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(7) ABSTRACT

The present invention relates to a process for growing a
single crystal silicon ingot, which contains an axially sym-
metric region having a predominant intrinsic point defect
and which is substantially free of agglomerated intrinsic
point defects in that region. The process comprising cooling
the ingot from the temperature of solidification to a tem-
perature of less than 800° C. and, as part of said cooling step,
quench cooling a region of the constant diameter portion of
the ingot having a predominant intrinsic point defect through
the temperature of nucleation for the agglomerated intrinsic
point defects for the intrinsic point defects which predomi-
nate in the region.
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1 image of the ingot produced in Example 1.
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Figure 4: Cross-sectional image of ingot produced in Example 2.
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Figure 5: Cross-sectional image of ingot produced in Example 3.
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Figure 6: Comparison between B-defects in a wafer subjected to the heat treatment of the
present invention with the B-defects in a wafer not subjected to a heat treatment
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Figure 7: Images of wafers 1, 2,3 and 4 produced in Example 4
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Figure 8: Images of wafers 5, 6, 7 and 8 in Example 4
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Figure 9: Images of Wafers 9 and 10 in Example 4
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PROCESS FOR SUPPRESSING THE NUCLEATION
AND/OR GROWTH OF INTERSTITIAL TYPE
DEFECTS BY CONTROLLING THE COOLING
RATE THROUGH NUCLEATION

REFERENCE TO RELATED APPLICATION

[0001] This application claims priority from U.S. provi-
sional application, U.S. Serial No. 60/155,725, filed on Sep.
23, 1999.

BACKGROUND OF THE INVENTION

[0002] The present invention generally relates to the
preparation of semiconductor grade single crystal silicon
which is used in the manufacture of electronic components.
More particularly, the present invention relates to the prepa-
ration of single crystal silicon ingots and wafers having an
axially symmetric region of vacancy or interstitial domi-
nated material which is devoid of agglomerated intrinsic
point defects, and a process for the preparation thereof.

[0003] Single crystal silicon, which is the starting material
for most processes for the fabrication of semiconductor
electronic components, is commonly prepared by the so-
called Czochralski (“Cz”) method. In this method, polycrys-
talline 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 con-
trolling the pull rate and the melt temperature while com-
pensating for the decreasing melt level. Near the end of the
growth process but before the crucible is emptied of molten
silicon, the crystal diameter must be 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 diameter becomes small enough, the
crystal is then separated from the melt.

[0004] In recent years, it has been recognized that a
number of defects in single crystal silicon form in the crystal
growth chamber as the crystal cools after solidification.
Such defects arise, in part, due to the presence of an excess
(ie. a concentration above the solubility limit) of intrinsic
point defects, which are known as vacancies and self-
interstitials. Silicon crystals grown from a melt are typically
grown with an excess of one or the other type of intrinsic
point defect, either crystal lattice vacancies (“V”) or silicon
self-interstitials (“I”). It has been suggested that the type and
initial concentration of these point defects in the silicon are
determined at the time of solidification and, if these con-
centrations reach a level of critical supersaturation in the
system and the mobility of the point defects is sufficiently
high, a reaction, or an agglomeration event, will likely occur.
Agglomerated intrinsic point defects in silicon can severely
impact the yield potential of the material in the production
of complex and highly integrated circuits.

[0005] Vacancy-type defects are recognized to be the
origin of such observable crystal defects as D-defects, Flow
Pattern Defects (FPDs), Gate Oxide Integrity (GOI) Defects,
Crystal Originated Particle (COP) Defects, crystal origi-
nated Light Point Defects (LPDs), as well as certain classes
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of bulk defects observed by infrared light scattering tech-
niques such as Scanning Infrared Microscopy and Laser
Scanning Tomography. Also present in regions of excess
vacancies are defects which act as the nuclei for ring
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.

[0006] Defects relating to self-interstitials are less well
studied. They are generally regarded as being low densities
of interstitial-type dislocation loops or networks. Such
defects are not responsible for gate oxide integrity failures,
an important wafer performance criterion, but they are
widely recognized to be the cause of other types of device
failures usually associated with current leakage problems.

[0007] The density of such vacancy and self-interstitial
agglomerated defects in Czochralski silicon is convention-
ally within the range of about 1*10°/cm® to about 1*¥107/
cm’. While these values are relatively low, agglomerated
intrinsic point defects are of rapidly increasing importance
to device manufacturers and, in fact, are now seen as
yield-limiting factors in device fabrication processes.

[0008] One approach which has been suggested to control
the formation of agglomerated defects is to control the initial
concentration of the point defects when the single crystal
silicon is formed upon solidification from a molten silicon
mass by controlling the pull rate (v) of the single crystal
silicon ingot from the molten silicon mass and the axial
temperature gradient, G, in the vicinity of the solid-liquid
interface of the growing crystal. In particular, it has been
suggested that the radial variation of the axial temperature
gradient be no greater than 5° C./cm. or less. See, e.g., lida
et al.,, EP0890662. This approach, however, requires rigor-
ous design and control of the hot zone of a crystal puller.

[0009] Another approach which has been suggested to
control the formation of agglomerated defects is to control
the initial concentration of vacancy or interstitial point
defects when the single crystal silicon is formed upon
solidification from a molten silicon mass and controlling the
cooling rate of the crystal from the temperature of solidifi-
cation to a temperature of about 1,050° C. to permit the
diffusion of silicon self-interstial atoms or vacancies and
thereby maintain the supersaturation of the vacancy system
or the interstitial system at values which are less than those
at which agglomeration reactions occur. See, for example,
Falster et al., U.S. Pat. No. 5,919,302 and Falster et al., WO
98/45509. While these approaches may be successfully used
to prepare single crystal silicon which is substantially free of
agglomerated vacancy or interstitial defects, significant time
may be required to allow for adequate diffusion of vacancies
and interstitials. This may have the effect of reducing the
throughput for the crystal puller.

SUMMARY OF THE INVENTION

[0010] Among the several objects and features of the
present invention may be noted the provision of a process for
producing single crystal silicon which is substantially free of
agglomerated intrinsic point defects which negatively
impact the semiconductor properties of the silicon; the
provision of such a process which does not substantially
diminish the throughput of the crystal puller; the provision
of such a process which substantially reduces the crystal
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puller from limitations on pull rate for production of the
defect-free ingot; and the provision of such a process which
substantial reduces the crystal puller from limitations on the
average axial temperature gradient G,,.

[0011] Briefly, therefore, the present invention is directed
to a process for growing a single crystal silicon ingot in
which the ingot comprises a central axis, a seed-cone, an
end-cone and a constant diameter portion between the
seed-cone and the end-cone. The ingot is grown from a
silicon melt in accordance with the Czochralski method, the
process comprising cooling the ingot from the temperature
of solidification to a temperature of less than 800° C. and, as
part of said cooling step, quench cooling a region of the
constant diameter portion of the ingot having a predominant
intrinsic point defect through the temperature of nucleation
for the agglomerated intrinsic point defects for the intrinsic
point defects which predominate in the region.

[0012] The present invention is further directed to a pro-
cess for growing a single crystal silicon ingot in which the
ingot comprises a central axis, a seed-cone, an end-cone and
a constant diameter portion between the seed-cone and the
end-cone. The ingot is grown from a silicon melt in accor-
dance with the Czochralski method, the process comprising
forming a region comprising B-defects but not A-defects in
the constant diameter portion of the ingot, the region having
a width which is at least about 5% of the radial width of the
constant diameter region of the ingot.

[0013] The present invention is further directed to a single
crystal silicon wafer having a central axis, a front side and
a back side which are generally perpendicular to the central
axis, a circumferential edge, and a radius extending from the
central axis to the circumferential edge of the wafer of at
least about 62.5 mm. The wafer comprises an axially sym-
metric region having a width which is at least about 5% of
the radius of the wafer in which silicon self-interstitial atoms
are the predominant intrinsic point defect and which con-
tains silicon self-interstitial type B defects but not silicon
self-interstitial type A defects.

[0014] The present invention is further directed to a single
crystal silicon ingot having a central axis, a seed-cone, an
end-cone, and a constant diameter portion between the
seed-cone and the end-cone, the constant diameter portion
having a circumferential edge and a radius extending from
the central axis to the circumferential edge of at least about
62.5 mm. The single crystal silicon ingot is characterized in
that after the ingot is grown and cooled from the solidifi-
cation temperature, the constant diameter portion includes
an axially symmetric region in which silicon self-interstitial
atoms are the predominant intrinsic point defect and the
axially symmetric region contains silicon self-interstitial
type B defects but not silicon self-interstitial type A defects.

[0015] Other objects and features of this invention will be
in parlt apparent and in part pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a graph which shows an example of how
AGy, the change in free energy required for the formation of
agglomerated interstitial defects, increases as the tempera-
ture, T, decreases, for a given initial concentration of self-
interstitials, [I].

