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AMETHOD FOR THE PREPARATION OF
AN EPITAXTAL SILICON WAFER WITH INTRINSIC GETTERING

FIELD OF THE INVENTION

The present invention generally relates to the preparation of semiconductor
material substrates, especially silicon wafers, which are used in the manufacture of
electronic components. More particularly, the present invention relates to 2 method
for the preparation of a single crystal silicon wafer. This wafer comprises a surface
having an epitaxial silicon layer deposited thereon, and forms an ideal, non-uniform
depth distribution of oxygen precipitates during the heat treatment cycles of

essentially any electronic device manufacturing process.

BACKGROUND OF THE INVENTION

Single crystal silicon, which is the starting material for most processes used to
fabricate semiconductor electronic components, is commonly prepared by using the
Czochralski ("Cz") process. 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 ingot is grown by slow extraction.

During the Cz process, defects can form in the single crystal silicon as the
crystal cools after solidification. One particularly problematic type of defect is the
presence of voids within the body of the ingot. The source these voids is believed to
be the agglomeration of silicon lattice vacancies. Typically, the voids (or “vacancy
agglomerates™) have an octahedral shape and a characteristic size of at least about
0.01 pm. When the ingot is sliced into wafers, these vacancy agglomerates are
exposed and appear as pits on the surfaces of the wafers. These pits (referred to as
“crystal originated pits” or "COPs"), in tumn, interfere with the performance of the

. wafer.

To date, there are three main approaches to reducing the number density of
COPs. The first approach focuses on crystal pulling techniques to reduce the number
density of vacancy agglomerates within the ingot. For example, it has been suggested
that the number density of such vacancy agglomerates can be reduced by controlling
v/G, (wherein v is the growth velocity and G, is the average axial temperature
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gradient) to grow a crystal in which crystal lattice vacancies (as opposed to self-
interstitials) are the dominant intrinsic point defect, and then influencing the vacancy
agglomerate nucleation rate by altering (generally, by slowing down) the cooling rate
of the silicon ingot from 1100°C to 1050°C during the crystal pulling process. While
such a method reduces the number density of vacancy agglomerates, it does not
prevent their formation, Another crystal pulling method for reducing the number
density of vacancy agglomerates involves reducing the pull rate to a value less than
0.4 mm/mmute This method, however, also is not satisfactory because such a slow
pull rate leads to reduced throughput for each crystal pulier. And more importantly,
such a pull rate leads to the formation of single crystal silicon having a high
concentration of self-interstitials. This high concentration, in tum, leads to the
formation of self-interstitial agglomerates, which also are problematic.

A second approach which has been used to reduce the number density of
COPs focuses on the dissolution or annihilation of the vacancy agglomerates
subsequent to their formation. Generally, this is achieved by using high-temperature
heat treatments of the silicon in wafer form. For example, in Enropean Patent
Application No. 503,816 A1, Fusegawa et al. propose growing the silicon ingot ata
growth rate in excess of 0.8 mm/minute, and heat treating the wafers which are sticed
from the ingot at a temperature in the range of 1150°C to 1280°C to reduce the
vacancy agglomerate density in a thin region near the wafer surface. This approach is
disadvantageous because it provides no uniform procedure. The specific treatment
needed varies depending on the concentration and location of the vacancy
agglomerates in the wafer. In fact, different wafers cut from an ingot which does not
have a uniform axial concentration of such agglomerates may require different
processing conditions. Further, the heat treatments of this approach are relatively
costly, and have the potential for introducing metallic impurities into the wafers.

A third approach to dealing with the problem of COPs is the epitaxial
deposition of a thin crystalline layer of silicon onto the surface of the wafer. This
process provides a wafer having a surface which is substantially free of COPs. Use of
the traditional epitaxial deposition techniques, however, substantially increases the
cost of the wafer.
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In addition to coﬁtgining the above-discussed vacancy agglomerates, single
crystal silicon prepared by the Cz method also typically contains various impurities,
among which is mainly oxygen. This contamination occurs, for example, while the
molten silicon is contained in the quartz crucible. At the temperature of the silicon
molten mass, oxygen comes into the crystal lattice until it reaches a concentration
determined by the solubility of oxygen in silicon at the temperature of the molten
mass and by the actual segregation coefficient of oxygen in solidified silicon. Such
concentrations are greater than the solubility of oxygen in solid silicon. Thus, as the
crystal grows from the molten mass and cools, the solubility of oxygen in it decreases
rapidly. This ultimately results in wafers containing oxygen in supersaturated
concentrations. '

When a wafer contains a supersaturated concentration of oxygen, heating the
wafer (such as during a typical thermal treatmeni used during the fabrication of an
electronic device) can cause the oxygen to precipitate within the wafer. The oxygen
precipitates can be either harmful or beneficial, depending on their location. Oxygen
precipitates located in the active device region of the wafer (i.e., typically near the

 surface) can impair the operaﬁon of the device. On the other hand, oxygen

. precipitates located in the bulk of the wafer tend to be beneficial because they are
capable of trapping undesired metal impurities that may come into contact with the
wafer. The use of oxygen precipitates located in the bulk of the wafer to trap metals is
‘commonly referred to as internal or intrinsic gettering ("1G").

