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AN EPITAXIAL SILICON WAFER WITH INTRINSIC GETTERING 
AND A METHOD FOR THE PREPARATION THEREOF 

BACKGROUND OF THE INVENTION 

The present invention generally relates to the preparation of semiconductor 

5 material substrates, especially silicon wafers, which are used in the manufacture of 

electronic components. More particularly, the present invention relates to a single 

crystal silicon wafer and a method for the preparation thereof. 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 

10 essentially any electronic device manufacturing process. 

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. Using this method, polycrystalline silicon ("polysilicon") 

is charged to a crucible and melted, a seed crystal is brought into contact with the 

15 molten silicon, and a single crystal is grown by slow extraction. The first portion of 

the crystal to be formed during the extraction process is a thin neck. After formation 

of the 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. 

A cylindrical main body of the crystal which has an approximately constant diameter 

20 is then grown by controlling the pull rate and the melt temperature while 

compensating for the decreasing meltlevel. Near the end of the growth process, but 

before the crucible is emptied of molten silico~ the crystal diameter is reduced 

gradually to form an end-cone. Typically, the end-cone is formed by increasing the 

crystal pull rate and heat supplied to the crucible. When the diameter becomes small 

25 enough, the crystal is then separated from the melt. 

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 (i.e., a concentration above the solubility limit) of intrinsic point 

defects, which are lmown as crystal lattice vacancies and silicon self-interstitials. 

30 Silicon crystals grown from a melt are typically grown with an· excess of one or the 
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other type of intrinsic point defect. 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 concentrations reach a level of critical supersaturation in 

the system and the mobility of the point defects is sufficiently high, a reaction (or an 

5 agglomeration event) will likely occur. The density of agglomerated intrinsic point 

defects in Cz silicon is conventionally within the range of about lxl 03 /cm3 to about 

lxl07/cm3
• 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 and can severely impact 

10 the yield potential of the material in the production of complex and highly integrated 

circuits. 

One particularly problematic type of defect is the presence of crystal 

originated pits ("COPs"). The source of this type of defect is the agglomeration of 

silicon lattice vacancies. More specifically, when silicon lattice vacancies 

15 agglomerate within a silicon ingot, they form voids. Typically, these voids have an 

octahedral shape and a charac~eristic size of at least about 0.01 µm. When the ingot is 

sliced into wafers, these voids are exposed and appear as pits on the surfaces of the 

wafers. These pits are referred to as COPs. 

To date, there generally are three main approaches to dealing with the problem 

20 of agglomerated intrinsic point defects. The first approach includes methods which 

focus on crystal pulling techniques to reduce the number density of agglomerated 

intrinsic point defects in the ingot. This approach can be further subdivided into those 

methods having crystal pulling conditions which result in the formation of vacancy 

dominated material, and those methods having crystal pulling conditions which result 

25 in the formation of self-interstitial dominated material. For example, it has been 

suggested that the number density of agglomerated defects can be reduced by (i) 

controlling v/G0 (where v is the growth velocity and G0 is the average axial 

temperature gradient) to grow a crystal in which crystal lattice vacancies are the 

dominant intrinsic point defect, and.(ii) influencing the nucleation rate of the 

30 agglomerated defects by altering (generally, by slowing down) the cooling rate of the 

silicon ingot from about 1100 °C to about. 1050 °C during the crystal pulling process. 

While this approach reduces the number density of agglomerated defects, it does not 
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prevent their formation. As the requirements imposed by device manufacturers 

·become more and more stringent, the presence of these defects will continue to 

become more of a problem. 

Others have suggested reducing the pull rate during the growth of the body of 

5 the crystal to a value less than about 0.4 mm/minute. This suggestion, however, is 

also not satisfactory because such a slow pull rate leads to reduced throughput for 

each crystal puller. 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 turn, leads to the formation of agglomerated self-interstitial defects 

10 and all the resulting problems associated with such defects. 

A second approach to dealing with the problem of agglomerated intrinsic point 

defects includes methods which focus on the dissolution or amrihilation of 

agglomerated intrinsic point defects subsequent to their formation. Generally, this is 

achieved by using high temperature heat treatments of the silicon in wafer form. For 

15 example, in European Patent Application No. 503,816 Al, Fusegawa et al. propose 

growing the silicon ingot at a growth rate in excess of 0.8 mm/minute, and heat 

treating the wafers which are sliced from the ingot at a temperature in the range of 

l 150°C to 1280°C to reduce the defect density in a thin region near the wafer surface. 

The specific treatment needed will vary depending on the concentration and location 

20 of agglomerated intrinsic point defects in the wafer. Different wafers cut from a 

crystal which does not have a uniform axial concentration of such defects may require 

different post-growth processing conditions. Further, such wafer heat treatments are 

relatively costly, have the potential for introducing metallic impurities into the silicon 

wafers, and are not universally effective for all types of crystal-related defects. 

25 A third approach to dealing with the problem of agglomerated intrinsic point 

defects is the epitaxial deposition of a thin crystalline layer of silicon onto the surface 

of a single crystal silicon wafer. This process provides a single.crystal silicon wafer 

having a surface which is substantially free of agglomerated intrinsic point defects. 

Use of the traditional epitaxial deposition techniques, however, substantially increases 

30 the cost of the wafer. 

In addition to containing the above-discussed agglomerated point defects, 

single crystal silicon prepared by the Cz method also typically contains various 
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impurities, among which is mainly oxygen. This contamination, for example, occurs 

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 deteimined by the· solubility of oxygen in silicon at the temperature of 

5 the molten mass and by the actual segregation coefficient of oxygen in solidified 

silicon. Su~h concentrations are greater than the solubility of oxygen in solid silicon 

at the temperatures typical for the processes for the fabrication of electronic devices. 

Thus, as the crystal grows from the molten mass and cool~, the solubility of oxygen in 

it decreases rapidly. This ultimately results in wafers containing oxygen in 

10 supersaturated concentrations. 

Thermal treatment cycles which are typically employed in the fabrication of 

electronic devices can cause the precipitation of oxygen in silicon wafers which are 

supersaturated in oxygen. Depending on. their location in the wafer, the precipitates 

can be hannful or beneficial. Oxygen precipitates located in the active device region 

15 of the wafer (i.e., typically neat the surface) can impair the operation of the device. 

Oxygen precipitates located in the bulk of the wafer, however, 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 ("IG"). 

20 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. Denuded 

25 zones 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) in 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 (c) growth of oxygen (Si02} precipitates at a high 

temperature (1000 to 1150°C). See, e.g., F. Shimura, Semiconductor Silicon Crystal 

30 Technology, pp. 361-367 (Academic Press, Inc., San Diego CA~ 1989) (and the 

references cited therein). 
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More recently, h~Wever; advanced electronic devi~e manufacturing processes, 

such as DRAM manufacturing processes, have begun to minimize the use of high 

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 

5 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 

problems associated with oxygen precipitates in the active device region, therefore, 

these electronic device fabricators must use silicon wafers which are incapable of 

· 10 forming oxygen precipitates anywhere in the wafer under their process conditions. As 

a result, IG potential is lost. 