[0017] FIG. 2 is a longitudinal, cross-sectional view of a
single crystal silicon ingot showing, in detail, an axially
symmetric region of a constant diameter portion of the ingot.
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[0018] FIG. 3 is a cross-sectional image of an ingot
prepared as discussed in Example 1.

[0019] FIG. 4 is a cross-sectional image of an ingot
prepared as discussed in Example 2.

[0020] FIG. 5 is a cross-sectional image of an ingot
prepared as discussed in Example 3.

[0021] FIG. 6 is an image comparing a wafer having
B-defects before being subjected to a heat-treatment of the
present invention to a wafer having B-defects which was
subjected to a heat-treatment of the present invention as
discussed in Example 4.

[0022] FIG. 7 is a series of images of wafers prepared as
discussed in Example 4.

[0023] FIG. 8 is a series of images of wafers prepared as
discussed in Example 4.

[0024] FIG. 9 is a series of images of wafers prepared as
discussed in Example 4.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0025] In accordance with the present invention, it has
been discovered that the reactions in which vacancies and
silicon self-interstitial atoms react to produce agglomerated
intrinsic point defects can be suppressed by rapidly cooling
the single crystal silicon through the temperature of nucle-
ation for these defects. Without being bound to any particu-
lar theory, it is believed that rapid cooling, sometimes
referred to as quenching herein, prevents the reaction from
progressing by freezing the reactants, i.e., the intrinsic point
defects, in place.

[0026] In general, the change in system free energy avail-
able to drive the reaction in which agglomerated vacancy
defects are formed from vacancy point defects or in which
agglomerated interstitial defects are formed from self-inter-
stitial atoms in single crystal silicon is governed by Equation

Q):

[v/i
AGy,; = kT ln(W)

M

[0027] wherein

[0028] AG,,; is the change in free energy for the
reaction which forms agglomerated vacancy defects
or the reaction which forms the interstitial defects, as
applicable,

[0029] Kk is the Boltzmann constant,
[0030] T is the temperature in K,

[0031] [VA] is the concentration of vacancies or
interstitials, as applicable, at a point in space and
time in the single crystal silicon, and

[0032] [VA]*Y is the equilibrium concentration of
vacancies or interstitials, as applicable, at the same
point in space and time at which [ V/I] occurs and at
the temperature, T.
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[0033] According to this equation, for a given concentra-
tion of vacancies, [V], a decrease in the temperature, T,
generally results in an increase in AG,, due to a sharp
decrease in [V]*? with temperature. Similarly, for a given
concentration of interstitials, [1], a decrease in the tempera-
ture, T, generally results in an increase in AG; due to a sharp
decrease in [I]°? with temperature.

[0034] FIG. 1 schematically illustrates the change in AG;
and the concentration of silicon self-interstitials for an ingot
which is slowly cooled (e.g., at a rate of about 2° C./min. or
less) from the temperature of solidification through the
temperature at which agglomerated defects are nucleated
without simultaneously employing some means for suppres-
sion of the concentration of silicon self-interstitials. As the
ingot cools, AG; increases according to Equation (1), due to
the increasing supersaturation of [I], and the energy barrier
for the formation of agglomerated interstitial defects is
approached. As cooling continues, this energy barrier is
eventually exceeded, at which point a reaction occurs. This
reaction results in the formation of agglomerated interstitial
defects and the concomitant decrease in AG; as the super-
saturated system is relaxed, i.e., as the concentration of [I]
decreases.

[0035] Similarly, as an ingot is slowly cooled from the
temperature of solidification without simultaneously
employing some means for suppression of the concentration
of vacancies, AGy, increases according to Equation (1), due
to the increasing supersaturation of [V], and the energy
barrier for the formation of agglomerated vacancy defects is
approached. As cooling continues, this energy barrier is
eventually exceeded, at which point a reaction occurs. This
reaction results in the formation of agglomerated vacancy
defects and the concomitant decrease in AGy, as the super-
saturated system is relaxed.

[0036] Surprisingly, however, the reactions which produce
agglomerated intrinsic point defects in Czochralski grown
single crystal silicon ingots of commercially significant
diameter can be suppressed by rapidly cooling the single
crystal ingot at rates which are attainable without fracturing
the ingot as a result of thermal stresses. Stated another way,
agglomeration reactions which would occur if the single
crystal silicon ingot were slowly cooled (e.g., a cooling rate
of 2° C. or less) may be avoided by rapidly cooling the ingot
through the nucleation temperature for agglomerated defects
as the ingot is first cooled from the temperature of solidifi-
cation to a temperature of no more than 800° C. Rapid
cooling appears to effectively increase the concentration of
intrinsic point defects required for an agglomeration reaction
to occur at a given temperature. Without being bound to any
particular theory, it is presently believed that the concentra-
tion of intrinsic point defects in a rapidly cooled ingot may
be supersaturated at the temperature at which agglomerated
intrinsic point defects nucleate, but the kinetics of the
reaction are slowed sufficiently that the reaction is never
observed. Effectively, the reactants are frozen in place.

[0037] In general, the cooling rate required to avoid an
agglomeration reaction increases with increasing concentra-
tions of intrinsic point defects and, at least in theory,
nucleation and growth of agglomerated intrinsic point
defects can be avoided solely through the control of the
cooling rate of the ingot through the nucleation temperature
for agglomerated defects. As a practical matter, however,
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there is a limit to the rate at which a silicon ingot can be
cooled without fracturing it and this limit sets a practical
limit to the concentration of intrinsic point defects which
may be present in the silicon ingot when it attains the
nucleation temperature if an agglomeration reaction is to be
avoided. In a preferred embodiment of the present invention,
therefore, agglomeration reactions are suppressed by (i)
controlling the concentration of intrinsic point defects in the
single crystal silicon when it achieves the nucleation tem-
perature, and (ii) controlling the cooling rate of the single
crystal ingot as it passes through the nucleation temperature.
In addition, the concentration of intrinsic point defects in the
single crystal silicon as it approaches the nucleation tem-
perature is preferably controlled by (i) controlling the initial
concentration of intrinsic point defects in the single crystal
ingot and (ii) allowing adequate time for diffusion of the
intrinsic point defects to the surface of the silicon or for their
annihilation (i.e., the combination of interstitials with vacan-
cies) as the single crystal cools from the temperature of
solidification to the temperature of nucleation.

[0038] Based upon experimental evidence to date, the type
and initial concentration of intrinsic point defects appears to
be initially determined as the ingot cools from the tempera-
ture of solidification (i.e., about 1410° C.) to a temperature
greater than 1300° C. (i.e., at least about 1325° C., at least
about 1350° C. or even at least about 1375° C.). That is, the
type and initial concentration of these defects are controlled
by the ratio v/G,, where v is the growth velocity and G, is
the average axial temperature gradient over this temperature
range.

[0039] The transition between vacancy and interstitial
dominated material occurs at a critical value of v/G, which,
based upon currently available information, appears to be
about 2.1x107° cm?/sK where Gy is determined under con-
ditions in which the axial temperature gradient is constant
within the temperature range defined above. At this critical
value, the resulting concentrations of these intrinsic point
defects are equal. As the value of v/G, exceeds the critical
value, the concentration of vacancies increases. Likewise, as
the value of v/G, falls below the critical value, the concen-
tration of self-interstitials increases.

[0040] In accordance with the present invention, initial
growth conditions are selected to provide an ingot contain-
ing (i) vacancies as the predominant intrinsic point defect
from center to edge, (ii) silicon self-interstitials as the
predominant intrinsic point defect from center to edge, or
(iii) a central core in which vacancies are the predominant
intrinsic point defect surrounded by an axially symmetric
region in which silicon self-interstitials are the predominant
intrinsic point defect. In general, the growth velocity, v, and
the average axial temperature gradient, G, are preferably
controlled such that the ratio v/G, falls within the range of
about 0.5 to about 2.5 times the critical value of v/G, (i.e.,
about 1x10~° cm?/sK to about 5x10~° cm?/sK based upon
currently available information for the critical value of
v/G,). More preferably, the ratio v/G, will fall within the
range of about 0.6 to about 1.5 times the critical value of
v/G, (i., about 1.3x107> em?/sK to about 3x10~* em?/sK
based upon currently available information for the critical
value of v/Gg). In some embodiments, the ratio v/G, pref-
erably falls within the range of about 0.75 to about 1.25
times the critical value of v/G, (i.e., about 1.6x10~> cm*/sK
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to about 2.1x107> ¢m?/sK based upon currently available
information for the critical value of v/Gy).