Historically, electronic device fabrication processes have included a series of
steps which were designed to produce silicon having a region near the surface of the
wafer which is free of oxygen precipitates (commonly referred to as a "denuded zone™
or a "precipitate-free zone™) with the balance of the wafer (i.e., the wafer bulk)
containing a sufficient number of oxygen precipitates for IG purposes. Such oxygen
precipitation profiles have been formed, for example, in a high-low-high thermal
sequence such as (a) oxygen out-diffusion heat treatment at a high temperature
(>1100°C) ln an inert gas for a period of at least about 4 hours, (b) oxygen precipitate
nuclei formation at a low temperature (600 to 750°C), and (¢) growth of oxygen
(Si0,) precipitates at a high temperature (1000 to 1150°C). See, e.g., F. Shimura,
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Semiconductor Silicon Crystal Technology, pp. 361-367 (Academic Press, Inc., San
Diego CA, 1989) (and the references cited therein).
More recently, however, advanced electronic device manufacturing processes,
such as DRAM manufacturing processes, have begun to minimize the use of high-
5  temperature process steps. Although some of these processes retain enough of the

high-temperature process steps to produce a denuded zone and sufficient density of
bulk precipitates, the tolerances on the material are too tight to render it a
commercially viable product, Other current highly advanced electronic device
manufacturing processes contain no out-diffusion steps at all. Because of the

10  problems associated with oxygen precipitates in the active device region, therefore,
these electronic device fabricators generally must use silicon wafers which are
incapable of forming oxygen precipitates anywhere in the wafer under their process
conditions. As a result, IG potential is lost.

SUMMARY OF THE INVENTION

15 The present invention provides for a process for preparing a single crystal
silicon wafer which (a) has a surface that is essentially free of COPs; and (b) forms an
ideal, non-uniform depth distribution of oxygen precipitates during a heat treatment
cycle of essentially any electronic device manufacturing process. This process may
advantageously be used with, for example, a wafer starting material which has an

20  oxygen concentration of no greater than about 18 ppma.

i!rieﬂy, therefore, this invention is directed to a process for the preparation of

a silicon wafer comprising a surface having an epitaxial layer deposited thereon. In
one embodiment, an epitaxial layer is deposited onto a surface of a silicon wafer. The
wafer is also heated to a temperature of at least about 11:75°C. This heat treatment

25  begins either during or after the epitaxial deposition. Following the heat treatment,
the heated wafer is cooled for a period of time at a rate of at least about 10°C/sec
while (a) the temperature of the wafer is greater than about 1000°C, and (b) the wafer
is not in contact with a susceptor. In this process, the epitaxial deposition, heating,
and cooling are conducted in the same reactor chamber.
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In another embodimgnt, an epitaxial layer is deposited onto a wafer surface
which has an average light scattering event concentration of at least about 0.5/cmm?, as
measured by a laser-based auto inspection tool configured to detect light scattering
events corresponding to polystyrene spheres having diameters of no less than about
0.12 pm. The wafer is also heated to a temperature of at least about 1175°C. This
heat treatment begins either during or after the epitaxial deposition. Following the
heat treatment, the wafer is cooled at a rate of at least about 10°C/sec for a period of
time while the temperature of the wafer is greater than about 1000°C. In this process,
the epitaxial deposition, heating, and cooling are conducted in the same reactor
chamber. '

In a further embodiment, an epitaxial layer having a thickness of at least about
0.1 and less than 3 pm is deposited onto a surface of a silicon wafer. The wafer is
also heated to a temperature of at least about 1175°C. This heat treatment begins
either during or after the epitaxial deposition. Following the heat treatment, the wafer
is cooled at a rate of at least about 10°C/sec for a period of time while the temperature
of the wafer is greater than about 1000°C. In this process, the epitaxial deposition,
heating, and cooling are conducted in the same reactor chamber.

Other features of this invention will be in part apparent and in part pointed out
hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS |

Figure 1 is a schematic diagram of a reactor mechanism used for positioning a |
wafer within an epitaxial deposition reactor. In this figure, the susceptor support shaft
105 and wafer lift shaft 107 are in the exchange position.

Figure 2 is a schematic diagram of the reactor mechanism in Figure 1. In this
figure, the suscepfor support shaft 105 and wafer lift shaft 107 are in the home
position.

Figure 3 is a schematic diagram of the reactor mechanism in Figure 1. In this
figure, the susceptor support shaft 105 and wafer lift shaft 107 are in the process
position.
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Figure 4 is a schematic diagram of the reactor mechanism in Figure 1. This
figure shows the preferred position of the susceptor support shaft 105 and wafer Lift
shaft 107 when the wafer is being rapidly cooled in accordance with this invention to
influence the crystal laftice vacancy profile in the wafer.

5 Figure 5 is a cross-sectional view of the reactor mechanism in Figure 1. This
view is taken from line 5--5 in Figure 1.

Figure 6 shows the preferred structure of a single crystal silicon wafer that
may be used as the starting material in accordance with the instant invention.

Figure 7 shows an oxygen precipitate profile of a wafer which may be

10  prepared in accordance with a preferred embodiment of the instant invention.

Figure 8 shows an oxygen precipitate profile of a wafer which may be
prepared in accordance with a preferred embodiment of the instant invention where
the starting material is a void-rich single crystal silicon wafer.