In Japanese Patent Application No. 8-24796, Asayama et al. disclose a process 

for imparting intrinsic gettering into a wafer before it is used in an electronic device 

manufacturing process. Specifically, Asayama et al. disclose: (a) baking silicon 

· 15 wafers at 1150°C in a H2 atmosphere; (b) depositing epitaxial layers onto the surfaces 

of the wafers at temperatures of 1100, 1150, and 1200°C; and (c) cooling the wafers at 

rates of 5, 10, and 15°C/sec. The wafers analyzed by Asayama et al. had a resistivity 

of no greater than 0.5 '1-cm and an oxygen density of 11 x 1017 atoms/cm3 (in other 

words, about 22 ppm (i.e., 22 oxygen atoms per 1,000,000 total atoms in the wafer)). 

20 Asayama et al. conclude that if the process is used with a temperature of from 1150 to 

1250°C and a cooling rate of 10 to 100°C/sec, such wafers will form a desirable 

oxygen precipitate profile upon being heated over a period of time at a temperature of 

from 700 to 1000°C. 

SUMMARY OF THE INVENTION 

25 Among the objects of the present invention is the provision of a single crystal 

silicon wafer which (a) has an epitaxial surface that is essentially free of crystal 

originated pits; and (b) forms an ideal, non-uniform depth distribution of oxygen 

precipitates during a heat treatment cycle of essentially any electronic device 

manufacturing process. 

30 Briefly, therefore, this invention is directed to a single crystal silicon wafer 

comprising: (a) two major generally parallel surfaces (i.e., the front and back 
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surfaces); (b) a central plane between and parallelto the front and back surfaces; (c) a 

front surface layer which comprises the region of the wafer extending a distance,D1, 

of at least about 10 µm from the front surface toward the central plane; and ( d) a bulk 

layer which comprises the region of the wafer extending from the central plane to the 

5 front surface layer. This wafer is characterized·in that the wafer has a non-uniform 

distribution of crystal lattice vacancies wherein (a) the concentration of crystal lattice 

vacancies in the bulk layer is greater than the concentration of crystal lattice vacancies 

in the front surface layer, (b) the crystal lattice vacancies have a concentration profile 

having a peak density of crystal lattice vacancies at or near the central plane, and ( c) 

I 0 the concentration of crystal lattice vacancies generally decreases from the position of 

peak density toward the front surface of the wafer. In addition, the front surface of the 

wafer has an epitaxial layer deposited thereon. This epitaxial layer has a thickness of 

from about 0.1 to about 2.0 µm. 

In another embodiment directed to a single crystal silicon wafer' the wafer 

15 comprises: (a) two major generally parallel surfaces (i.e., a front surface and a back 

surface); (b) a central plane between and parallel to the front and back surfaces; (c) a 

front surface layer which comprises the region of the wafer extending a distance, D2, 

of at least about 10 µm from the front surface toward the central plane; and ( d) a bulk 

layer which comprises the region of the wafer extending from the central plane to the 

20 front surface layer. In this embodiment, the wafer has a non .. unifonn distribution of 

crystal lattice vacancies wherein (a) the concentration of crystal lattice vacancies in 

the bulk layer is greater than the concentration of crystal lattice vacancies in the front 

surface layer, (b) the crystal lattice vacancies have a concentration profile having a 

peak density of crystal lattice vacancies at or near the central plane, and ( c) the 

25 concentration of crystal lattice vacancies generally decreases from the position of peak 

density toward the front surface of the wafer. In addition, the front surface of the 

wafer has· an epitaxial layer deposited thereon. This epitaxial layer comprises a 

surface having an average light scattering event concentration of no greater than about 

0.06/cm2
, as measured by a laser-based auto inspection tool configured to detect light 

30 scattering events corresponding to polystyrene spheres having diameters of no less 

than about 0.12 µm. Also in this embodiment, the bulk layer comprises voids which 

are at least about 0.01 µmin their largest dimension. 
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In an additional embodiment directed to a single crystal silicon wafer, the 

wafer comprises: (a) two major generally parallel surfaces (i.e., the front and back 

surfaces), (b) a central plane between and parallel to the front and back surfaces, (c) a 

front surface layer comprising the region of the wafer extending a distance of no more 

5 than about 100 µm from the front surface toward the central plane, and ( d) a bulk 

layer comprising the region of the wafer extending from the central plane to the front 

surface layer. In this embodiment, the bulk layer has a substantially uniform oxygen 

concentration and a concentration of crystal lattice vacancies such that upon 

subjecting the wafer to an oxygen precipitation heat treatment consisting essentially of 

10 annealing the wafer at 800°C for about 4 hours and then at 1000°C for 16 hours, the 

wafer will contain oxygen precipitates having a concentration profile in which the 

peak density of the precipitates in the bulk layer is at or near the central plane with the 

concentration of the precipitates in the bulk layer generally decreasing in the direction 

of the front surface layer. In addition, the front surface of the wafer has an epitaxial 

15 layer deposited thereon. This epitaxiallayerhas a thickness of from about 0.1 to 

about 2.0 µm. 

In a further embodiment directed to a single crystal silicon wafer, the wafer 

comprises: (a) two major generally parallel surfaces (i.e., a front surface and a back 

surface), (b) a central plane between and parallel to the front and back surfaces, ( c) a 

20 front surface layer comprising the region of the wafer extending a distance of no more 

than about 100 µm from the front surface toward the central plane, and (d) a bulk 

layer comprising the region of the wafer extending from the central plane to the front 

surface layer. In this embodiment, the bulk layer has a substantially uniform oxygen 

concentration and a concentration of crystal lattice vacancies such that upon. 

25 subjecting the wafer to an oxygen precipitation heat treatment consisting essentially of 

annealing the wafer at 800°C for about 4 hours and then at 1000°C for 16 hours, the 

wafer will contain oxygen precipitates having a concentration profile in which the 

peak density of the precipitates in the bulk layer is at or near the central plane with the 

concentration of the precipitates in the bulk layer generally decreasing toward the 

30 front surface layer. The bulk layer also comprises voids which are at least about 0.01 

µmin their largest dimension. The front surface of the wafer has an epitaxial layer 

deposited thereon. This epitaxial layer comprises a surface having an average light 
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scattering event concentration of no greater than about 0.06/cm2
, 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 µm. 

This invention is also directed to a process for the preparation of a silicon 

5 wafer comprising a surfa.Ce having an epitaxial layer deposited thereon. In one 

embodiment, the process comprises first heating a surface of a wafer starting material 

in an oxidant-free atmosphere to remove a silicon oxide layer from the surface. 

Within about 30 seconds after removing the silicon oxide layer from the surface, the 

surface is exposed to an atmosphere comprising silicon to deposit a silicon epitaxial 

10 layer onto the surface to form an epitaxial wafer. The epitaxial wafer is then heated to 

a soak temperature of at least about l 175°C while exposing the epitaxial layer to an 

oxidizing atinosphere comprising an oxidant. Afterwards, the heated epitaxial wafer 

is cooled at a rate of at least about 10°C/sec. 

In another embodiment directed to a process for the preparation of a silicon 

15 wafer comprising a surface having an epitaxial layer deposited thereon, the process 

comprises first heating a surface of a wafer starting material to a temperature of at . 

least about 1100°C in an oxidant-free atmosphere to remove a silicon oxide layer from 

the surface. Within about 30 seconds after the surface reaches 1100°C, the surface is 

exposed to an atmosphere comprising silicon to deposit a silicon epitaxial layer onto 

20 the surface to form an epitaxial wafer. The epitaxial wafer is then heated to a soak 

temperature of at least about l 175°C while exposing the epitaxial layer to an 

oxidizing atmosphere comprising an oxidant. Afterwards, the heated epitaxial wafer 

is cooled at a rate of at least about 10°C/sec. 