[0041] Because rapid cooling enables a process which is
more robust with respect to the suppression of agglomerated
defects than are prior processes, the process of the present
invention allows for significantly more process variability
than do prior art processes. For example, during the growth
of an ingot G, may change as parts become coated and
inaccurate pull rate calibration and diameter fluctuations can
lead to variations in the pull, all of which can lead to
variations in v/G, as a function of ingot. Similarly, aging of
puller parts can result in crystal to crystal variation for
crystals grown in the same crystal puller even though
identical growth conditions were intended. Thus, processes
carried out in accordance with the present invention are
capable of consistently producing silicon ingots which are
substantially free of agglomerated defects even though v/G,
may vary by as much as 10% or greater as a function of
crystal length or from crystal to crystal.

[0042] Control of the average axial temperature gradient,
G, may be achieved through the design of the “hot zone™ of
the crystal puller, i.c. the graphite (or other materials) that
makes up the heater, insulation, heat and radiation shields,
among other things. Although the design particulars may
vary depending upon the make and model of the crystal
puller, in general, G, may be controlled using any of the
means currently known in the art for controlling heat trans-
fer at the melt/solid interface, including reflectors, radiation
shields, purge tubes, light pipes, and heaters. In general,
radial variations in G, are minimized by positioning such an
apparatus within about one crystal diameter above the
melt/solid interface. G, can be controlled further by adjust-
ing the position of the apparatus relative to the melt and
crystal. This is accomplished either by adjusting the position
of the apparatus in the hot zone, or by adjusting the position
of the melt surface in the hot zone. In addition, when a heater
is employed, G, may be further controlled by adjusting the
power supplied to the heater.

[0043] After solidification, the concentration of intrinsic
point defects in the crystal is preferably reduced by permit-
ting diffusion of the intrinsic point defects, and to the extent
applicable, mutual annihilation of point defects. In general,
diffusion of the predominant intrinsic point defects to the
lateral crystal surface will be the principal means for reduc-
tion if the ingot is vacancy or interstitial dominated from the
center to the lateral surface of the ingot. If, however, the
ingot contains a vacancy dominated core surrounded by an
axially symmetric interstitial dominated region, the reduc-
tion will primarily be a combination of outward diffusion of
interstitials to the surface and inward diffusion of interstitials
to the vacancy dominated region where they are annihilated.
The concentration of such intrinsic point defects may thus be
suppressed to prevent an agglomeration event from occur-
ring.

[0044] The amount of time allowed for diffusion of the
intrinsic point defects to the surface of the silicon or for their
annihilation (i.e., the combination of interstitials with vacan-
cies) as the single crystal cools from the temperature of
solidification to the temperature of nucleation is, in part, a
function of the initial concentration of intrinsic point
defects, and, in part, a function of the cooling rate through
the nucleation temperature for agglomerated defects. For
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example, in the absence of a rapid cooling step, agglomer-
ated defects can generally be avoided if the ingot is cooled
from the solidification temperature to a temperature within
about 50° C., 25° C.,15° C. or even 10° C. of the nucleation
temperature over a period of (i) at least about 5 hours,
preferably at least about 10 hours, and more preferably at
least about 15 hours for 150 mm nominal diameter silicon
crystals, (ii) at least about 5 hours, preferably at least about
10 hours, more preferably at least about 20 hours, still more
preferably at least about 25 hours, and most preferably at
least about 30 hours for 200 mm nominal diameter silicon
crystals, (iii) at least about 20 hours, preferably at least about
40 hours, more preferably at least about 60 hours, and most
preferably at least about 75 hours for silicon crystals having
a nominal diameter of 300 mm or greater. Thus, for those
regions of the ingot which will be rapidly cooled, the
diffusion time allowed will typically be some fraction of this
time with the fraction decreasing with increasing cooling
rates whereas the diffusion time allowed for those regions
which are not rapidly cooled will be as described above.
Preferably, as a percentage of the constant diameter portion
of the ingot which is free of agglomerated defects, the
regions which are rapidly cooled constitute at least 25%,
more preferably at least 50% and still more preferably at
least about 75% thereof.

[0045] The temperature at which nucleation of agglomer-
ated defects occurs under slow-cool conditions is dependant
upon the concentration and type of predominant intrinsic
point defects (vacancy or silicon self-interstitial). In general,
the nucleation temperature increases with increasing con-
centration of intrinsic point defect. In addition, the range of
nucleation temperatures for agglomerated vacancy-type
defects is somewhat greater than the range of nucleation
temperatures for agglomerated interstitial-type defects;
stated another way, over the range of vacancy concentrations
typically produced in Czochralski grown single crystal sili-
con the nucleation temperature for agglomerated vacancy
defects is generally between about 1,000° C. and about
1,200° C. and typically between about 1,000° C. and about
1,100° C. whereas over the range of silicon self-interstitial
concentrations typically produced in Czochralski grown
single crystal silicon, the nucleation temperature for
agglomerated interstitial defects is generally between about
850° C. and about 1,100° C. and typically between about
870° C. and about 970° C.

[0046] 1In one embodiment of the present invention, there-
fore, the ingot is rapidly cooled over the entire range of
temperatures at which the predominant intrinsic point
defects nucleate to form agglomerated defects. In another
embodiment, an estimate of the temperature at which nucle-
ation of the predominant intrinsic point defects occurs is
experimentally or otherwise determined and the ingot is
rapidly cooled over a range of temperatures extending from
temperatures of 10° C., 15° C., 25° C., 50° C. or more in
excess of the determined nucleation temperature to tempera-
tures of 10° C., 15° C., 25° C., 50° C. or more below than
the determined nucleation temperature. For example, under
certain conditions it has been experimentally determined
that the nucleation temperature is typically about 1,050° C.
for vacancy dominated silicon and about 920° C. for silicon
self-interstitial dominated silicon; under these conditions,
therefore, it is preferred that the ingot be rapidly cooled over
the range of temperatures of 1,050+10° C., 1,050+15° C.,
1,050+25° C., 1,050+50° C. or more for silicon self-inter-
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stitial dominated silicon and that the ingot be rapidly cooled
over the range of temperatures of 920+£10° C., 920+15° C.,,
920+25° C., 920£50° C. or more for silicon self-interstitial
dominated silicon.

[0047] The temperature at which nucleation of the pre-
dominant intrinsic point defects occurs can be experimen-
tally determined for a given crystal puller and process as
follows. It is believed that silicon self-interstitials in a
defined region of the ingot remain as point defects and do
not nucleate to form agglomerated defects until that region
passes through the section of the hot zone where the silicon
reaches the temperature of nucleation. That is, under typical
Czochralski growth conditions, the region is originally
formed at the solid/liquid interface and has a temperature of
approximately the melt temperature of silicon. As the region
is pulled away from the melt during the growth of the
remainder of the ingot the temperature of the region cools as
it is pulled through the hot zone of the crystal puller. The hot
zone of a particular crystal puller typically has a character-
istic temperature profile, generally decreasing with increas-
ing distances from the melt solid interface, such that at any
given point in time, the region will be at a temperature
approximately equal to the temperature of the section of the
hot zone occupied by the region. Accordingly, the rate at
which the region is pulled through the hot zone affects the
rate at which the region cools. Accordingly, an abrupt
change in the pull rate will cause an abrupt change in the
cooling rate throughout the ingot. Significantly, the rate at
which a particular region of the ingot passes through the
temperature of nucleation affects both the size and density of
agglomerated defects formed in the region. Thus, the region
of the ingot which is passing through the nucleation tem-
perature at the time the abrupt change is made, will exhibit
an abrupt variation in the size and density of agglomerated
intrinsic point defects, hereinafter referred to as a nucleation
front. Because the nucleation front is formed at the time the
pull rate is varied, the precise location of the nucleation front
along the axis of the ingot can be compared to the position
of the ingot and correspondingly the nucleation front within
the hot zone at the time the abrupt change in pull rate was
made and compared with the temperature profile of the hot
zone to determine the temperature at which the nucleation of
agglomerated intrinsic point defects occurs for the type and
concentration of intrinsic point defects in the location of the
nucleation front.