Figure 9 shows the number density of oxygen precipitates (by measuring the

15  density of “bulk micro defects” or “BMD’s”™) formed as a function of (1) the
temperature used during the heating step of the process of this invention, and (2) the
oxygen concentration in the wafer,

E DD TION OF P RRED
In accordance with the present invention, a novel and useful process for

20  preparing a single crystal silicon wafer comprising a surface having an epitaxial
silicon layer deposited thereon has been developed. The wafer produced by this
method contains a "template"” that determines (or "prints") the manner in which
oxygen will precipitate within the wafer when the wafer is heated during, for example,
an electronic device manufacturing process. When the wafer is subjected to such

25  heating, the wafer will form a wafer bulk containing a sufficient density of oxygen
precipitates for IG purposes, and will have a precipitate-free zone of sufficient depth
to avoid interference of the electronic device performance by oxygen precipitates.

A, Reactor Configuration
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The heating, epitaxial deposition, and cooling steps of this method preferably
are conducted in a single reactor chamber, typically the reactor chamber of an
epitaxial deposition reactor. Use of a single reactor chamber (versus two or more
chambers) is advantageous for several reasons. For example, there is a savings in
equipment costs because less equipment must be purchased and maintained. There
also is a savings in wafer production time because no time is required for transferring
the wafer from one chamber to another. Further, there is a reduced risk of

. contamination because the wafer surface is exposed to fewer possible contaminating

environments during the process.

Applicants have found that it is particularly preferable to carry out this process
using an epitaxial deposition reactor comprising the reactor mechanism shown in
Figures 1-5 for positioning the wafer within the reactor (an example of such a reactor
mechanism may be found in the EPI CENTURA® reactor manufactured by Applied
Materials of Santa Clara, CA). This reactor mechanism includes a susceptor 101 for
supporting a wafer. The susceptor 101 is fixedly mounted on arms 103 of a susceptor
support shaft 105 slidingly mounted within a bore 106 of a wafer lift shaft 107. The
wafer lift shaft 107 is mounted for vertical movement within a cylindrical opening in
a lower dome (not shown) of the reactor. A pneumatic mechanism (not shown) is
operable to move the susceptor support shaft 105 and the wafer lift shaft 107
vertically, either together or independently as desired. The pneumatic mechanism is
further operable to allow the rotation of the susceptor 101. The susceptor 101
includes rigid pins 109 slidingly mounted in openings in the susceptor 101 to engage
stops 111 of the wafer lift shaft 107 at their lower ends. The upper ends of the pins
109 are capable of supporting the wafer. Conventionally, the pins 109 have only been
used to support the wafer during transfer to and from the reactor. To load the wafer
into the reactor, the wafer is delivered to the reactor by, for example, blade 113. This
blade 113 may be sized to fit between the rigid pins 109, and/or may contain one or
more notches 114 through which the pins 109 fit as the blade 113 is inserted into and
removed from the reactor. See Figure5. Once the wafer is delivered to the reactor
by blade 113, the susceptor support shaft 105 and wafer lift shaft 107 are moved

upward from the exchange position shown in Figure 1 to the home position shown in

PCT/US00/14998
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Figure 2. The upward motion of the susceptor support shaft 105 causes the pins 109
(which are engaged with the wafer lift shaft 107) to engage the back surface of the
wafer and lift the wafer off the blade 113. The blade 113 is thereafter removed from
the reactor. Referring to Figure 3, the susceptor support shaft 105 is then moved
further upward while the wafer lift shaft 107 remaips stationary., This causes the pins
109 to slide downwardly relative to the susceptor 101 until the upper surface of the
susceptor 101 is brought into contact with the wafer. Thereafter, the susceptor 101
supports the wafer. Meanwhile, the support shaft 105 continues to move upward until
the susceptor 101 is coplanar with ring 115. At this point, the susceptor 101 is in the
process position. To heat the wafer, a bank of high power heat lamps (not shown) in
the reactor may be activated. Normally, the susceptor 101 and wafer are rotated while
being heated so that the wafer is heated more uniformly.

B. Wafer Starting Material

The wafer starting material preferably is a single crystal silicon wafer which
has been sliced from a single crystal ingot grown in accordance with any of the
conventional variations of the Cz crystal growing method. This method, as well as
standard silicon slicing, lapping, etching, and polishing techniques, are well known in
the art and disclosed, for example, in F. Shimura, Semiconductor Silicon Crystal
Technology (Academic Press, 1989); and Silicon Chemical Etching, (J. Grabmaier,
ed., Springer-Verlag, New York, 1982).

Referring to Figure 6, the wafer 1 preferably has a front surface 3, aback
surface 5§, an imaginary central plane 7 between the front and back surfaces, and a
circumferential edge 2 joining the front surface 3 and the back surface 5. The terms
"front" and "back" in this context are used to distinguisﬁ the two major, generally
planar surfaces of the wafer 1. It should be noted that the front surface 3 is not
necessarily the surface on which an electronic device will subsequently be fabricated,
nor is the back surface 5 necessarily the major surface of the wafer 1 which is
opposite the surface on which the electronic device is fabricated. In addition, because
silicon wafers typically have some total thickness variation (TTV), warp, and bow, the
midpoint between every point on the front surface and every point on the back surface

PCT/US00/14998
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may not precisely fall within a plane. As a practical matter, however, the TTV, warp,
and bow are typically so slight thattoa close approximation the midpoints can be said
to fall within an imaginary central plane which is approximately equidistant between
the front and back surfaces. _