In another embodiment directed to a process for the preparation of a silicon 

25 wafer comprising a surface having an epitaxial layer deposited thereon, the process 

comprises first heating a surface of a wafer starting material to a temperature of at 

least about 1150°C in an oxidant-free atmosphere to remove a silicon oxide layer from 

the surface. Within about 30 seconds after the surface reaches l 150°C, the surface is 

exposed to an atmosphere comprising silicon to deposit a silicon epitaxial layer onto 

30 the surface to form an epitaxial wafer. The epitaxial waferis then heated to a soak 

temperature of at least about 1175°C while exposing the epitaxial layer to an 
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oxidizing atmosphere cdfil~rising an oxidant. Afterward~,\he heated epitaxial wafer 

is cooled at a rate of at least about 10°C/sec. 

In an additional embodiment directed to a process for the preparation of a 

silicon wafer comprising a surface having an epitaxial layer deposited thereon, the 

5 process comprises first depositing an epitaxial layer onto a surface of a wafer to form 

an epitaxial wafer. The epitaxial wafer is then heated to a soak temperature of at least 

about 1175°C while exposing the epitaxial layer to ~ oxidizing atmosphere 

comprising an oxidant. Afterwards, the heated epitaxial wafer is cooled at a rate of at 

least about 10°C/sec. In this embodiment, the epitaxial layer is not contacted with a 

10 post-epitaxial-deposition cleaning solution before the epitaxial wafer is heated to the 

soak temperature. 

In a further embodiment directed to a process for the preparation of a silicon 

wafer comprising a surface having an epitaxial layer deposited thereon, the process 

comprises first heating a wafer comprising a surface with an epitaxial layer deposited 

15 thereon to a soak temperature of at least about l l 75°C while exposing the epitaxial 

layer to an oxidizing atmosphere comprising an oxidant. The heated wafer is then 

cooled at a rate of at least about 10°C/sec. In this embodiment, the. epitaxial layer has 

a thickness of at least about 0.1 µm and less than 2.0 µm. 

In another embodiment directed to a process for the preparation of a silicon 

20 wafer comprising a surface having an epitaxial layer deposited thereon, the process 

comprises first depositing an epitaxial layer onto a surface of a wafer starting material 

to form an epitaxial wafer. The epitaxial wafer is heated to a soak temperature of at 

least about 1175°C while exposing the epitaxial layer to an oxidizing atmosphere 

comprising an oxidant. Afterwards, the heated epitaxial wafer is cooled at a rate of at 

25 least about 10°C /sec. In this embodiment, the surface of the wafer starting material 

(before the epitaxial layer is deposited onto the surface) has an average light scattering 

event concentration of at least about 0.5/cm2 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 µm. 

30 In yet another embodiment directed to a process for the preparation of a silicon 

wafer comprising a surface having an epitaxial layer deposited thereon, the process 

comprises first heating a surface of a wafer starting material to a temperature of at 
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least about·l 150°C in an atmosphere consisting essentially ~fH2to temove a silicon 

oxide layer from the surface. Within about 10 seconds after the surface reaches 

1150°C, the surface is exposed to an atmosphere comprisin~ SiHC13 to deposit a 

silicon epitaxial layer onto the surface to form an epitaxial wafer. The epitaxial wafer 

5 is then heated to a soak temperature of at least about l 175°C while exposing the 

epitaxial layer to an oxidizing atmosphere comprising 0 2• Afterwards, the epitaxial 

wafer is cooled at a rate of at least about 20°C/sec from the soak temperature to about 

·2so0c below the.soak temperature. In this embodiment, the epitaxial layer has a 

thiclmess of from about 0.65 to 1.0 µm, and the concentration of the 0 2 inthe 

10 oxidizing atmosphere is from about 300 to about 500 ppm. 

This invention is also directed to a process for heating and rapidly cooling a 

single crystal silicon Wafer in a reactor constructed for depositing a siliconepitaxial 

layer onto a surface of a wafer. This process comprises heating the wafer to a soak 

temperature of at least about 1175°C, and cooling the heated wafer at a rate of at least. 

15 about 10°C/sec. In this embodiment, the wafer is supported on a susceptor during the 

heating step and is removed from contact with the susceptor during the cooling step. 

20 

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

hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 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 2 shows an oxygen precipitate profile of a wafer which may be 

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

Figure 3 is a schematic diagram of the mechanism used in an EPI 

25 CENTURA ®reactor (Applied Materials, Santa Clara, CA) fo:r positioning a wafer 

within the reactor. In this figure, the susceptor support shaft 105 and wafer lift shaft 

107 are in the exchange position. 

Figure 4 is a schematic diagram of the mechanism used in an EPI 

CENTURA ®reactor for positioning a wafer Within the reactor, wherein the susceptor 

30 support shaft 105 and wafer lift shaft 107 are in the home position. 
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Figure Sis a sdi~htatic diagram of the mechanisrtt itsed in an BPI 

CENTURA ® reactor for positioning a wafer within the reactor. In this figure, the 

susceptor support shaft 1 OS and wafer lift shaft 107 are in the process position. 

Figure 6 is a schematic diagram of the mechanism used in an BPI 

5 CENTURA ® reactor for positioning a wafer within the reactor. 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 

lattice vacancy profile in the wafer. 

Figure 7 is a cross-sectional view of the mechanism used in an BPI 

10 CENTURA ® reactor for positioning a wafer within the reactor. This view is taken 

from line 7--7 in Figure 3. 

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. 

15 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

In accordance with the present invention, a novel and useful single crystal 

silicon wafer comprising a surface having an epitaxial silicon layer deposited thereon 

has been developed The epitaxial surface of the wafer typically has an average light 

scattering event concentration of no greater than about 0.06/cm2
, as measured by a 

20 laser-based auto inspection tool configured to detect light scattering events 

corresponding to polystyrene spheres having diameters of no less than about 0.12 µm. 

In addition, the wafer contains a "template" that determines (or "prints") the manner in 

which oxygen will precipitate when the wafer is heated during the electronic device 

manufacturing process. Thus, during a heating step of essentially any electronic 

25 device manufacturing process, the wafer will form (a) a denuded zone of sufficient 

depth, and (b) a wafer bulk containing a sufficient density of oxygen precipitates for 

IG purposes. Also in accordance with this invention, a novel method has been 

developed for preparing such a single crystal silicon wafer. This method may be 

completed in a matter of minutes using tools which are in common use in the silicon 

30 semiconductor manufacturing industry .. 
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A. Startin& Material · 

The starting material for the ideal precipitating wafer of the preserit invention 

preferably is a single crystal.silicon wafer which has been ~liCed from a single crystal 

ingot grown in accordance with any of the conventional variations of the Cz crystal 

5 growing method;· ·This method, as well as standard silicon slicing, lapping, etching, 

and polishing techniques, are well !mown 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 1, the wafer 1 preferably has a front surface 3, a back 

10 surface S, 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 "ba.Ck" in this context are used to distinguish the two major, generally 

planar surfaces of the wafer 1. It should be noted tha:t the front surface 3 is not 

necessarily the surface on which an electronic device will subsequently be fabricated, 

15 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 ha:ve some total.thickness variation (TTV), warp, .and bow, the 

midpoint between every point on the front surface and every point on the back SUrface . 

may not precisely fall within a plane. As a practical matter, however, the TTY, warp, 

20 and bow are typically so slight that to a close approximation the midpoints can be said 

to fall within an imaginary central plane which is approxunately 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 ma:y be a P-type wafer{i.e., a wafer tlult has been 