[0048] Thus, persons skilled in the art can grow a silicon
ingot by the Czochralski method under process conditions
designed to produce an ingot which is either vacancy rich or
silicon self-interstitial rich, making abrupt changes in the
pull rate and by noting the position of the ingot with respect
to the temperature profile in the hot zone at the point in time
in which the pull rate is changed, and observing the axial
location of the nucleation front, an approximation can be
made as to the temperature of nucleation, for the concen-
tration of intrinsic point defects present along the nucleation
front. Additionally, since the temperature and intrinsic point
defect concentration varies radially along the nucleation
front, the temperature and intrinsic point defect concentra-
tion can be determined at several points along the nucleation
front and the temperature of nucleation can be plotted
against the intrinsic point defect concentration to determine
the temperature of nucleation as a function of intrinsic point
defect concentration. The temperature of the silicon along
the nucleation front can be determined using any thermal
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simulation method known in the art which is capable of
estimating the temperature at any location within a Czo-
chralski reactor, such as for example, the thermal simulation
described in Virzi, “Computer Modeling of Heat Transfer in
Czochralski Silicon Crystal Growth,”Journal of Crystal
Growth, vol. 112, p. 699 (1991). The concentration of silicon
self-interstitials may be estimated along the nucleation front
using any point defect simulation method known in the art
which is capable of estimating the concentration of intrinsic
point defects at any point in the ingot, such as for example,
the point defect simulation described in Sinno et al., “Point
Defect Dynamics and the Oxidation-Induced Stacking-Fault
Ring in Czochralski-Grown Silicon Crystals,”Journal of
Electrochemical Society. vol. 145, p. 302 (1998). Finally, the
temperature of nucleation verses intrinsic point defect con-
centration can be obtained for an expanded range of tem-
peratures and concentration by growing additional ingots
under varying growth parameters to produced ingots with
increased or decreased initial concentrations of intrinsic
point defects, and repeating the cooling experiment and
analysis described above.

[0049] The single crystal silicon is preferably cooled
through the nucleation temperature as rapidly as possible
without fracturing the single crystal ingot. The cooling rate
through this temperature is, therefore, preferably at least 5°
C./min., more preferably at least about 10° C./min., more
preferably at least about 15° C./min., still more preferably at
least about 20° C./min., still more preferably at least about
30° C./min., still more preferably at least about 40° C./min.,
and still more preferably at least about 50° C./min.

[0050] In general, the single crystal silicon may be cooled
through the nucleation temperature for agglomerated intrin-
sic point defects by means of at least two alternative
approaches. In the first approach, the entire ingot (or at least
those portions which are desired to be free of agglomerated
vacancy defects and A-defects) are maintained at a tempera-
ture in excess of the nucleation temperature until the ingot
tail is completed; the ingot is then detached from the melt,
the heat input to the hot zone is shut down, and the single
crystal silicon is moved from the hot zone of the Czochralski
reactor to a chamber separate from the hot zone, such as a
crystal receiving or other cooling chamber to quench cool
the entire crystal (or at least those portions which are desired
to be free of agglomerated vacancy defects and A-defects).
The cooling chamber may be jacketed with a heat exchang-
ing device designed utilize a cooling medium, for example
cooling water, to remove heat from the cooling chamber at
a rate sufficient to cool the single crystal silicon ingot at the
desired rate, without directly contacting the single crystal
silicon to the cooling medium. Alternatively, or in addition
to using cooling jacket, a pre-cooled gas such as, for
example, helium may be used to continuously purge the
crystal receiving or other cooling chamber to facilitate more
rapid cooling. Methods for removing heat from a process
vessel are well know in the art, such that persons skilled in
the art could employ a variety of means for removing heat
from the crystal receiving or other cooling chamber without
requiring undue experimentation.

[0051] In a second approach, a portion, preferably a large
portion, of the ingot is quenched during crystal growth. In
this approach, the hot zone of the crystal puller is designed
to (i) achieve a desired value (or range of values) for v/G,
across the entire radius of the growing crystal, (ii) provide
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adequate diffusion of intrinsic point defects at temperatures
intermediate of the temperature of solidification and the
nucleation temperature for agglomerated intrinsic point
defects, and (iii) quench cool the ingot through the nucle-
ation temperature for agglomerated intrinsic point defects of
the type which predominate in the grown crystal by applying
a steep axial temperature gradient over a range of tempera-
tures containing the nucleation temperature.

[0052] Regardless of approach, the ingot may optionally
contain, in additionally to the rapidly cooled segment, at
least one section (from center to circumferential edge) in
which agglomeration reactions are avoided simply by con-
trolling the initial concentration of intrinsic point defects and
allowing adequate time for diffusion prior to reaching the
nucleation temperature as described above. In general, it is
preferred that the rapidly cooled section comprise at least
about 25%, more preferably at least about 50%, still more
preferably at least about 75% and, in some embodiments, at
least about 90% of the constant diameter portion of the
ingot.

[0053] After the silicon is rapidly cooled through the
temperature of nucleation of agglomerated intrinsic point
defects, the silicon may thereafter may be cooled to room
temperature at any cooling rate which is commercially
expedient. Below the nucleation temperature, no further
agglomeration reactions will take place.

[0054] In one embodiment of the present invention, the
cooled ingot is free of agglomerated defects from center to
circumferential edge for all or a substantial fraction of the
constant diameter portion of the ingot. That is, the ingot is
substantially free from all types of agglomerated vacancy
and interstitial defects.

[0055] In another embodiment of the present invention,
the cooled ingot may contain B-defects, a type of defect
which forms in interstitial dominated material. While the
precise nature and mechanism for the formation of B-defects
is not known, it has become generally accepted that B-de-
fects are agglomerations of silicon self-interstitials which
are not dislocation loops. B-defects are smaller than A-de-
fects (an agglomerated interstitial defect) and are generally
thought not to be dislocation loops, but rather to be three
dimensional agglomerations which have either not grown
large enough or not reached a sufficient activation energy
necessary to form dislocation loops. At this point, it is not
yet clear that B-defects when present in an active electronic
device region would negatively impact the performance of
that device.

[0056] In any event, it has surprisingly been discovered
that B-defects can be readily dissolved by slicing the ingot
into wafers and heat-treating the wafers, provided the B-de-
fects have not previously been stabilized. In one approach,
therefore, wafers containing unstabilized B-defects are
placed in a rapid thermal annealer and the wafer is rapidly
heated to a target temperature (at which the B-defects begin
to dissolve) and annealed at that temperature for a relatively
short period of time. In general, the target temperature is
preferably at least about 1050° C., more preferably at least
about 1100° C., more preferably at least about 1150° C., still
more preferably at least about 1200° C., and most preferably
at least about 1250° C. The wafer will generally be held at
this temperature for a period of time which depends, in part,
upon the target temperature with greater times being
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required for lesser temperatures. In general, however, the
wafer will be held at the target temperature for at least
several seconds (e.g., at least 3), preferably for several tens
of seconds (e.g., 10, 20, 30, 40, or 50 seconds) and,
depending upon the desired characteristics of the wafer and
the target temperature, for a period which may range up to
about 60 seconds (which is near the limit for commercially
available rapid thermal annealers).

[0057] Heat-treatments at lesser temperatures for extended
periods appear to stabilize B-defects. For example, anneal-
ing silicon containing B-defects at 900° C. for a period of
four hours can stabilize the B-defects such that they are
incapable of being dissolved by heat-treatments not in
excess of about 1250° C. Thus, the temperature of the wafer
is ramped up to the target temperature relatively rapidly
(e.g., at a rate of about 25° C./sec.) to avoid stabilizing the
defects; this can be accomplished in a rapid thermal annealer
in a matter of seconds.

[0058] 1If desired, the heat-treatment can be carried out in
a manner which enables the formation of a denuded zone in
the near surface region of the wafer and micro defects in the
bulk of the wafer. Such a process is carried out in a rapid
thermal annealer and the wafers are rapidly heated to a target
temperature and annealed at that temperature for a relatively
short period of time. In general, the wafer is subjected to a
temperature in excess of 1150° C., preferably at least 1175°
C., more preferably at least about 1200° C., and most
preferably between about 1200° C. and 1275° C. This rapid
thermal annealing step may be carried out in the presence of
a nitriding atmosphere or non-nitriding atmosphere. Nitrid-
ing atmospheres include nitrogen gas (N,) or a nitrogen-
containing compound gas such as ammonia which is capable
of nitriding an exposed silicon surface. Suitable non-nitrid-
ing atmospheres include argon, helium, neon, carbon diox-
ide, and other such non-oxidizing, non-nitriding elemental
and compound gases, or mixtures of such gases. The wafer
will generally be maintained at this temperature for at least
one second, typically for at least several seconds (e.g., at
least 3), preferably for several tens of seconds (e.g., 20, 30,
40, or 50 seconds) and, depending upon the desired char-
acteristics of the wafer, for a period which may range up to
about 60 seconds (which is near the limit for commercially
available rapid thermal annealers).

[0059] Upon completion of heat-treatment step, the wafer
is rapidly cooled through the range of temperatures at which
crystal lattice vacancies are relatively mobile in the single
crystal silicon. In general, the average cooling rate within
this range of temperatures is at least about 5° C. per second
and preferably at least about 20° C. per second. Depending
upon the desired depth of the denuded zone, the average
cooling rate may preferably be at least about 50° C. per
second, still more preferably at least about 100° C. per
second, with cooling rates in the range of about 100° C. to
about 200° C. per second being presently preferred for some
applications. Once the wafer is cooled to a temperature
outside the range of temperatures at which crystal lattice
vacancies are relatively mobile in the single crystal silicon,
the cooling rate does not appear to significantly influence the
precipitating characteristics of the wafer and thus, does not
appear to be narrowly critical.