The wafer may contain one or more dopants to give the wafer various desired
properties. For example, the wafer may be a P-type wafer (i.e., a wafer that has been
doped with an element from Group 3 of the Periodic Table',_ most typically boron) or
an N-type wafer (i.e., a wafer that has been doped- with an element from Group 5 of
the Periodic Table, most typically arsenic). Preferably, the wafer is a P-type wafer.
The resistivity of the wafer preferably is from about 0.004 to about 50 Q-cm. Ina
particularly preferred embodiment, the wafer has a resistivity which is greater than 0.5
Q-cm, more preferably at least about 1.0 Q-cm, and even more preférably from about
1.0 to about 20 Q-cm. In another particularly preferred embodiment, the wafer has a
resistivity of from about 0.01 to 1.0 Q-cm,

The wafer preferably has an oxygen concentration anywher;e from about 10 to
about 18 ppma (i.e., from about 5x10" to about 9x10!7 atoms/cm®) (ASTM standard
F-121-80), more preferably from about 12 to about 17 ppma (i.e., from about 6x10"
to about 8.5x10" atoms/cm®), even more preferably from about 12 to about 15 ppma
(i.e., from about 6x10" to about 7.5x10"” atoms/cm®), and most preferably from about
12 to about 13 ppma (i.e., from about 6x10" to about 6.5x10"" atoms/cm®). An
oxygen concentration that is greater than about 18 ppma is less preferred because, for
example, oxygen precipitation in a wafer having such a concentration can cause the
wafer to warp. Also, a greater oxygen concentration creates a gieater tendency for
oxygen precipitates to form near the surface of the wafer, which, in turn, can cause
device failure due to leakage. '

This invention is particularly useful when used with void-rich wafer starting
materials. The phrase “void-rich wafers” refers to wafers that contain a relatively
large number of vacancy agglomerates. As noted previously, these agglomerates
typically have octahedral structures which are at least about 0.01 pum in their largest
dimension. In the bulk of the wafer, these agglorherat&s are in the form of voids;

whereas at the surface of the wafer, they appear in the form of COPs. COPs may be
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detected by a laser-based auto inspection tool (sometimes referred to as a “laser-based
surface inspection tool” or a “wafer surface particle counter™), which detects light
scattering events emitted by the COPs when the surface is scanned by the tool’s laser.
Examples of suitable commercially available auto inspection tools include the
5  Surfscan 6220 from KLA Tencor (Mountain View, CA); and the CR80, CR81, and

CR82 from ADE Optical Systems Corp. (Charlotte, NC). Void-rich wafer starting
materials which are particularly preferable for use with this invention have an average
light scattering event concentration of at least about 0.5/cm?, as measured by a laser-
based auto inspection tool configured to detect light scattering events corresponding

10  to polystyrene spheres having diameters of no less than about 0.12 pm. More
preferably, this average light scattering event concentration is from about 0.5 to about
10/cm?, still more preferably from about 0.5 to about 3.5/cm?, and most preferably
from about 0.6 to about 1.6/cm’. Void-rich wafers are particularly prefetrred starting
materials because they may be sliced from silicon ingots formed by relatively low-

15 cost processes, e.g., the traditional open-architecture Cz processes.

C. Wafer Pretreatment and Deposition of Ep_itaxial Layer

The single crystal silicon wafer prepared in accordance with this invention

comprises a surface having an epitaxial silicon layer deposited thereon. The epitaxial

20  layer may be deposited onto the entire wafer, or, alternatively, onto only a portion of
the wafer. Referring to Figure 6, the epitaxial layer preferably is deposited onto the
front surface 3 of the wafer. In a particularly preferred embodiment, it is deposited
onto the entire front surface 3 of the wafer. Whether it is preferred to have an
epitaxial layer deposited onto any other portion of the wafer will depend on the

25  intended use of the wafer. For most applications, the existence or non-existence of an
epitaxial layer on any other portion of the wafer is not critical.

As noted earlier, single crystal siticon wafers sliced from ingots prepared by
the Cz method often have COPs on their surfaces. A wafer used for integrated circuit
fabrication, however, generally is required to have a surface which has essentially no

30  COPs. A wafer having an essentially COP-free surface may be prepared by
depositing an epitaxial silicon layer onto the surface of the wafer. Such an epitaxial
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layer fills in the COPs and ultimately produces a smooth wafer surface. This has
been the topic of recent scientific investigations. See Schmolke et al., The
Electrochem. Soc. Proc., vol. PV98-1, p. 855 (1998); and Hirofumi et al., Jpn. J.
Agpl. Phys., vol. 36, p. 2565 (1997). In the context of this invention, COPs on a
wafer surface generally may be eliminated by using an epitaxial silicon layer
thickness of at least about 0.1 um. Preferably, the épita:dal layer has a thickness of
from about 0.1 pm to about 10 pm, more preferably at least about 0.1 and less than 3
jm, even more preferably from about 0.25 to about 2 pm, and most preferably from
about 0.65 to about 1 pm.. |

It should be noted that the preferred thickness of the epitaxial layer may vary if
the epitaxial layer is used to impart electrical properties to the wafer surface in
addition to eliminating COPs. For example, precise control of a dopant concentration
profile near the wafer surface may be achieved using an cpltaxxal layer. Where an
epitaxial layer is used for a purpose in addition to eliminating COPs, such a purpose
may require an epitaxial layer thickness which is greater than the preferred thickness
used to eliminate the COPs. In such an instance, the minimum thickness to achieve
the additional desired effect preferably is used. Depositing a thicker layer onto the
wafer is generally less commercially desirable because forming the thicker layer
requires a greater deposition time and more frequent cleaning of the reaction vessel.
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1. Pretreatment to Remove Silicon Oxide

If awaferbasa silicbn oxide layer on its surface (e.g., a native silicon oxide
layer, which typically has a thickness of from about 10 to 15 A and forms on a silicon
surface when the surface is exposed to air at room temperature), the silicon oxide
layer preferably is removed from the surface before the epitaxial layer is deposited
onto the surface. As used herein, the phrase “silicon oxide layer” refers to a layer of
silicon atoms which are chemically bound to oxygen atoms. Typically, such a silicon
oxide layer contains about 2 oxygen atoms per silicon atom.