25 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 

having a resistivity of from about 0.004 to about 50 !l-cm. In a particularly preferred 

embodiment, the wafer is a P-type wafer having a resistivity of from· about 1 to about 

30 20 n-cm. In another particularly preferred embodiment, the wafer is a P-type wafer 

having a resistivity of from about 0.01 to 1.0 n-cm. 
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A wafer prepar6ff''.Hsing the Cz method typically b~· an oxygen concentration 

anywher~ from about 5xl017 to about 9xl017 atoms/cm3 (in other words, from about 10 

to about 18 ppm (i.e., from about 10 to about 18 oxygen atoms per 1,000,000 total 

atoms in the wafer)) (ASTM standard F-121-80), and most typically from about 

5 6x1017 to about 8.5x1017 atoms/cm3 (i.e., from about 12 to about 17 ppm). The oxygen 

precipitation behavior of the wafer becomes essentially decoupled from the oxygen 

concentration in the ideal precipitating wafer; thus, the wafer starting material may 

have an oxygen concentration falling anywhere within or even outside the range 

attainable by the Cz method. In addition, depending on the cooling rate of the single 

10 crystal silicon ingot from the melting point of silicon (i.e., about 1410°C) through the 

range of about 750°C to about 350°C, oxygen precipitate nucleation centers may 

form. The presence or absence of these nucleation centers in the starting material 

typically is not critical to the present invention provided that these centers are capable 

of being dissolved by heat-treating the silicon at temperatures not in excess of about 

15 12so0 c. 
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 crystal lattice vacancy agglomerations. These agglomerations 

typically have octahedral structures which are at least about 0.01 µmin their largest 

20 dimension. In the bulk of the wafer, these agglomerations are in the form of voids; 

whereas at the surface of the wafer, they appear in the form of pits (i.e., COPs). Pits 

on the surface of a wafer may be 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 pits when the 

25 surface is scanned by the tool's laser. Examples of suitable commercially available 

auto inspection tools include the Surfscan 6220 from KLA Tencer (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 

30 0.5/cm2
, 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 µm. More preferably, this average light scattering event 

"'• .. 
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concentration is from about 0.5 to about 10/cm.2, still more preferably from about 0.5 

to about 3.5/cm2
, and most preferably from about 0.6 to about 1.6/cm2

• Void-rich 

wafers are particularly preferred starting materials because they may be sliced from 

silicon ingots formed by relatively low-cost processes, e.g., the traditional open-

s architecture Cz processes. 

B. Epitaxial Deposition 

The single crystal silicon wafer prepared in accordance with this invention 

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

10 layer may be deposited onto the entire wafer, or, alternatively, ortto only a portion of 

the wafer. Referring to Figure l, 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 

15 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 silicon 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 consists essentially 

20 of no 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 

layer fills in the COPs and ultimately produces a smooth wafer surface. This has 

been the topic of recent scientific investigations. See Schmo Ike et al., The 

Electrochem. Soc. Proc., vol. PV98-1, p. 855 (1998); Hiro:fumi et al., Jpn. J.·Appl. 

25 Phys., vol 36, p. 2565 (1997). Applicants have discovered in accordance with this 

invention that COPs on a wafer surface may be eliminated by using an epitaxial 

silicon layer thickness of at least about 0.1 µm. Preferably, the epitaxial layer has a 

thickness of at least about 0.1 µm and less than about 2 µm. More preferably, the 

epitaxial layer has a thickness of :from about 0.25 to about 1 µm, and most preferably 

30 from about 0~65 to about 1 µm. 

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 
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addition to eliminating COPs. For example, precise control of a dopant concentration 

profile near the wafer surface may be achieved using an epitaxial 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 

5 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. 

If a wafer has a silicon oxide layer (e.g., a native silicon oxide layer, which 

10 forms on a silicon surface when it is exposed to air at room temperature and generally 

has a thickness of from about 10 to about 15 A) on its surface, the silicon oxide layer 

preferably is removed from the surface of the wafer 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 

15 a silicon oxide layer contains about 2.0 oxygen atoms per silicon atom. 

1n·a preferred embodiment of this invention, removal of the silicon oxide layer 

is preferably accomplished by heating the surface of the wafer in an atmosphere 

consisting essentially of no oxidants (most preferably, the atmosphere is oxidant-free) 

until the silicon oxide layer is removed from the surface. In a particularly preferred 

20 embodiment, the surface of the wafer is heated to a temperature of at least about 

l 100°C, and more preferably to a temperature of at least about 1150°C. This heating 

preferably is conducted while exposing the surface of the wafer to an atmosphere 

comprising a noble gas (e.g., He, Ne, or Ar), H2, HF gas, or a combination thereof. 

More preferably, the atmosphere comprises HF gas, fli, or a combination thereof; 

25 atmospheres comprising a noble gas tend to cause pits to form in the surface of the 

wafer. Most preferably, the atmosphere consists essentially of H2• It should be noted 

that although atmospheres containing N2 may be used, such atmospheres are less 

preferred because they tend to form nitrides on the surface which interfere with 

subsequent epitaxial deposition on the surface. 

30 Traditionally, the epitaxial deposition protocols that remove a silicon oxide 

layer by heating a wafer in the presence of H2 require the wafer to be heated to a high 

temperature (e.g., from about 1000 to about 1250°C) and then baked at that 
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temperature for a period of time (i.e., typically from about 10 to about 90 seconds). It 

has been discovered in accordance with this invention, however,. that if the surface of 

the wafer is heated to about 1100°C (and more preferably, about l 150°C) in an 

atmosphere comprising H2, the silicon oxide layer is removed without the subsequent 

5 bake step, thereby rendering the bake step unnecessary; Elimination of the bake step 

shortens the time required to prepare the wafer and therefore is commercially 

desirable. 

In a preferred embodiment of this invention, the wafer surface is heated to 

remove the silicon oxide layer, and then the surface is exposed to an atmosphere 

10 containing silicon to deposit the epitaxial layer onto the surface. More preferably, the 

surface is exposed with the atmosphere containing silicon less than 30 seconds after 

the silicon oxide is removed, more preferably within about 20 seconds after the silicon 

oxide layer is removed, and most preferably within about 10 seconds after the silicon 

oxide layer is removed. In a particularly preferred embodiment, the wafer surface is 

15 heated to a temperature of at least about 1100°C (more preferably, at least about . 

1150°C), and then is exposed to an atmosphere containing silicon less than 30 seconds 

after the wafer surface reaches that temperature. More preferably, the surface is 

exposed to the atmosphere containing silicon within 20 seconds after the wafer 

surface reaches that temperature, and most preferably less within 10 seconds after the 

20 wafer surface reaches that temperature. Waiting to initiate silicon deposition for 

about 10 seconds after removal of the silicon oxide layer allows the temperature of the 

wafer to stabilize and become uniform. 

During the removal of the silicon oxide layer, the wafer preferably is heated at 

a rate which does not cause slip. More specifically, if the wafer is heated too quickly, 

25 a thermal gradient will-develop which will create an internal stress sufficient to cause 

different planes within the wafer to shift relative to each other (i.e., slip). Lightly 

doped wafers (e.g., a wafer doped with boron and havitig a resistivity of about 1 to 

about 10 0-cm) have been found to be particularly susceptible to slip. To avoid this 

problem, the wafer preferably is heated from room temperature to the silicon oxide 

30 removal temperature at an average rate of about 20 to about 35°C/sec. 