[0060] Conveniently, the cooling step may be carried out
in the same atmosphere in which the heating step is carried
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out. The ambient preferably has no more than a relatively
small partial pressure of oxygen, water vapor, and other
oxidizing gases. While the lower limit of oxidizing gas
concentration has not been precisely determined, it has been
demonstrated that for partial pressures of oxygen of 0.01
atmospheres (atm.), or 10,000 parts per million atomic
(ppma), no increase in vacancy concentration and no effect
is observed. Thus, it is preferred that the atmosphere have a
partial pressure of oxygen and other oxidizing gases of less
than 0.01 atm. (10,000 ppma); more preferably the partial
pressure of these gases in the atmosphere is no more than
about 0.005 atm. (5,000 ppma), more preferably no more
than about 0.002 atm. (2,000 ppma), and most preferably no
more than about 0.001 atm. (1,000 ppma).

[0061] The process of the present invention is primarily
directed to the avoidance of agglomerated defects which are
known to impact the yield potential of the silicon material in
the production of complex and highly integrated circuits,
such agglomerated defects including agglomerated vacancy
defects (e.g., D-defects) and A-defects which cannot be
readily dissolved throughout the silicon wafer by a heat-
treatment of the type which may be used to dissolve B-de-
fects. Because B-defects can be readily dissolved and may
not be deleterious in any event, in one embodiment the
process of the present invention includes the preparation of
single crystal silicon which includes B-defects but is other-
wise substantially free of agglomerated defects. In this
instance, B-defects may be treated as if they are not an
agglomerated intrinsic point defect. To the extent it is
desired, however, that the single crystal silicon be substan-
tially free of all agglomerated defects, including B-defects,
the process includes the additional step of annealing wafers
sliced from the B-defect containing ingot to eliminate them.

[0062] Referring now to FIG. 2, a single crystal silicon
ingot grown in accordance with the Czochralski method and
the 0 process of the present invention comprises a central
axis 12, a seed-cone 14, an end-cone 16 and a constant
diameter portion 18 between the seed-cone and the end-
cone. The constant diameter portion has a circumferential
edge 20 and a radius 4 extending from the central axis 12 to
the circumferential edge 20. Preferably, radius 4 is at least
62.5 mm, more preferably at least about 75 mm, and still
more preferably at least about 100 mm or even 150 mm.

[0063] In the embodiment of the present invention illus-
trated in FIG. 2, ingot 10 contains an axially symmetric
region 6 in which silicon self-interstitials are the predomi-
nant intrinsic point defect surrounding a generally cylindri-
cal region 8 in which vacancies are the predominant intrinsic
point defect. The width of axially symmetric region 6 is
measured from the circumferential edge radially toward the
central axis of the ingot (along line 22), and the width of
generally cylindrical region 8 is measured from the central
axis radially toward the circumferential edge of the ingot. In
one embodiment of the present invention, generally cylin-
drical region 8 is substantially free of agglomerated vacancy
defects and axially symmetric region 6 is substantially free
of type-A agglomerated interstitial defects.

[0064] In an alternative embodiment of the present inven-
tion, ingot 10 is interstitial dominated from center to edge;
in this embodiment, the width of axial symmetric region 6
is equal to the radius 4 and the width of the generally
cylindrical region 8 is zero. Similarly, when ingot 10 is

Oct. 23, 2003

vacancy dominated from center to edge in a third embodi-
ment of the present invention, the width of generally cylin-
drical region 8 is equal to the radius and the width of axial
symmetric region 6 is zero.

[0065] Referring again to FIG. 2, axially symmetric
region 6 (when present) optionally includes axially symmet-
ric region 7 which comprises B-type interstitial defects. As
illustrated, the radially inward boundary of axially symmet-
ric region 7 coincides with the radially inward boundary of
axially symmetric region 6; the radially outward boundary
of axially symmetric region 7, however, lies radially inward
of circumferential edge 20. Thus, for example, if axially
symmetric region 6 extends from central axis 12 to circum-
ferential edge 20 (that is, the width of generally cylindrical
region 8 is zero), axially symmetric region 7 will extend
from central axis 12 to some boundary lying radially inward
of circumferential edge 20.

[0066] Axially symmetric region 6 (when present) gener-
ally has a width, as measured from circumferential edge 20
radially inward toward central axis 12, of at least about 30%,
and in some embodiments at least about 40%, at least about
60%, at least about 80% of the radius, or even 100% of the
radius of the constant diameter portion of the ingot. In
addition, axially symmetric region 6 (when present) gener-
ally extends over a length of at least about 20%, preferably
at least about 40%, more preferably at least about 60%, and
still more preferably at least about 80% of the length of the
constant diameter portion of the ingot.

[0067] Similarly, axially symmetric region 7 (when
present) generally has a width, as measured in the radial
direction of at least about 1%, and in some embodiments at
least about 5%, at least about 10%, at least about 25%, or
even 50% of the radius of the constant diameter portion of
the ingot. In addition, axially symmetric region 7 (when
present) generally extends over a length of at least about
20%, preferably at least about 40%, more preferably at least
about 60%, and still more preferably at least about 80% of
the length of the constant diameter portion of the ingot.

[0068] The width of axially symmetric regions 6 and 7
may have some variation along the length of the central axis
12. As used herein, the width of axially symmetric regions
6 and 7 is considered to be the minimum width of each of
those regions over a defined length of central axis 12. For
example, for an axially symmetric region 6 of a given length
the width of axially symmetric region 6 is determined by
measuring the distance from the circumferential edge 20 of
the ingot 10 radially toward a point which is farthest from
the central axis. In other words, the width is measured such
that the minimum distance within the given length of the
axially symmetric region 6 is determined.

[0069] Substitutional carbon, when present as an impurity
in single crystal silicon, has the ability to catalyze the
formation of oxygen precipitate nucleation centers. For this
and other reasons, therefore, it is preferred that the single
crystal silicon ingot have a low concentration of carbon.
That is, the concentration of carbon in the single crystal
silicon is preferably less than about 5x10'® atoms/cm>, more
preferably less than 1x10'° atoms/cm>, and still more pref-
erably less than 5x10"° atoms/cm®.

[0070] 1t is to be noted that wafers which are sliced from
ingots grown in accordance with the present invention are
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suitable for use as substrates upon which an epitaxial layer
may be deposited. Epitaxial deposition may be performed by
means common in the art.

[0071] Wafers which are sliced from ingots grown in
accordance with the present invention are also suitable for
use as substrates for semiconductor on insulator structures.
The semiconductor on insulator composite may be formed,
for example, as described in Iyer et al, U.S. Pat. No.
5,494,849.

[0072] Furthermore, it is also to be noted that wafers
prepared in accordance with the present invention are suit-
able for use in combination with hydrogen or argon anneal-
ing treatments, such as the treatments described in European
Patent Application No. 503,816 Al.

DETECTION OF AGGLOMERATED DEFECTS

[0073] Agglomerated defects may be detected by a num-
ber of different techniques. For example, flow pattern
defects, or D-defects, are typically detected by preferentially
etching the single crystal silicon sample in a Secco etch
solution for about 30 minutes, and then subjecting the
sample to microscopic inspection. (see, e.g., H. Yamagishi et
al., Semicond. Sci. Technol. 7, A135 (1992)). Although
standard for the detection of agglomerated vacancy defects,
this process may also be used to detect A-defects. When this
technique is used, such defects appear as large pits on the
surface of the sample when present.

[0074] Additionally, agglomerated intrinsic point defects
may be visually detected by decorating these defects with a
metal capable of diffusing into the single crystal silicon
matrix upon the application of heat. Specifically, single
crystal silicon samples, such as wafers, slugs or slabs, may
be visually inspected for the presence of such defects by first
coating a surface of the sample with a composition contain-
ing a metal capable of decorating these defects, such as a
concentrated solution of copper nitrate. The coated sample is
then heated to a temperature between about 900° C. and
about 1000° C. for about 5 minutes to about 15 minutes in
order to diffuse the metal into the sample. The heat treated
sample is then cooled to room temperature, thus causing the
metal to become critically supersaturated and precipitate at
sites within the sample matrix at which defects are present.

[0075] After cooling, the sample is first subjected to a
non-defect delineating etch, in order to remove surface
residue and precipitants, by treating the sample with a bright
etch solution for about 8 to about 12 minutes. A typical
bright etch solution comprises about 55 percent nitric acid
(70% solution by weight), about 20 percent hydrofluoric
acid (49% solution by weight), and about 25 percent hydro-
chloric acid (concentrated solution).