Removal of the silicon oxide layer preferably is accomplished by heating the
surface of the wafer. Preferably, the wafer surface is heated to a temperature which is
at least about 1100°C, more preferably at least about 1150°C, even more preferably
from about 1150°C to about 1280°C, and most preferably from about 1150 to about
1220°C. It should be recognized that if the wafer is heated non-uniformly, a thermat
gradient may develop causing internal stress sufficient to cause different planes within
the wafer to shift relative to each other (i.c., slip). Lightly doped wafers (e.g., a wafer
doped with boron and having a resistivity of about I to about 10 0-cm) have been
found to be particularly susceptible to slip. Thus, the wafer preferably is heated
substantially uniformly. Applicants typically use heating rates of from about 3 to
about 18°C/sec, although greater heating rates (e.g., from about 20 to about 35°C)
may be used, provided that the wafer is heated substantially uniformly.

Removal of the silicon oxide fayer preferably is conducted in an environment
consisting essentially of no oxidants (most preferably, the environment is oxidant-
free). This environment preferably comprises a noble gas (e.g., He, Ne, or Ar), HF,
H,, or a combination thereof. More preferably, the environment comprises HF, H,, or
a combination thereof; noble gas environments are less preferred because they
sometimes cause pits to form in the surface of the wafer. Most preferably, the
environment consists essentially of H,. It should be noted that although environments
comprising N, may be used, such environments are less preferred because they tend to
form nitrides on the wafer surface which interfere with subseguent epitaxial
deposition.
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Many traditional epitaxial deposition protocols that remove a silicon oxide
layer by heating a wafer in the presence of H, require the Wafer to be annealed at a
high temperature (e.g., 1000 to 1250°C) for a period of time (typically 10 to 90
seconds). Such an annealing step, however, is typically not necessary for silicon
oxide removal. Heating the wafer to about 1100°C (particularly at least about
1150°C) in an atmosphere comprising H, is typically sufficient by itself to remove a
silicon oxide layer. Thus, it is preferred to only anneal the wafer until the temperature
.of the wafer becomes stable and uniform at the desired silicon oxide removal
temperature. In one embodiment of this invention, the wafer is annealed for less than
60 seconds (preferably no greater than about 30 seconds, more preferably no greater
than about 20 seconds, even more preferably from about S to about 15 seconds, and
most preferably from about 10 to about 15 seconds) after the siiicon oxide layer is

removed. In another embodiment, the wafer is annealed for less than 60 seconds

(preferably no greater than about 30 seconds, more preferably no greater than about
20 seconds, even more preferably from about § to about 15 seconds, and most
preferably from about 10 to about 15 seconds) after any portion of the wafer surface
reaches about 1100°C (more preferably, about 1150°C).

2, Deposition of Epitaxial Laver

Once the wafer surface is free of oxides, the surface preferably is exposed to
an atmosphere comprising silicon to form the epitaxial layer. In a preferred
embodiment of this invention, this atmosphere comprises SiCl,, SiHCl,, SiH,Cl,,
SiH,CL or SiH,. The atmosphere also typically contains a carrier gas (preferably H,).
In one embodiment, the source of silicon during the epitaxial depdsition is SiH,Cl, or
SiH,. If SiH,Cl, is used, the reactor pressure during deposition preferably is from
about 500 to about 760 Torr. If, on the other hand, SiH, is used, the reactor pressure
preferably is about 100 Torr. Most preferably, the source of silicon during. the
deposition is SiHCl,. This tends to be much cheaper than other sources. In addition,
an epitaxial deposition using SiHCl, may be conducted at atmospheric pressure. This

is advantageous because no vacuum pump is required and the reactor chamber does
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not have to be as robust to prevent collapse. Moreover, fewer safety hazards are
presented and the chance of air leaking into the reactor chamber is lessened.

During the epitaxial deposition, the wafer surface preferably is maintained at a
temperature sufficient to prevent the atmosphere comprising silicon from depositing

5  polycrystalline silicon onto the surface (i.e., a temperature of at least about 900°C).

In one embodiment of this invention, the wafer is heat treated at a high
temperature during the epitaxial deposition to influence later oxygen precipitation
behavior within the wafer (this high-temperature heat treatment is discussed below in
Section D). In such an embodiment, the temperature of the surface during epitaxial

10  deposition is preferably at least about 1175°C, more preferably greater than 1200°C,
even more preferably greater than 1200°C and no greater than about 1280°C, and
most preferably from about 1220°C to about 1250°C.

In a more preferred embodiment, the epitaxial deposition is conducted before

_ the high-temperature heat treatment. In this embodiment, the temperature of the wafer

15  surface during the epitaxial deposition is less than the temperature during the high-
temperature heat treatment, and preferably is from about 900°C to about 1175°C, and
more preferably from about 1050°C to about 1150°C. Depositing the epitaxial layer
before the high-temperature heat treatment is more preferred because lesser
temperatures during epitaxial deposition tend to cause less deposition of silicon on the

20  interior of the reactor chamber, and, therefore, less clean up time and less risk of
damage to the equipment. Regardless of whether the epitaxial deposition and high-
temperature heat treatment are conducted simultaneously, it is often preferred that the
wafer temperature during the silicon oxide removal be the same (or substantially the
same) as during the epitaxial deposition.