The epitaxial deposition preferably is carried out by chemical vapor 

deposition. Generally speaking, chemical vapor deposition involves exposing the 
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surface of the wafer to an atmosphere comprising silicon in an epitaxial deposition 

reactor, e.g., an EPI CENTURA ®reactor (Applied Materials, Santa Clara, CA). In a 

preferred embodiment of this invention, the surfac_e of the wafer is exposed to an 

atmosphere comprising a volatile gas comprising silicon (e.g., SiC14, SiHC13, SiH2Cl2, 

5 SiH3Cl, or SiH4). The atmosphere also preferably contains a carrier gas (most 

preferably H2). In one embodiment, the source of silicon during the epitaxial 

deposition is SiH2Cl2 or SiH4• If SiH2Cl2 is used, the reactor pressure during 

deposition preferably is from about 500 to about 760 Torr. If, on the other hand, SiH4 

is used, the reactor pressure preferably is about 100 Torr. Most preferably, the source 

10 of silicon during the deposition is SiHC13• This tends to be much cheaper than other 

sources. In addition, an epitaxial deposition using SiHC13 may be conducted at 

atmospheric pressure. This is advantageous because no vacuum pump is required and 

the reactor chamber does not have to be as robust to prevent collapse. Moreover, 

fewer safety hazards are presented and the chance of air leaking into the reactor 

15 chamber is lessened. 

During the epitaxial-deposition, the temperature of the wafer surface 

preferably is maintained at a temperature sufficient to prevent the atmosphere 

comprising silicon from depositing polycrystalline silicon onto the surface. 

Generally, the temperature of the surface during this period preferably is at least about 

20 900°C. More preferably, the temperature of the surface is maintained at from about 

1050 to about 1150°C. Most preferably, the temperature of the surface is maintained 

at the silicon oxide removal temperature. 

The rate of growth of the epitaxial deposition preferably is from about 3.5 to 

about 4.0 µm/min when the deposition is conducted under atmospheric pressure. This 

25 may be achieved, for example, by using an atmosphere consisting essentially of about 

2.5 mole% SiHC13 and about 97.5 mole% H2 at a temperature of about l 150°C. 

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 

example, it is often preferable for the epitaxial layer to contain boron. Such a layer 

30 may be prepared by, for example, including B2H6 in the atmosphere during the 

deposition. The mole fraction of Bi~ in the atmosphere needed to obtain the desired 

properties (e.g., resistivity) will depend on several factors, such as the amount of 



W000/34999 PCT/US99/27359 

18 

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 ofB2H6 (i.e., about 0.03 

5 mole ofB2H6 per1,000,000 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 

n-cm. 

Once an epitaxial layer having the desired thickness has been formed, the 

atmosphere comprising silicon preferably is purged from the reaction chamber with a 

10 noble gas, H2, or a combination thereof; and more preferably with H2 alone. 

Afterward, the wafer preferably is cooled to a temperature of no greater than about 

700°C and then removed from the epitaxial deposition reactor. 

Conventional epitaxial deposition protocols typically include a cleaning step 

following epitaxial deposition to remove byproducts formed during the epitaxial 

15 deposition. This step is used to prevent time-dependent haze, which results if such 

byproducts react with air. In addition, this step typically forms a silicon oxide layer 

. on the epitaxial surface which tends to passivate (i.e., protect) the surface. 

Conventional post-epitaxial-deposition cleaning methods ·entail, for example, 

immersing the epitaxial surface in any of a number of cleaning solutions which are 

20 well-known to those of ordinary skill in the art. These solutions include, for example, 

piranha mixtures (i.e., mixtures of sulfuric acid and hydrogen peroxide), SC-1 

mixtures (i.e., mixtures ofH20, H20 2, and NH40H~ also known as "RCA standard 

clean I"), and SC-2 mixtures (i.e., mixtures of H20, H20 2, and HCl, also known as 

"RCA standard clean 2"). See, e.g., W. Kem, ''The Evolution of Silicon Wafer 

25 Cleaning Technology," J. Electrochem. Soc., Vol. 137, No. 6, 1887-92 (1990). Many 

such post-epitaxial-deposition cleaning steps require expensive wet cleaning 

equipment, large volumes of ultra-pure chemicals, additional wafer handling which 

often leads to additional yield losses . It has been discovered in accordance with this 

invention, however, that the post-epitaxial-deposition cleaning Step is generally not 

30 necessary before conducting the next step (i.e., the heat treatment step .discussed 

below in Section C). This is presently believed to be due to the fact that the heat 

treatment step is conducted in an atmosphere comprising an oxidant, preferably 
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oxygen gas. The oxidant is believed to react with the epitaxial deposition byproducts 

left on the wafer surface after the deposition. This reaction between the oxidant and 

the byproducts produces volatile substances which desorb from the wafer surface. In 

addition to removing the epitaxial deposition byproducts, the oxidant also forms an 

5 oxide layer on the epitaxial layer which passivates the epitaxial layer. Thus, there is 

no need to use a conventional post-epitaxial-deposition cleaning treatment 

(particularly a treatment comprising contacting the wafer with a post-epitaxial­

deposition cleaning solution) before conducting the next step of this invention. 

10 
c. Heat Treatment to lnOuence the Precipitation Behavior of Oxy&en in the 

Wafer in a Subseguent Thermal Processing Step 

After epitaxial deposition, 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 

15 manufacturing process. Figure 2 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 5 to a depth oft and t', respectively. 

20 Preferably, t and t' are each from about 10 to about l 00 µm, and more preferably 

:from about SO to about 100 µm. Between the oxygen precipitate-free regions 15 and 

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

oxygen precipitates. For most applications, the oxygen precipitate concentration in 

region 17 is at least about 5x108 precipitates/cm3
, and more preferably is about lx109 

25 precipitates/cm3
• It should be recognized that the purpose of Figure 2 is to help 

acquaint those skilled in the art with this invention by illustrating 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'). 

30 To form the template of crystal lattice vacancies, the wafer generally is first 

heated in an oxidizing atmosphere comprising an oxidant, and then cooled at a rate of 
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at least about 10°C/sec. The purpose of heating the wafer 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 

5 temperatures .results in a greater number of Frenkel defects being formed. The 

purpose of the cooling step 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 

10 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. 

For most applications, the wafer preferably is heated in the oxidizing 

atmosphere to a soak temperature of at least about 1175°C. More preferably, it is 

15 . heated to a soak temperature of from about 1200 to about 1300°C, and most 

preferably from about 1225 to about 1250°C. When the temperature of the wafer 

reaches the preferred soak temperature, the· wafer temperature preferably is held at. the 

soak temperature for a period of time. The preferred amountoftime generally is· from 

about 10 to about 15 seconds. hi a typical presently commercially available epitaxial 

20 deposition reactor, the wafer preferably is held at the soak temperature for about 12 to 

about 15 seconds. In a typical presently commercially available RTA furnace, on the 

other hand, the wafer preferably is held at the soak temperature for about 10 seconds. 