[0076] The sample is then rinsed with deionized water and
subjected to a second etching step by immersing the sample
in, or treating it with, a Secco or Wright etch solution for
about 35 to about 55 minutes. Typically, the sample will be
etched using a Secco etch solution comprising about a 1:2
ratio of 0.15 M potassium dichromate and hydrofluoric acid
(49% solution by weight). This etching step acts to reveal,
or delineate, agglomerated defects which may be present.

[0077] In an alternative embodiment of this “defect deco-
ration” process, the single crystal silicon sample is subjected
to a thermal anneal prior to the application of the metal-
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containing composition. Typically, the sample is heated to a
temperature ranging from about 850° C. to about 950° C. for
about 3 hours to about 5 hours. This embodiment is par-
ticularly preferred for purposes of detecting B-type silicon
self-interstitial agglomerated defects. Without being held to
a particular theory, it is generally believed that this thermal
treatment acts to stabilize and grow B-defects, such that they
may be more easily decorated and detected.

[0078] Agglomerated vacancy defects may also be
detected using laser scattering techniques, such as laser
scattering tomography, which typically have a lower defect
density detection limit that other etching techniques.

[0079] In general, regions of interstitial and vacancy
dominated material free of agglomerated defects can be
distinguished from each other and from material containing
agglomerated defects by the copper decoration technique
described above. Regions of defect-free interstitial domi-
nated material contain no decorated features revealed by the
etching whereas regions of defect-free vacancy dominated
material (prior to a high-temperature oxygen nuclei disso-
lution treatment as described above) contain small etch pits
due to copper decoration of the oxygen nuclei.

[0080] Definitions

[0081] As used herein, the following phrases or terms
shall have the given meanings: “agglomerated intrinsic point
defects” or simply “agglomerated defects” mean defects
caused (i) by the reaction in which vacancies agglomerate to
produce D-defects, flow pattern defects, gate oxide integrity
defects, crystal originated particle defects, crystal originated
light point defects, and other such vacancy related defects,
or (ii) by the reaction in which self-interstitials agglomerate
to produce A-defects, dislocation loops and networks, and
other such self-interstitial related defects; “agglomerated
interstitial defects” shall mean agglomerated intrinsic point
defects caused by the reaction in which silicon self-intersti-
tial atoms agglomerate; “agglomerated vacancy defects”
shall mean agglomerated vacancy point defects caused by
the reaction in which crystal lattice vacancies agglomerate;
“radius” means the distance measured from a central axis to
a circumferential edge of a wafer or ingot; “substantially
free of agglomerated intrinsic point defects” shall mean a
concentration (or size) of agglomerated defects which is less
than the detection limit of these defects, which is currently
about 10° defects/cm?; “v/I boundary” means the position
along the radius (or axis) of an ingot or wafer at which the
material changes from vacancy dominated to self-interstitial
dominated; and “vacancy dominated” and “self-interstitial
dominated” mean material in which the intrinsic point
defects are predominantly vacancies or self-interstitials,
respectively.

EXAMPLES

[0082] As the following examples illustrate, the present
invention affords a process for preparing a single crystal
silicon ingot in which, as the ingot cools from the solidifi-
cation temperature in accordance with the Czochralski
method, the agglomeration of intrinsic point defects is
reduced and/or prevented by cooling the silicon through the
temperature of nucleation, i.e., the temperature at which the
nucleation of A-defects occurs for a given concentration of
silicon self-interstitials, at a rate sufficient to prevent the
formation of A-defects.



US 2003/0196587 Al

[0083] The cooling rate can be approximated using the
axial temperature profile data for the hot zone of the Czo-
chralski crystal grower and the actual pull rate profile for a
particular ingot, wherein the cooling rate can be determined
by and is a function of the pull rate, V and the axial
temperature gradient, G,, wherein the cooling rate can be
approximated as the multiplication product of V and G,.
Accordingly, increases in pull rate result in an increase in
cooling rate. In other words, any arbitrary point along the
axis of the ingot will cool as a function of the rate at which
it is pulled through the temperature profile for the hot zone.
Since the temperature in the hot zone decreases with increas-
ing distance from the melt surface, increases in pull rate, i.c.,
the rate at which that point travels through a hot zone which
is decreasing in temperature, results in an increase in the
cooling rate.

[0084] The following examples demonstrate that silicon
with a given concentration profile of silicon self-interstitials
may be cooled through the temperature of nucleation at a
rate sufficient to suppress the nucleation of A-defects. In
Examples 1, 2 and 3, the ingots were grown under conditions
to produce ingots having interstitials as the predominant
intrinsic point defect from center to edge along the entire
length of the constant diameter portion of each ingot and an
initial interstitial concentration which was substantially uni-
form in the axial direction but which decreased in the
radially outward direction.

Example 1

Determination of the Nucleation Temperature as a
Function of Concentration

[0085] A single crystal silicon ingot (200 mm nominal
diameter), was grown in accordance with the Czochralski
method using a hot zone configuration, designed by means
common in the art. The process conditions were controlled
to produce an interstitial rich ingot, wherein the thermal
history of the ingot was controlled such that only the initial
portion of the ingot, approximately the first 150 mm was
cooled through the nucleation temperature at a cooling rate
of approximately 0.4° C./min, while the main body of the
ingot remained at temperatures above the temperature of
nucleation for interstitial agglomeration until the tail was
completed and removed from the melt. The pull rate was
then increased in a step-wise fashion such that the remainder
of the ingot was cooled through the nucleation temperature
at a cooling rate of approximately 1.2° C./min.

[0086] Once cooled to ambient conditions, the ingot was
cut longitudinally along the central axis running parallel to
the direction of growth, and then further divided into sec-
tions which were each about 2 mm in thickness. Using the
copper decoration technique previously described, the lon-
gitudinal sections were then heated and intentionally con-
taminated with copper, the heating conditions being appro-
priate for the dissolution of a high concentration of copper
interstitials. Following this heat treatment, the samples were
then rapidly cooled, during which time the copper impurities
either out-diffused or precipitated at sites where A-defects or
agglomerated interstitial defects where present.

[0087] After a standard defect delineating etch, the
samples were visually inspected for the presence of precipi-
tated impurities, and digital images where made of each
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section of the ingot and pieced together forming a digital
image of the axial cross section of the ingot as shown in
FIG. 3. A-defects appear as white features or dots on the
image. The dark circular feature appearing in approximately
the center of each individual section is believed to be either
an artifact remaining from the copper decoration process, or
a reflection of the camera lens used to photograph the cross
section of the ingot and is not indicative of any defect or
deformation in the ingot.

[0088] Referring now to FIG. 3, there appears an abrupt
variation in the number concentration of A-defects referred
to hereinafter as a nucleation front which is approximately
U-shaped such that the upper portions of the U-shaped
nucleation front appear at approximately 100 mm along the
axis of the ingot at the circumferential edge of the ingot, and
the bottom of the U-shaped nucleation front appears at
approximately 150 mm along the axis of the ingot at the core
of the ingot. That is, the number density of the A-defects
appearing above the nucleation front i.e. from 17 to 100 mm
along the edge and from 17 to 150 along the core of the ingot
is less than the number density of the A-defects appearing
below the nucleation front i.e. from 100 to 1000 mm along
the edge the ingot and from 150 to 1000 mm along the core
of the ingot. This nucleation front represents the location
along the axis of the ingot wherein silicon self-interstitial
nucleation was occurring at the time cooling rate was
increased, or in other words, the location along the axis of
the ingot wherein the silicon was cooled through the tem-
perature of nucleation at the time of the change in cooling
rate. By noting the position of the ingot at the time of the
change in cooling rate, and comparing the position of the
ingot with the temperature profile in the hot zone of the
reactor, the temperature of nucleation was estimated to occur
within a temperature range of approximately 850° C. and
950° C. The curvature of the nucleation front is due to the
fact that both the temperature of the silicon ingot and the
concentration of the silicon self-interstitials varies radially
from the core of the ingot to the circumferential edge of the
ingot.

Example 2

Reduction in A-defects by Increasing the Cooling
Rate Through the Temperature of Nucleation

[0089] A single crystal silicon ingot (200 mm nominal
diameter) was grown in accordance with the Czochralski
method using a hot zone configuration, designed by means
common in the art. The process conditions were controlled
to produce a heavily interstitial rich ingot, wherein the
thermal history of the ingot was controlled such that only the
initial portion of the ingot, approximately the first 190 mm,
was cooled through the nucleation temperature at a cooling
rate of approximately 0.4° C./min, while the main body of
the ingot remained at temperatures above the temperature of
nucleation for interstitial agglomeration until the tail was
completed and removed from the melt, similar to the ingot
described in Examples 1. The ingot was then held for
approximately 30 hours (pull rate =0 mm/min) after which
the pull rate was increased in a step-wise fashion such that
the section of the ingot ranging from approximately 190 to
360 mm/min along the axis of the ingot passed through the
nucleation temperature at a cooling rate corresponding to
about 1.2° C./min. The pull rate was then further increased
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in a step-wise fashion such that the section of the ingot
ranging from approximately 360 to 530 mm/min along the
axis of the ingot passed through the nucleation temperature
at a cooling rate corresponding to about 3.5° C./min. The
pull rate was then increased in a step-wise fashion such that
the section of the ingot ranging from approximately 530 to
670 mm/min along the axis of the ingot passed through the
nucleation temperature at a cooling rate corresponding to
about 5.7° C./min. Finally, the pull rate was decreased in a
step-wise fashion such that the section of the ingot ranging
from approximately 670 to 790 mm/min along the axis of the
ingot passed through the nucleation temperature at a cooling
rate corresponding to about 1.2° C./min.