25 The rate of growth of the epitaxial deposition preferably is from about 0.5 to
about 7.0 pm/min. A rate of from about 3.5 to 4.0 gm/min. may be achieved, for
example, by using an atmosphere consisting essentially of about 2.5 mole% SiHCl,
and about 97.5 mole% H, at a temperature of about 1150°C and pressure of about 1
atm,

30 If the intended use of the wafer requires that the epitaxial layer include a
dopant, the atmosphere comprising silicon also preferably contains the dopant. For
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example, it is often preferable for the epitaxial layer to contain boron. Such a Jayer
may be prepared by, for example, including B,H; in the atmosphere during the
deposition. The mole fraction of B, in the atmosphere needed to obtain the desired
properties (e.g., resistivity) will depend on several factors, such as the amount of
boron out-diffusion from the particular substrate during the epitaxial deposition, the
quantity of P-type dopants and N-type dopants that are present in the reactor and
substrate as contaminants, and the reactor pressure and temperature. Applicants have
successfully used an atmosphere containing about 0.03 ppm of B,H; (i.e., about 0.03
mole of B,H, per 1,000,000 moles of total gas) at a temperature of about 1125°C and
a pressure of about 1 atm to obtain an epitaxial layer having a resistivity of about 10
Q-cm.

D. High-Temperature Heat Treatment Followed By Rapid Cooling to
Influence the Precipitation Behavior of Oxygen in the Waferin a
Subsequent Thermal Processing Step
During the process of this invention, the wafer is treated to form a template of

crystal lattice vacancies within the wafer which causes an ideal, non-uniform depth

distribution of oxygen precipitates to form within the wafer when the wafer is heat
treated, such as during a heat treatment cycle of essentially any electronic device
manufacturing process. Figure 7 shows one such oxygen precipitate distribution
which may be formed by heat treating a wafer prepared in accordance with this

invention. In this particular embodiment, the wafer 1 is characterized by regions 15

and 15' (“denuded zones™) which are free of oxygen precipitates. These zones extend

from the front surface 3 and back surface § to a depth of t and t', respectively.

Preferably, t and t? are each from about 10 to about 100 pm, and more preferably

from about 50 to about 100 um. Between the oxygen precipitate-free regions 15 and

15", there is a region 17 which contains a substantially uniform concentration of

oxygen precipitates 52. For most applicationé, the oxygen precipitate 52

concentration in region 17 is at least about 5x10° precipitates/cm’, and more

preferably about 1x10° precipitates/cm®. It should be recognized that the purpose of

Figure 7 is to help acquaint those skilled in the art with this invention by illustrating
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merely one embodiment of this invention. This invention is not limited to that
embodiment. For example, this invention may also be used to form a wafer having
only one denuded zone 15 (instead of two denuded zones 15 and 15).

To form the template of crystal lattice vacancies, the wafer generally is
annealed at a high temperature in a non-oxidizing environment, and then rapidly
cooled at a rate of at least about 10°C/sec. The purpose of high-temperature baking is
to: (a) form self-interstitial and vacancy pairs (i.e., Frenkel defects) in the crystal
lattice which are distributed uniformly throughout the wafer, and (b) dissolve
unstabilized oxygen precipitate nucleation centers present in the wafer. Generally,
heating to greater temperatures results in a greater number of Frenkel defects being
formed. The purpose of the rapid cooling is to produce a non-uniform distribution of
crystal lattice vacancies, wherein the vacancy concentration is maximum at or near the
center of the wafer, and decreases in the direction of the surfaces of the wafer. This
non-uniform distribution of crystal lattice vacancies is believed to be caused by the
fact that a portion of vacancies near the surfaces of the wafer diffuse to the surfaces
during the cool down and thereby become annihilated, resulting in lower
concentrations of vacancies near the surfaces.

The non-oxidizing environment used during the high-temperature heat
treatment preferably comprises H,, a noble gas, or a combination thereof. More
preferably, the environment consists essentially of H,, a noble gas, or a2 combination
thereof, An environment consisting essentially of H, is most preferred. Whatever the
composition of the non-oxidizing environment, it typically is used to purge the
silicon-containing gas from the reactor chamber when the desired thickness of the
epitaxial layer on the wafer has been achieved.

The temperature used during the high-temperatufe heat treatment preferably is
at least about 1175°C. More preferably, the temperature is greater than 1200°C, even
more preferably greater than 1200°C and not greater than about 1280°C, and most
preferably from about 1220°C to about 1250°C. Generally, a greater temperature
within these ranges tends to lead to the formation of a greater number density of
oxygen precipitates when a wafer prepared in accordance with this invention is

subsequently heated. This tendency is shown in Figure 9.
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As noted previously, the high-temperature heat.u'eatment may begin while the
epitaxial layer is being deposited. In a more preferred embodiment, the high-
temperature heat treatment begins after the epitaxial deposiﬁbn ends. Even more
preferably, the high-temperature treatment begins within about 5 seconds (still more
preferably within about 2 seconds, and most preferably immediately) after the
epitaxial deposition ends. Regardless of when the heat treatment begins, the wafer
preferably is annealed at the high temperature until the later of the folloWing: (1) at
least about 5 seconds (preferably from about 5 to about 30 seconds, more preferably
from about 10 to about 20 seconds, and most preferably from about 10 to about 15
seconds) after any portion of the wafer reaches the desired high temperature, or (2)
when the environment surrounding the wafer is essentially free of the silicon-
containing gas used for epitaxial deposition.