In one embodiment of this invention, the oxidizing atmosphere comprises H20 

and H2• More preferably, however, the ·oxidant in the oxidizing atmosphere is oxygen 

25 gas, which is present in the atmosphere at a concentration of at least about 300 ppm 

(i.e., 300 moles of02 per1,000,000 moles oftotal gas). More preferably, the oxygen 

concentration is from about 300 to about 2000 ppm, and most preferably from about 

300 to about 500 ppm. The remainder of the oxidizing atmosphere preferably consists 

essentially of a gas which will not react with the silicon surface or the oxidant. More 

30 preferably, the remainder of the gas consists essentially of a noble gas orN2, more 

preferably a noble gas, and most preferably Ar. The oxidizing atmosphere preferably 

is exposed to at least the epitaxial surface during the heating. More preferably, the 
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oxidizing atmosphere is exposed to essentially the entire surface of the wafer. Most 

preferably, the oxidizing atmosphere is exposed to the entire surface of the wafer, 

minus the portion of the wafer which is in contact with the structure supporting the 

wafer in the furn.ace. 

Following the heat treatment of the wafer in the oxidizing atmosphere, the 

wafer is rapidly cooled. This cooling step may conveniently be carried out in the 

same oxidizing atmosphere in which the heat-treatment is conducted. Alternatively, it 

preferably is carried out in an atmosphere that will not react with the wafer surface. 

Preferably, the wafer is cooled at a rate of at least about 10°C/sec. More preferably, 

10 the wafer is cooled at a rate of at least about l5°C/sec., even more preferably at least 

about 20°C/sec., and most preferably at least about 50°C/sec. This rapid cooling rate 

preferably is used as the temperature of the wafer decreases through the range of 

temperatures at which crystal lattice vacancies diffuse through the single crystal 

silicon. Once the wafer is cooled to a temperature outside the range of temperatures at 

15 which crystal lattice vacancies are relatively mobile, the cooling rate does not 

significantly influence the precipitating characteristics of the wafer, and, thus, is not 

narrowly critical. Generally, crystal lattice vacancies are relatively mobile at 

temperatures greater than about 1000°C. 

In a particularly preferred embodiment, the average cooling rate of the wafer is 

20 at least about 10°C/sec. (more preferably at least about 15°C/sec., still more 

preferably at least about 20°C/sec., and most preferably at least about 50°C/sec.) as its 

temperature falls from the soak temperature to a temperature which is about 150°C 

less than the soak temperature. In another particularly preferred embodiment, the 

average cooling rate of the wafer is at least about 10°C/sec. (more preferably at least 

25 about 15°C/sec., still more preferably at least about 20°C/sec., and most preferably at 

least about 50°C/sec.) as its temperature falls from the soak temperature to a 

temperature which is about 250°C less than the soak temperature. 

The heating and rapid cool-down may be carried out, for example, in any of a 

number of commercially available rapid thermal annealing ("RTA") furn.aces in which 

30 wafers are heated by banks of high power lamps. RTA furnaces are capable of rapidly 

heating a silicon wafer. For example, many are capable of heating a wafer from room 

temperature to 1200°C in a few seconds. Examples of suitable commercially 
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available furnaces include the model 610 furnace from AG Associates (Mountain 

View, CA) and the CENTURA ® RTP from Applied Materials (Santa Clara, CA). 

Alternatively, the heating and rapid cool-down may be carried out in an 

epitaxial deposition reactor, provided that the desired cooling rate can be achieved in 

5 the reactor. Applicants have determined that the heating and cooling steps can be 

carried out in an EPI CENTURA ®reactor. Referring to Figure 3 and Figure 7, such 

a reactor includes a susceptor 101 for supporting a wafer. The susceptor 101 is 

fixedly mounted on anns 103 of a susceptor support shaft 105 slidingly mounted 

within a bore l 06 of a wafer lift shaft 107. The wafer lift shaft is mounted for vertical 

10 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 mechanism is further operable to rotate the susceptor support shaft 105 within the 

bore 106 so that the susceptor 101 and wafer may be rotated. The susceptor includes 

15 rigid pins 109 slidingly mounted in openings in the susceptor to engage stops 111 of 

the wafer lift shaft 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 position the wafer for heat-treatment in the EPI CENTURA ®reactor, the 

20 wafer is delivered to the reactor, such as by blade 113, which is sized to fit between 

the rigid pins 109 (see Figure 7). The susceptor support shaft 105 and wafer lift 

shaft 107 are moved upward from the exchange position shown in Figure 3 to the 

home position shown in Figure 4. The upward motion of the susceptor support shaft 

105 causes the pins 109 (which are engaged with the wafer lift shaft 107) to engage 

25 the back surface of the wafer and lift the wafer off of the blade 113. The blade is 

thereafter removed from the reactor. Referring to Figure 5, the susceptor support 

shaft 105 is then moved further upward while the wafer lift shaft 107 remains 

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. 

30 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 is in the process position. A bank of high power lamps (not 
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shown) is then activated to heat the wafer while it is supported by the susceptor 101 in 

the process position. Preferably, the susceptor 101 and wafer are rotated while being 

heated so that the wafer is heated more uniformly. 

It has been found that the typical average cooling rate (i.e., about 10 to 

5 15°C/sec.) of a wafer in the EPI CENTURA ®reactor tends to be far less than the 

typical average cooling rate (i.e., about 70 to 100°C/sec) that may be achieved in an 

RTA furnace at temperatures where crystal lattice vacancies are relatively mobile. 

This is, in part, due to the fact that the susceptor 101 (see Figure 5), which is in 

contact with the wafer, remains hot for some time after heating is completed. To 

10 increase the cooling rate, therefore, the wafer preferably is moved to a position as far 

as possible from the susceptor 101. This may be accomplished by lowering the 

susceptor support shaft 105 to the exchange position shown in Figure 6 immediately 

after heating is complete. In the 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 

15 wafer are not in contact with any other solid hot surfaces (besides the pins 109). 

Further, the wafer is positioned as far as possible from the hot susceptor 101. By 

lifting the wafer off of the susceptor 101, the rate of cooling of the wafer may be 

approximately doubled (i.e., the average rate of cooling increases from a range of 

from about 10 to 15°C/sec to a range of from about 25 to about 30°C/sec ). 

20 The non-uniform. vacancy profile prepared in accordance with this invention is 

a template for oxygen precipitation when the wafer is subsequently heated. 

Specifically, when the wafer 1 (see Figure 2) is heated, oxygen will cluster rapidly to 

form precipitates 52 in the region 17 of the wafer 1 containing higher concentrations 

of vacancies, but will tend not to cluster in the regions 15 and 15' near the wafer 

25 surfaces 3 and 5 which contain lower concentrations of vacancies. Typically, the 

oxygen nucleates at temperatures of from about 500 to about 800°C, and grows 

precipitates at temperatures of from about 700 to about 1000°C. Thus, for example, 

the non-uniform distribution of oxygen precipitates 52 in a wafer may be formed 

during a heat treatment cycle of an electronic device manufacturing process, given 

30 that such heat treatment cycles often are conducted at temperatures near 800°C. 