[0090] Once cooled to ambient conditions, the ingot was
cut longitudinally along the central axis running parallel to
the direction of growth, and then further divided into sec-
tions which were each about 2 mm in thickness. Using the
copper decoration technique previously described, the lon-
gitudinal sections were then heated and intentionally con-
taminated with copper, the heating conditions being appro-
priate for the dissolution of a high concentration of copper
interstitials. Following this heat treatment, the samples were
then rapidly cooled, during which time the copper impurities
either out-diffused or precipitated at sites where A-defects or
agglomerated interstitial defects where present. After a stan-
dard defect delineating etch, the samples were visually
inspected for the presence of precipitated impurities, and
digital images where made of each section of the ingot and
pieced together forming a digital image of the axial cross
section of the ingot as shown in FIG. 4. A-defects appear as
white features on the image. Similarly to examle 1, the dark
circular feature appearing in approximately the center of
each individual section is believed to be either an artifact
remaining from the copper decoration process, or a reflec-
tion of the camera lense used to photograph the cross section
of the ingot and is not indicative of any defect or deforma-
tion in the ingot.

[0091] Referring to FIG. 4, there appears a nucleation
front ranging from approximately 100 to 190 mm along the
axis of the ingot. This nucleation front represents the loca-
tion along the axis of the ingot wherein silicon self-inter-
stitial nucleation was occurring at the time the pull rate was
increased from about 0 to about 1 mm/min. Additional
nucleation fronts occur around 360 mm and 530 mm cor-
responding to locations along the axis of the ingot wherein
the cooling rate through the temperature of nucleation was
increased to about 3.5° C./min and then increased to about
5.7° C./min. FIG. 4 demonstrates the effect of cooling rate
upon the number density and width of the region wherein
silicon self-interstitials agglomerate. The region exhibiting
A-defects becomes narrower with each successive increase
in cooling rate showing that only the higher concentration of
silicon self-interstitials at the core of the ingot continue to
agglomerate. Moreover, as evidence that the cooling rate
effects the diameter of the region at which agglomeration
may occur, the region of the ingot corresponding to approxi-
mately 670 to 790 mm along the axis of the wafer which was
cooled through the temperature of nucleation at a rate of °
C./min. Not surprisingly, diameter of the area of A-defect
formation is approximately equal to the diameter of the area
of A-defect formation in the region ranging from approxi-
mately 190 to 360 mm along the axis of the ingot. Thus, as
the cooling rate becomes increasingly higher, the process of
the present invention is able to cool increasingly higher
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concentrations of silicon self-interstitials through the tem-
perature of nucleation without generating a defects. In
general, therefore, increasing the cooling rate through the
temperature of nucleation allows for initially higher con-
centration of silicon self-interstitials to be present without
agglomerating and forming A-defects, or alternatively
results in a region wherein A-defects are formed, that
decreases in diameter as the cooling rate is increased for a
ingot having a fixed silicon self-interstitial concentration
profile.

Example 3

Quench Process for Eliminating A-Defects

[0092] A single crystal silicon ingot (200 mm nominal
diameter) was grown in accordance with the Czochralski
method using a hot zone configuration, designed by means
common in the art. The process conditions were controlled
to produce an interstitial rich ingot, wherein the thermal
history of the ingot was controlled such that only the initial
portion of the ingot, approximately the first 170 mm, was
cooled through the nucleation temperature at a cooling rate
of approximately 0.4° C./min, while the main body of the
ingot remained at temperatures above the temperature of
nucleation for interstitial agglomeration until the tail was
completed and removed from the melt, similar to the ingot
described in Examples 1 and 2. The heater was then shut off,
and the crystal was immediately removed from the hot zone
such that the remainder of the ingot was cooled through the
temperature of nucleation at a rate of approximately 27°
C./min.

[0093] Once cooled to ambient conditions, the ingot was
cut longitudinally along the central axis running parallel to
the direction of growth, and then further divided into sec-
tions which were each about 2 mm in thickness. Using the
copper decoration technique previously described, the lon-
gitudinal sections were then heated and intentionally con-
taminated with copper, the heating conditions being appro-
priate for the dissolution of a high concentration of copper
interstitials. Following this heat treatment, the samples were
then rapidly cooled, during which time the copper impurities
either out-diffused or precipitated at sites where A-defects or
agglomerated interstitial defects where present. After a stan-
dard defect delineating etch, the samples were visually
inspected for the presence of precipitated impurities, and
digital images where made of each section of the ingot and
pieced together forming a digital image of the axial cross
section of the ingot as shown in FIG. 5. A-defects appear as
white features on the image.

[0094] Referring to FIG. 5, there appears a nucleation
front ranging from approximately 110 to 370 mm along the
axis of the ingot. This nucleation front represents the loca-
tion along the axis of the ingot wherein silicon self-inter-
stitial nucleation was occurring at the time the tail was
completed and the ingot was pulled out of the hot zone such
that the cooling rate was abruptly increased from about 0.4°
C./min to about 27° C./min. The remainder of the ingot,
which was cooled through the temperature of nucleation at
a rate of approximately 27° C./min is relatively free from
A-defects, showing that when cooled sufficiently fast
through the temperature of nucleation, A-defects do not
form.
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Example 4

Method for Annihilating B-Defects

[0095] A silicon single crystal ingot was pulled by the
Czochralski method. The ingot was then sliced and polished
to form silicon wafers. Wafers throughout a section of the
crystal, which had received a 5 second, 950° C. rapid
thermal process (hereinafter RTP) heat treatment were con-
firmed to contain B-defects using the B-defect delineating
test discussed earlier.

[0096] A wafer from the ingot was separated into two
sections after which one section was subjected to a B-defect
annihilation process, wherein the section was heated to a
temperature of about 1250° C. at a rate of about 25° C., and
maintained at that temperature for a hold time of about 10 s
whereas the other section was not subjected to a B-defect
annihilation process. Both sections were then treated with
the B-defect delineating test discussed earlier and a digital
image was taken of each delineated section. As shown in
FIG. 6, the wafer section subjected to the annihilation
process (i.e. the section on the right in FIG. 6) is substan-
tially free of B-defects whereas the section of a wafer that
was not subjected to the B-defect annihilation process (i.e.,
the section on the left in FIG. 6) contains B-defects, which
appear as white dots in the center of the wafer.

[0097] Additional wafers, wafers 1 through 10 in Table 1,
from the same section of the crystal were then treated with
various heat treatment processes wherein each wafer was
heated at a rate of approximately 25° C./min to a target
temperature and for a specified period of time as described
in Table 1.

TABLE 1
Heat
Treatment
Target
Temperature
Wafer (° C.)/Hold B-defect
No. Time (sec) Ambient Comment Present (Y/N)
1 1000/300 Ar plus Y
500 ppm O,
2 1100/15 Ar plus Y
500 ppm O,
3 1100/60 Ar plus Y (very few)
500 ppm O,
4 1250/10 Ar plus 10 C./s Indeterminate
500 ppm O, Rampdown
5 1150/60 Ar plus N
500 ppm O,
6 1200/60 Ar plus N
500 ppm O,
7 1175/60 Ar plus N
500 ppm O,
8 1250/10 Ar plus 5 C./s Rampdown N
500 ppm O,
9  1250/10 O, 10 C/s N
Rampdown
10 1250/10 O, 10 C/s N
Rampdown

[0098] The wafers were then cooled to room temperature.
Significantly, after being heated to a target temperature of
100° C. for 5 minutes, wafer 1 shows a significant number
of B-defects; when heated to 1100° C. for 15 seconds, wafer
2 shows considerably less B-defects; and when heated to
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1100° C. for 60 seconds, wafer 3 shows almost no B-defects.
(See FIG. 7.) Thus, as demonstrated by wafers 1 through 3,
as the target temperature is increased to above 1100° C., the
B-defects are significantly reduced, and given a sufficient
hold time, are almost completely eliminated. Additionally,
as shown in wafers 5 through 10, the B-defects may be
annihilated when heated to temperatures above 1150, 1175,
1200 and 1250 and held for time periods ranging from about
10 to about 60 seconds. (See Table 1 and FIGS. 8 and 9.)