Following the high-temperature heat treatment, the wafer is rapidly cooled. |
The rapid cooling may conveniently be carried out in the same non-oxidizing
atmosphere in which the heat treatment is conducted, although it may also be
conducted in a different non-oxidizing atmosphere. Typically, the cooling is initiated
-- at least in part -- by turning off the heat source in the reactor (often this heat source
comprises one or more heat lamps facing the wafer). Preferably, the wafer is cooled
at a rate of at least about 10°C/sec (more preferably at a rate greater than 15°C/sec,
even more preferably at least about 20°Cisec, still even more preferably at least about
30°C/sec, and most preferably at least about 50°C/sec) for at least a period of time
while the wafer is at a temperature at which the crystal lattice vacancies are relatiirely
mobile. Once the wafer is cooled to the temperature at which the vacancies are no |
longer relatively mobile, the cooling rate does not significantly influence the
precipitating characteristics of the wafer, and, thus, is not critical. Generally, crystal
lattice vacancies are relatively mobile at temperatures greater than about 800°C
(particularly at temperatures greater than about 900°C, and more particularly at
temperatures greater than about 1000°C).

In an especially preferred embodiment, the average cooling rate of the wafer is
at least about 10°C/sec (more preferably greater than 15°C/sec, even more preferably
at least about 20°C/sec, still even more preferably at least about 30°C/sec, and most
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preferably at least about 50°C/sec) as the temperature of the wafer falls from the
annealing temperature to a temperature which is about 150°C (and more preferably
about 250°C) less than the annealing temperature. In another particularly preferred
embodiment, the average cooling rate of the wafer is at Ieast about 10°C/sec (more
preferably greater than15°C/sec, even more preferably at least about 20°C/sec, still
even more preferably at least about 30°C/sec, and most preferably at least about
50°C/sec) until the average temperature of the wafer decreases to about 1000°C (more
preferably about 900°C, and most preferably about 800°C).

‘When using a reactor having the reactor mechanism shown in Figures 1-5
(described above in Section A), the cooling rate preferably is increased by moving the
wafer away from the susceptor 101, most preferably to a position as far as possible
from the susceptor 101. This may be accomplished by, for example, lowering the
susceptor support shaft 105 to the home position (see Figure 4) or the exchange
position after the heating is terminated. When the susceptor 101 is in the home or
exchange position, the wafer is supported only by the pins 109, so that substantially
all the back surface and all the front surface of the wafer are not in contact with any
other solid hot surfaces (besides the pins 109). By lifting the wafer off of the
susceptor 101, the rate of cooling of the wafer may be approximately doubled (e.g.,
applicants have observed the average cooling rate increasing from a range of from
about 10 to 15°C/sec to a range of from about 25 to about 30°C/sec). To obtain the
most preferred vacancy profile, the susceptor support shaft 105 preferably is lowered
within about 3 seconds after (more preferably within about 2 seconds after, even more
preferably within about 1 second after, and most preferably as soon as) the heating is
terminated, /.e., when the heating source (e.g., one or more heat lamps) is turned off.
Thus, if the reactor mechanism requires that the susceptor 101 be in a certain
rotational position (i.e., the “rotational home position™) in order for the susceptor 101
to be lowered, the susceptor 101 preferably is in that position within about 3 seconds
after (more preferably within about 2 seconds after, even more preferably within about
1 second after, and most preferably at the time) the heat source is turned off.

The non-uniform vacancy profile obtained by the high-temperature heat
treatment and rapid cooling is a template for oxygen precipitation. Specifically, when
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the wafer is subsequently heated (e.g., during an electronic device manufacturing
process), oxygen will cluster rapidly to form precipitates 52-in the region 17 of the
wafer 1 (see Figure 7) containing higher concentrations of vacancies, but will tén_d
not to cluster in the regions 15 and 15' near the wafer surfaces 3 and 5 which contain
lower concentrations of vacancies. Typically, the oxygen nucleates at t_emperatureé of
from about 500°C to about 800°C, and grows precipitates at temperatures of from
about 700°C to about 1000°C. Thus, for exaniple, the non-uniform distribution of
oxygen precipitates 52 in a wafer may be formed during a heat t_featment cycle of an
electronic device manufacturing process, given that such heat treatment c_ycles often
are conducted at temperatures near 800°C. _

As discussed previously, it is particularly advantageous to usé this invention to
treat a void-rich wafer starting material, which has a relatively iarge ﬁumber of COPs
on its surface and voids within its bulk. Figure 8 shows an example of a crystal
lattice vacancy agglomerate 51 profile and oxygen precipitate 52 profile for an
epitaxial wafer, prepared from a void-rich wafer starting material using the process of
the instant invention, followed by heat treatment. An epitaxial layer 50 is on the outer
surfaces 3, 4, and 6 of the wafer 1 (no epitaxial layer is on the back surface 5 in this
particular embodiment). Because the epitaxial layer has filled in essentially all the
COPs, the wafer has smooth, essentially COP-free surface 2 and 8. The profile of the
oxygen precipitates 52 is similar to the oxygen precipitate pfpﬂ_ie in Figure 7, and is
sufficient for IG purposes. The profile of the vacancy agglomeraxes 51 completely
within the bulk (i.e., the profile of the voids within the bulk) of the wafer 1 essentially
remains the same throughout the process of this invention, and does not tend to affect
the surfaces 2 and 8 of the wafer 1 due to the existence of the eplta)nal léyer 50, which
acts as a barrier between the surfaces 2 and 8 and the agélomer_atgs 51. Thus, this
invention is commercially usefill, in part, because it enables the formation of a silicon
wafer having intrinsic gettering ability and an essentially COP-free surface from a
void-rich wafer starting material, which may be prepared with relatively low cost.