As discussed previously, it is particularly advantageous to use this invention to 

treat a void-rich wafer starting material, which has a relatively large number of COPs 
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on its surface and voids within its bulk. Figure 8 shows an example ofa crystal 

lattice vacancy agglomerate 51 profile and oxygeii 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 SO is on the outer 

5 surfaces 3, 4, and 6 (no epitaxial layer is on the back surface S in this particular 

embodiment) of the wafer 1. Because the epitaxial layer has filled in essentially all 

the COPs, the wafer has smooth, essentially COP-free surface 2 and 8. Preferably, 

this epitaxial surface has an average light scattering event concentration of no greater 

than about 0.06/cm2
, as measured by a laser-based auto inspection tool configured to 

10 detect light scattering events corresponding to polystyrene spheres having diameters . 

of no less than about 0.12 µm. The profile of the oxygen precipitates 52 is similar to 

the oxygen precipitate profile in Figure 2, and is sufficient for intrinsic gettering. The 

profile of the vacancy agglomerates 51 completely within the bulk (i.e., the profile of 

the voids within the bulk) of the wafer l essentially remains the same throughout the 

15 process of this invention, and does not tend to affectthe surfaces 2 and 8 of the wafer 

1 due to the existence of the epitaxial layer 50, which acts as a barrier between the 

surfaces 2 and 8 and the agglomerates 51. Thus, this invention is commercially 

useful, 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 · 

20 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 a surface on the wafer may 

be produced which has ari average light scattering event concentration of at least 

about 0.5/cm2 (as measured by a laser-based auto inspection tool configured to detect 

25 light scattering events corresponding to polystyrene spheres having diameters of no 

less than about 0.12 µm) ifthe epitaxial layer and a layer of silicon extending at least 

0.2 µm beneath the epitaxial layer (i.e., alayerwhich has a thickness of at least 0.2 

µmas 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 

30 event concentration is from about 0.5 to about 1 O/cm2
, more preferably from about 0.5 

to about 3.5/cm2
, and most preferably from about 0.6 to about 1.6/cm2

• The epitaxial 

layer and the additional layer of silicon may be removed from the wafer by various 
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polishing and cleaning techniques which are generally known and accepted by those 

skilled in the art. Preferably, the polishing and cleaning technique is capable, under at 

least some circumstances, of polishing and cleaning a surface of a single crystal 

silicon wafer having a resistivity ofless than about 0.02 n-cm to form a surface 

5 having an average light scattering event concentration of no greater than about 

0.2/cm2 (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 µm). 

10 

********* 

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 

15 present invention, therefore, is not:limited to the above embodiments, and may be 

variously modified. 

With reference to the use of the word(s) "comprise" or "comprises" or 

"comprising" in the above description and/or in the following claims, applicant notes 

that unless the context requires otherwise, those words are used on the basis and clear 

20 understanding that they are to be interpreted inclusively, rather than exclusively, and 

that applicant intends each of those words to be so interpreted in construing the above 

description and/or the following claims. 
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1. A single crystal silicon wafer comprising: (a) twp major generally parallel 

surfaces, one of which is a front surface of the wafer and th~. other of which is a back 

surface of the wafer; (b). a central plane between and parallel to the front and back 

surfaces; ( c) a front surface layer which comprises the region of the wafer extending a. 

5 distance, D 1, of at 1!3ast about 10 µm from the front surface toward the central plane; 

and (d) a bulk layer which comprises the region of the wafer extending from the 

central plane to the front surface layer, the wafer being characterized in that: 

the wafer has a non-uniform distribution of crystal lattice vacancies wherein 

(a) the bulk layer has a crystal lattice vacancy concentration which is greater than in 

10 the front surface layer, (b) the crystal lattice vacancies have a concentration profile 

having a peak density of crystal lattice vacancies at or near the central plane, and ( c) 

the concentration of crystal lattice vacancies generally decreases from the position of 

peak density toward the front surface of the wafer; and 

the front surface of the wafer has an epitaxial layer deposited thereon, the 

15 . epitaxial layer having a thickness of from about 0.1 to about 2.0 µm. 

2. The single crystal silicon wafer of claim I wherein the resistivity of the 

wafer is from hO to about 20 n-cm. 

3. The single crystal silicon wafer of claim 1 wherein the epitaxial layer has a 

thickness of from about 0.25 to about 1.0 µm. 

4. A single crystal silicon wafer comprising: (a) two major generally parallel 

surfaces, one of which is a front surface of the wafer and the other of which is a back 

surface of the wafer; (b) a central plane between and parallel to the front and back 

surfaces; ( c) a front surface layer which comprises the region of the wafer extending a 

5 distance, D2, of at least about 10 µm from the front surface toward the central plane; 

and (d) a bulk layer which comprises the region of the wafer extending from the 

central plane to the front surface layer, the wafer being characterized in that: 
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the wafer has a non-uniform distribution of crystal lattice vacancies wherein 

(a) the bulk layer has a concentration of crystal lattice vacancies which is greater than 

10 in the front surface layer, (b) the crystal lattice vacancies have a concentration profile 

having a peak density of crystal lattice vacancies at or near the central plane, and ( c) 

the concentration of crystal lattice vacancies generally decreases from the position of 

peak density toward the front surface of the wafer; 

the front surface of the wafer has an epitaxial layer deposited thereon, the 

15 epitaxial layer comprising a surface having an average light scattering event 

concentration of no greater than about 0.06/cm2 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 µm; and 

the bulk layer comprises voids which are at least about 0.01 µm in their largest 

20 dimension. 

5. The single crystal silicon wafer of claim 4 wherein the wafer is further 

characterized in that the.wafer Will have a surface having an average light scattering 

event concentration of at least about 0.5/cm2 as measured by the laser-based auto 

inspection tool upon removal of the epitaxial layer and at least 0.2 µm of the front 

5 surface layer by a polishing and cleaning technique, the polishing and cleaning 

technique being capable of polishing and cleaning a surface of a single crystal silicon 

wafer having a resistivity of less than about 0.02 n-cm to form a surface having an 

average light scattering event concentration of no greater than about 0.2/cm2 as 

measured by the laser-based auto inspection tool. 

6. A single crystal silicon wafer comprising: (a) two major generally parallel 

surfaces, one of which is a front surface of the wafer and the other of which is a back 

surface of the wafer; (b) a central plane between and parallel to the front and back 

surfaces; (c) a front surface layer comprising the region of the wafer extending a 

5 distance of no greater than about 100 µm from the front surface toward the central 

plane; and (d) a bulk layer comprising the region of the wafer extending from the 

central plane to the front surface layer, wherein 



PCT/US99/273S9 

11111111 111111 11111 1111111 1111 
* C L M S * 

28 

the bulk layer has a substantially uniform oxygen concentration and a 

concentration ofcrystal lattice vacancies such that upon subjecting the wafer to an 

10 oxygen precipitation heat treatment consisting. essentially of annealing the wafer at 

800°C for about 4hours and then at 1000°C for 16 hours, the wafer will contain 

oxygen precipitates having a concentration profile in which the peak density ofthe 

precipitates in the bulk layer is at or near the central plane with. the concentration of 

the precipitates in the bulk· layer generally decreasing toward the front surface layer; 

15 and 

the front surface of the wafer has an epitaxial layer deposited thereon, the 

epitaxial layer having a thickness of from about 0; 1 to about 2.0 µm. 