[0099] Wafer 4 was treated according to an ideal precipi-
tating wafer process wherein the temperature was increased
at a rate of about 25° C./min, the target temperature was
about 1250° C., the hold time was about 10 seconds, and the
cool down rate was about 10° C./min. While wafer 4 shows
a significant number of white dots when subjected to the
copper decoration method as shown in FIG. 7, it is believed
that the ideal precipitation sites were decorated by the
copper decoration method and appear as white dots, such
that even though the B-defects were annihilated in the
process, the image of wafer 4 still shows white dots across
the surface of the wafer. To support this assumption, wafers
8 through 10 were subjected to the same temperature and
hold time as wafer 4, however either the ambient or the cool
down rate was varied such that the ideal precipitation sites
were not formed. Wafers 8 through 10 show that B-defects
are annihilated when a wafer is heated at a rate of about 25°
C./min to a temperature of about 1250° C. and held there for
about 10 seconds, thus supporting the assumption that the
white dots shown in wafer 4 are actually decorated ideal
precipitation sites.

[0100] 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 compositions and processes
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.

We claim:

1. A process for growing a single crystal silicon ingot in
which the ingot comprises a central axis, a seed-cone, an
end-cone and a constant diameter portion between the
seed-cone and the end-cone, the constant diameter portion
having a circumferential edge and a radius extending from
the central axis to the circumferential edge of at least about
62.5 mm, the ingot being grown from a silicon melt in
accordance with the Czochralski method, the process com-
prising cooling the ingot from the temperature of solidifi-
cation to a temperature of less than 800° C. and, as part of
said cooling step, quench cooling a region of the constant
diameter portion of the ingot having a predominant intrinsic
point defect through the temperature of nucleation for the
agglomerated intrinsic point defects for the intrinsic point
defects which predominate in the region.

2. The process of claim 1 wherein the region has an axial
length of at least 10% of the axial length of the constant
diameter portion.

3. The process of claim 1 wherein the region has an axial
length of at least 25% of the axial length of the constant
diameter portion.

4. The process of claim 1 wherein the region has an axial
length of at least 50% of the axial length of the constant
diameter portion.
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5. The process of claim 1 wherein the region has an axial
length of at least 75% of the axial length of the constant
diameter portion.

6. The process of claim 1 wherein the region has an axial
length of at least 90% of the axial length of the constant
diameter portion.

7. The process of claim 1 wherein the region has a width
of at least about 5% of the radius of the constant diameter
portion.

8. The process of claim 7 wherein the region has an axial
length of at least 10% of the axial length of the constant
diameter portion.

9. The process of claim 7 wherein the region has an axial
length of at least 25% of the axial length of the constant
diameter portion.

10. The process of claim 7 wherein the region has an axial
length of at least 50% of the axial length of the constant
diameter portion.

11. The process of claim 7 wherein the region has an axial
length of at least 75% of-the axial length of the constant
diameter portion.

12. The process of claim 1 wherein the region has a width
of at least about 10% of the radius of the constant diameter
portion.

13. The process of claim 12 wherein the region has an
axial length of at least 10% of the axial length of the constant
diameter portion.

14. The process of claim 12 wherein the region has an
axial length of at least 25% of the axial length of the constant
diameter portion.

15. The process of claim 12 wherein the region has an
axial length of at least 50% of the axial length of the constant
diameter portion.

16. The process of claim 12 wherein the region has an
axial length of at least 75% of the axial length of the constant
diameter portion.

17. The process of claim 1 wherein the region has a width
of at least about 25% of the radius of the constant diameter
portion.

18. The process of claim 1 wherein the region has a width
of at least about 50% of the radius of the constant diameter
portion.

19. The process of claim 1 wherein the ingot is quench
cooled through the range of temperatures from 1,200° C. to
about 1,000° C.

20. The process of claim 19 wherein the region has a
width of at least about 5% of the radius of the constant
diameter portion and has an axial length of at least 10% of
the axial length of the constant diameter portion.

21. The process of any of claim 1 wherein the ingot is
quench cooled through the range of temperatures from
1,100° C. to about 1,000° C.

22. The process of claim 21 wherein the region has a
width of at least about 10% of the radius of the constant
diameter portion and has an axial length of at least 25% of
the axial length of the constant diameter portion.

23. The process of any of claim 1 wherein the ingot is
quench cooled through the range of temperatures from 850°
C. to about 1,100° C.

24. The process of claim 23 wherein the region has a
width of at least about 5% of the radius of the constant
diameter portion and has an axial length of at least 10% of
the axial length of the constant diameter portion.
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25. The process of any of claim 1 wherein the ingot is
quench cooled through the range of temperatures from 870°
C. to about 970° C.

26. The process of claim 25 wherein the region has a
width of at least about 10% of the radius of the constant
diameter portion and has an axial length of at least 25% of
the axial length of the constant diameter portion.

27. The process of claim 1 wherein the region is quench
cooled at a rate of at least 5° C./min.

28. The process of claim 1 wherein the region is quench
cooled at a rate of at least 10° C./min.

29. The process of claim 1 wherein the region is quench
cooled at a rate of at least 20° C./min.

30. The process of claim 1 wherein the region is quench
cooled at a rate of at least 30° C./min.

31. The process of claim 1 wherein the region is quench
cooled at a rate of at least 40° C./min.

32. The process of claim 1 wherein the region is quench
cooled at a rate of at least 50° C./min.

33. The process of claim 1 wherein the entire region is
simultaneously quench cooled.

34. The process of claim 1 wherein after said cooling step
the region contains B-defects but not A-defects.

35. The process of claim 1 wherein after said cooling step
the ingot has a generally cylindrical region of vacancy
dominated material which is substantially free of agglom-
erated vacancy defects.

36. The process of claim 1 wherein the constant diameter
portion has a radius of at least about 75 mm.

37. The process of claim 36 wherein the region has a
width of at least about 5% of the radius of the constant
diameter portion and has an axial length of at least 10% of
the axial length of the constant diameter portion.

38. The process of claim 36 wherein the region has a
width of at least about 10% of the radius of the constant
diameter portion and has an axial length of at least 25% of
the axial length of the constant diameter portion.

39. The process of claim 1 wherein the constant diameter
portion has a radius of at least about 100 mm.

40. The process of claim 39 wherein the region has a
width of at least about 5% of the radius of the constant
diameter portion and has an axial length of at least 10% of
the axial length of the constant diameter portion.

41. The process of claim 39 wherein the region has a
width of at least about 10% of the radius of the constant
diameter portion and has an axial length of at least 25% of
the axial length of the constant diameter portion.

42. The process of claim 1 wherein the constant diameter
portion has a radius of at least about 150 mm.

43. The process of claim 42 wherein the region has a
width of at least about 5% of the radius of the constant
diameter portion and has an axial length of at least 10% of
the axial length of the constant diameter portion.

44. The process of claim 42 wherein the region has a
width of at least about 10% of the radius of the constant
diameter portion and has an axial length of at least 25% of
the axial length of the constant diameter portion.

45. A single crystal silicon wafer having a central axis, a
front side and a back side which are generally perpendicular
to the central axis, a circumferential edge, and a radius
extending from the central axis to the circumferential edge
of the wafer of at least about 62.5 mm, the wafer comprising
an axially symmetric region having a width of at least about
5% of the radius, wherein silicon self-interstitial atoms are
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the predominant intrinsic point defect, the axially symmetric
region containing silicon self-interstitial type B defects but
not silicon self-interstitial type A defects.

46. The wafer of claim 45 wherein the region has a width
of at least about 10% of the radius of the wafer.

47. The wafer of claim 45 wherein the region has a width
of at least 25% of the radius of the wafer.

48. The wafer of claim 45 wherein the wafer has a
diameter of at least about 200 mm.

49. A single crystal silicon ingot having a central axis, a
seed-cone, an end-cone, and a constant diameter portion
between the seed-cone and the end-cone having a circum-
ferential edge and a radius extending from the central axis to
the circumferential edge of at least about 62.5 mm, the single
crystal silicon ingot being characterized in that after the
ingot is grown and cooled from the solidification tempera-
ture, the constant diameter portion includes an axially sym-
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metric region having a width of at least about 5% of the
radius of the constant diameter portion, wherein silicon
self-interstitial atoms are the predominant intrinsic point
defect, the axially symmetric region containing silicon self-
interstitial type B defects but not silicon self-interstitial type
A defects.

50. The ingot of claim 49 wherein the region has a width
of at least about 10% of the radius of the constant diameter
portion.

51. The ingot of claim 49 wherein the region has an axial
length of at least 25% of the axial length of the constant
diameter portion.

52. The ingot of claim 49 wherein the constant diameter
portion has a diameter of at least about 200 mm.
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