If a void-rich wafer starting material is used, the wafer produced in accordance
with this invention typically may be characterized in that é surface on the wafer may

be produced which has an average light scattering event concentration of at least
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about 0.5/cm? (as measured by a laser-based auto inspection tool configured to detect
light scattering events corresponding to polystyrene spheres having diameters of no
less than about 0.12 um) if the epitaxial layer and a layer of silicon extending at least
0.2 pm beneath the epitaxial layer (i.e., a layer which has a thickness of at least 0.2
5  um as measured from the epitaxial layer toward the central plane of the wafer) is

removed from the wafer. In a particularly preferred embodiment, this light scattering
event concentration is from about 0.5 to about 10/cm?, more preferably from about 0.5
to about 3.5/cm?, and most preferably from about 0.6 to about 1.6/cm?. The epitaxial
layer and the additional layer of silicon may be removed from the front surface by

10  various polishing and cleaning techniques which are generally known and accepted by
those skilled in the art. Preferably, the polishing and cleaning techmique is capable,
under at least some circumnstances, of polishing and cleaning a surface of a single
crystal silicon wafer having a resistivity of less than about 0.02 Q-cm to form a
surface having an average light scattering event concentration of no greater than about

15  0.2/cm’ (again, as measured by a laser-based auto inspection tool configured to detect
light scattering events corresponding to polystyrene spheres having diameters of no
less than about 0.12 pm).

*dek kdkk ok dd

20 The above description of the preferred embodiment is intended only to
acquaint others skilled in the art with the invention, its principles, and its practical
application, so that others skilled in the art may adapt and apply the invention in its
numerous forms, as may be best suited to the requirements of a particular use. The
present invention, therefore, is not limited to the above embodiments, and may be

25  variously modified.
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WE CLAIM:

1. A process for the preparation of a silicon wafer comprising a surface
having an epitaxial layer deposited thereon, the process comprising:

depositing an epitaxial layer onto a surface of a silicon wafer;

heating the wafer to a temperature of at least about 1175°C during and/or after

5  the epitaxial deposition; and

cooling the heated wafer for a period of time at a rate of at least about
10°C/sec while (a) the temperature of the wafer is greater than about 1000°C, and (b)
the wafer is not in contact with a susceptor,

wherein the epitaxial deposition, heating, and cooling are conducted in the

10  same reactor chamber. '

2. The process of claim 1 wherein the wafer is supported by pins during said
cooling.

3. A process for the preparation of a siﬁéon wafer comprising a surface
having an epitaxial layer deposited thereon, the process comprising:

depositing an epitaxial layer onto a surface of a silicon wafer,

heating the wafer to a temperature of at least about 1175°C during and/or after

5 the epitaxial deposition, and _

cooling the he_ated wafer at a rate of at least about 10°C/sec for a period of
time while the temperature of the wafer is greater than about 1000°C,

wherein the epitaxial deposition, heating, and 'cooling are conducted in the
same reactor chamber; and the surface of the wafer at the beginning of the epitaxial

10  deposition has an average light scattering event concentration of at least about

0.5/cm?, as measured by a laser-based auto inspection tool configured to detect light
scattering events corresponding to polystyrene spheres having diameters of no less
than about 0.12 pm.

LT
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4. The process of claim 3 wherein the wafer is supported by pins during at
least a portion of said cooling.

5. The process of claim 3 further comprising heating the surface of the wafer
in an atmosphere consisting essentially of no oxidants to remove a silicon oxide layer
from the surface before the epitaxial deposition.

6. The process of claim 5 wherein the epitaxial deposition begins from about
5 to about 15 seconds after the silicon oxide layer is removed.

7. The process of claim 5 wherein the surface of the wafer is heated to at least
about 1100°C to remove the silicon oxide layer, and the epitaxial deposition begins
from about 5 to about 15 seconds after the surface of the wafer reaches about 1100°C.

8. The process of claim 3 wherein the wafer has a temperature which is at
least about 1175°C during at least a portion of the epitaxial deposition.

9. A process for the preparation of a silicon wafer comprising a surface
having an epitaxial layer deposited thereon, the process comprising:

depositing an epitaxial layer having a thickness of at least about 0.1 and less
than 3 pm onto a surface of a silicon wafer,

5 heating the wafer to a temperature of at least about 1175°C during and/or after

the epitaxial deposition, and

cooling the heated wafer at a rate of at least about 10°C/sec for a period of
time while the temperature of the wafer is greater than about 1000°C,

wherein the epitaxial deposition, heating, and cooling are conducted in the

10  same reactor chamber.

10. The process of claim 9 wherein the wafer is supported by pins during at
least a portion of said cooling.
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11. The process of claim 9 wherein the surface of the wafer at the beginning
of the epitaxial deposition has an average light scattering event concentration of at
least about 0.5/cm?, as measured by a laser-based auto inspection tool configured to
detect light scattering events corresponding to polystyrene spheres having diameters
of no less than about 0.12 pm.
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