7. A single crystal silicon wafer comprising:. (a) two major generally parallel 

surfaces, one of which is a front surface of the wafer and the other of which is a back 

surface of the wafer; (b) a central plane between and parallel to the front and back 

surfaces; ( c) a front surface layer comprising the region of the wafer extending a 

5 distance of no greater than about 100 µm from the front surface toward the central 

plane; and (d) a bulk layer comprising the region.of the wafer extending from the 

central plane to the front surface layer, wherein 

the bulk layer has a substantially uniform oxygen concentration and a 

concentration of crystal lattice vacancies such that upon subjecting the wafer to an 

10 oxygen precipitation heat treatment consisting essentially of annealing the wafer at 

800°C for about4 hours and then at 1000°C for 16.hours, the wafer will contain 

oxygen precipitates having a concentration profile in which the peak density of the 

precipitates in the bulk layer is at or near the central plane with the concentration of 

the precipitates in the bulk layer generally decreasing toward the front surface layer; 

15 the bulk layer comprises voids which are at least about O.Olµm in their largest 

dimension; and 

the front surface of the wafer has an epitaxial layer deposited thereon, the 

epitaxial layer comprising a surface having an average light scattering event 

concentration of no greater than about 0.06/cm2 as measured by a laser-based auto 

20 inspection tool configured to detect light scattering events corresponding to 

polystyrene spheres having diameters of no less than about 0.12 µm. 
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8. The single crystal silicon wafer of claim 7 wherein the wafer is 

characterized in that the wafer will have a surface having an average light scattering 

event concentration of at least about 0.5/cm2 as measured by the laser-based auto 

inspection tool upon removal of the epitaxial layer and at least about 0.2 µm of the 

5 front surface layer by a polishing and cleaning technique, the polishing and cleaning 

technique being capable of polishing and cleaning a surface of a single crystal silicon 

wafer having a resistivity ofless than about 0~02 n-cm to form a surface having an 

average light scattering event concentration of no greater than about 0.2/cm2 as 

measured by the laser-based auto· inspection tool. 

9. A process for the preparation of a silicon wafer comprising a surface 

having an epitaxial layer deposited thereon, the process comprising: 

heating a surface of a wafer starting material in an essentially oxidant~free 

atmosphere to remove a silicon oxide layer from the surface; 

5 within about 30 seconds after removing the silicon oxide layer from the 

surface, exposing the surface to an atmosphere comprising silicon to deposit a silicon 

epitaxial layer onto the surface to form an·epitaxial wafer; 

heating the epitaxial wafer to a soak temperature of at least about 1175°C 

while exposing the epitaxial layer to an oxidizing atmosphere comprising an oxidant; 

10 and 

cooling the heated epitaxial wafer at a rate of at least about 10°C/sec. 

10. The process of claim 9 wherein the cooling rate is greater than about 

15°C/sec. 

11. The process of claim 9 wherein the average cooling rate of the wafer is 

greater than about 15°C/sec as it cools from the soak temperature to about 150°C 

below the soak temperature. 
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12. The process of claim 9 wherein within about 10 ~econds after removing 

the silicon oxide layer from the surface, the surface is expos~d to the atmosphere 

comprising silicon to deposit the silicon epitaxial layer onto :the surface to form the 

epitaxial wafer. 

13. A process for the preparation of a silicon wafer comprising a surface 

having an epitaxial layer deposited thereon, the process comprising: 

heating a surface of a wafer starting material to a temperature of at least about 

1100°C in an essentially oxidant-free atmosphere to remove.a silicon oxide layer from 

5 the surface, 

within about 30 seconds after the surface reaches 11 Q0°C, exposing the surface 

to an atmosphere comprising silicon to deposit a silicon epit8xial layer onto the . 

surface to form an epitaxial wafer, 

heating the epitaxial wafer to a soak temperature of at least about 1175°C ·.· 

10 while exposing the epitaxial layer to an oxidizing atmosphere comprising an oxidant, 

and 

cooling the heated epitaxial wafer at a rate of at least "about 10°C/sec. 

14. The process of claim 13 wherein the heating and cooling of the epitaxial 

wafer are conducted in a reactor constructed for depositing a silicon epitaxial layer . 

onto a surface of a wafer, and the epitaxial wafer is supported on a susceptor during 

the heating step and is removed from contact with the susceptor during the cooling 

5 step. 

15. A process for the preparation of a silicon wafer comprising a surface 

having an epitaxial layer deposited thereon; the process comprising: 

heating a surface of a wafer starting material to a temperature of at least about 

1150°C in an essentially oxidant-free atmosphere to remove a silicon oxide layer from 

5 the surface, 
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within about 30 seconds after the surface reaches 1150°C, exposing the surface 

to an atmosphere comprising silicon to deposit a silicon epitaxial layer onto the 

surface to form an epitaxial wafer, 

heating the epitaxial wafer to a soak temperature of at least about 1175°C 

10 while exposing the epitaxial layer to an oxidizing atmosphere comprising an oxidant, 

and 

5 

cooling the heated epitaxial wafer at a rate of at least about 10°C/sec. 

16. 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 wafer to form an epitaxial 

wafer, 

heating the epitaxial wafer to a soak temperature of at least about l 175°C 

while exposing the epitaxial layer to an oxidizing atmosphere comprising an oxidant, 

and 

cooling the heated epitaxial wafer at a rate of at least about 10°C /sec., 

wherein the epitaxial layer is not contacted with a post-epitaxial-deposition 

10 cleaning solution before the epitaxial wafer is heated to the soak temperature. 

17. A process for the preparation of a silicon wafer comprising a surface 

having an epitaxial layer deposited thereon, wherein the epitaxial layer has a thickness 

of at least about 0.1 µm and less than 2.0 µm, and the process comprises: 

heating a wafer comprising a surface with an epitaxial layer deposited thereon 

5 to a soak temperature of at least about l 175°C while exposing the epitaxial layer to an 

oxidizing atmosphere comprising an oxidant, and 

cooling the heated wafer at a rate of at least about 10°C/sec. 

18. The process of claim 17 wherein the epitaxial layer has a thickness of 

from about 0.25 to about 1.0 µm. 

19. A process for the preparation of a silicon wafer comprising a surface 

having an epitaxial layer deposited thereon, the process comprising: 
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depositing an epitaxial layer onto a surface of a wafer starting material to form 

an epitaxial wafer, 

5 heating the epitaxial wafer to a soak temperature of atleast about 1175°C 

while exposing the epitaxial layer to an oxidizing atmosphere comprising an oxidant, 

and 

cooling the heated epitaxial wafer at a rate of at least about 10°C /sec., 

wherein the surface of the wafer starting material, before deposition of the 

10 epitaxial layer thereon, has an average light scattering event concentration of at least 

about 0.5/cm2 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 µm. 

20. A process for the preparation of a silicon wafer comprising a surface 

having an epitaxial layer deposited thereon, the process comprising: 

heating a surface of a wafer starting material to a temperature of at least about 

1150°Cin an atmosphere consisting essentially of~ to remove a silicon oxide layer 

5 from the surface, 

within about 10 seconds after the surface reaches 1 l 50°C, exposing the surface 

to an atmosphere comprising SiHC13 to deposit a silicon epitaxial layer onto the 

surface to form an epitaxial wafer, 

heating the epitaxial wafer to a soak temperature of at least about 1175°C 

10 while exposing the epitaxial layer to an oxidizing atmosphere comprising 0 2, and 

cooling the heated epitaxial wafer from the soak temperature to 250°C below 

the soak temperature at an average rate of at least about 20°C/sec, 

wherein the epitaxial layer has a thickness of :from about 0.65 to 1.0 µm, and 

the concentration of the 0 2 in the oxidizing atmosphere is from about 300 to about 

15 500ppm. 
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21. A process for heating and rapidly cooling a single crystal silicon wafer in 

a reactor constructed for depositing a silicon epitaxial layer onto a surface of a wafer, 

the process comprising the steps of: 

heating the wafer to a soak temperature of at least about 1175°C, and 

cooling the heated wafer at a rate of at least about 10°C/sec., 

wherein the wafer is supported on a susceptor during the heating step and is 

removed from contact with the susceptor during the cooling step. 

22. The process of claim 21 wherein the wafer is supported on pins during the 

cooling step. 


