a growth velocity, v, and (ii) an average axial temperature gradient, Go,
during the growth of the main body of the ingot over the temperature range
from solidification to a temperature of no less than about 1325 C, such
that vacancies are the predominant intrinsic point defect in a portion of
the main body; and, heating the silicon melt during growth of said portion
of the main body with a side heater and a bottom heater, wherein power
supplied to the side heater is decreased and power supplied to the bottom
heater is increased during growth of said portion of the main body. 2. The
process of claim 1 wherein the increase of bottom heater power is initiated
after at least about 20% of the main body has been grown. 3. The process of
claim 1 wherein the increase of bottom heater power is initiated after at
least about 400 of the main body has been grown. 4. The process of claim 1
wherein the increase of bottom heater power is initiated after at least
about 20% to about 600 of the main body has been grown.   WO 02/i-t~~6 35
PCT/US01/-g180 5. The process of claim 1 wherein the decrease of side
heater power is initiated after at least about 20a of the main body has
been grown. 



6. The process of claim 1 wherein the decrease of side heater power is
initiated after at least about 40a of the main body has been grown. 7. The
process of claim 1 wherein the decrease of side heater power is initiated
after at least about 20o to about 60% of the main body has been grown. 8.
The process of any one of preceding claims 1 through 7 wherein the decrease
of side heater power continues until growth of the end-cone is about
complete. 9. The process of any one of preceding claims 1 through 7 wherein
the increase of bottom heater power continues until growth of the end-cone
is about complete. 10. The process of claim 1 wherein said portion of the
main body has an average axial temperature gradient of less than about
1C/mm. 11. The process of claim 1 wherein said portion of the main body is
allowed to reside between about 1000C and about 1100C for at least about 10
to less than about 60 minutes. 12. The process of claim 1 wherein said
portion is at least about 40% of the length of the main body.   WO
U2/-4-4.16 36 PCT/U SO 1 /.118U 13. The process of claim 1 wherein said
portion is at least about 80% of the length of the main body. 14. The
process of claim 1 wherein said portion has a 



cooling rate between about 1000C and about 1100C of less than about
2C/minute. 15. The process of claim 1 wherein at least about 500 of the
main body of the ingot has a concentration of flow pattern defects which is
less than about 100 defects/cmz. 16. The process of claim 1 wherein at
least about 75% of the main body of the ingot has a concentration of flow
pattern defects which is less than about 100 defects/cm2. 17. The process
of claim 1 wherein said portion of the main body of the silicon ingot is
sliced to obtain silicon wafers therefrom, said wafers having less than
about 20 light point defects of a size greater than about 0.2 microns. 18.
The process of claim 1 wherein said portion of the main body of the silicon
ingot is sliced to obtain silicon wafers therefrom, said wafers having less
than about 15 light point defects of a size greater than about 0.2 microns.
19. The process of claim 17 or 18 wherein the wafers are obtained from at
least about 50% of the main body of the ingot.   WO 02/~~~~6 37 PCT/USO 1
/.1~ 180 20. The process of claim 17 or 18 wherein the waters are obtained
from at least about 75% of the main body of the ingot. 



21. The process of claim 1 wherein said portion is sliced to obtain wafers
there from, said wafers having a gate oxide integrity of at least about
80%. 22. The process of claim 1 wherein said portion is sliced to obtain
wafers there from, said wafers having a gate oxide integrity of at least
about 90%. 23. The process of claim 21 or 22 wherein the wafers are
obtained from at least about 75% of the main body of the ingot. 24. The
process of claim 21 or 22 wherein said wafer have an insulation strength of
about 9 MV/cm. 25. A process for preparing a single crystal silicon ingot,
from which may be obtained single crystal silicon wafers having gate oxide
integrity values of at least about 50% and fewer than about 20 light point
defects in excess of about 0.2 microns in size, single crystal silicon
ingot being pulled from a silicon melt in accordance with the Czochralski
method, the growth velocity, v, anal an average axial temperature gradient,
Go, being controlled during growth over the temperature range from
solidification to a temperature of no less than about 1325 C, such that
vacancies are the predominant intrinsic point defect therein, the ingot
having, in succession, a seed-cone, a main body, and an end-cone, the   WO
(l2Ll~~~l 38 PCT/USO1/.1.1180 process being characterized in that, during
growth of the main body, side heater power is decreased and heat is applied
from below the silicon melt with a bottom heater. 26. The process of claim
25 wherein side heater power is decreased during growth of the end-cone.
27. The process of claim 25 wherein said wafers have less than about 15
light point defects of a size greater than about 0.2 microns. 



28. The process of claim 25 wherein said wafers have a gate oxide integrity
of at least about 800. 29. The process of claim 25 wherein said wafers have
a gate oxide integrity of at least about 90%. 30. The process of claim 25
wherein said wafers have an insulation strength of about 9 MV/cm. 31. The
process of claim 25 wherein said wafers are obtained from at least about
50% of the main body of the ingot. 32. The process of claim 25 wherein said
wafers are obtained from at least about 75s of the main body of the ingot.
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