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(57) ABSTRACT 

The present invention relates to Single crystal Silicon, in 
ingot or wafer form, which contains an axially Symmetric 
region which is free of agglomerated intrinsic point defects, 
and a proceSS for the preparation thereof. The process 
comprises controlling growth conditions, Such as growth 
Velocity, V, instantaneous axial temperature gradient, Go, and 
the cooling rate, within a range of temperatures at which 
Silicon Self-interstitials are mobile, in order to prevent the 
formation of these agglomerated defects. In ingot form, the 
axially Symmetric region has a width, as measured from the 
circumferential edge of the ingot radially toward the central 
axis, which is at least about 30% the length of the radius of 
the ingot. The axially Symmetric region additionally has a 
length, as measured along the central axis, which is at least 
about 20% the length of the constant diameter portion of the 
ingot. 

1y 



Patent Application Publication Sep. 22, 2005 Sheet 1 of 17 US 2005/0205000 A1 

FIG. 1 

(I) 

(V) 

1 CRITICAL 
SUPERSATURATION 

V/G 0 CRITICAL 

FIG. 2 

A GI 

(I) 

- amon an us - - - - - - - -AGICRITICAL 

a-1400 C -TEMP (C) -- 

  

  

  

  



Patent Application Publication Sep. 22, 2005 Sheet 2 of 17 US 2005/0205000 A1 

FG.3 

() 

A G CRITICAL 

~- 400°C 

A Gl 

() 

A G CRITICAL 

-TEMP (C) -- 

  



Patent Application Publication Sep. 22, 2005 Sheet 3 of 17 US 2005/0205000 A1 

FIG. 5 

(V) 

(I) 

CENTER V/I EDGE 
BOUNDARY 

RADIUS -- 

FIG. 6 

V/I BOUNDARY, 2 

RADIUS, 4 

SELF-INTERSTITIAL 
DOMINATED, 6 
VACANCY DOMINATED, 8 

  



Patent Application Publication Sep. 22, 2005 Sheet 4 of 17 US 2005/0205000 A1 

FIG.7A 

(V) 

() is VINITIAL 

RADAL DIFFUSION 
(t EFFECT 

CENTER EDGE 
RADAL POSITION 

FG.7B 

A G 

A GCRITICAL 

CENTER EDGE 
RADAL POSITION 

  

  

  

  



Patent Application Publication Sep. 22, 2005 Sheet 5 of 17 US 2005/0205000 A1 

FIG.7C 

(V) 

() 

RADAL 
DIFFUSON 
EFFECT 

CENTER . EDGE 
RADIAL POSITION 

: 

AGGLOMERATED 
A G INTERSTITIAL 

DEFECTS 

A G CRITICAL 
| 

RADAL POSITION 

  



Patent Application Publication Sep. 22, 2005 Sheet 6 of 17 US 2005/0205000 A1 

FIG.7E 

(V) 

V () INTIAL 

MORE 
RADAL 
DIFFUSION 11. 

CENTER EDGE 
RADIAL POSITION 

CENTER EDGE 
RADAL POSITION 

  

  

  



Patent Application Publication Sep. 22, 2005 Sheet 7 Of 17 US 2005/0205000 A1 

FIG.7G 

(V) 

(I) 

MORE 
RADA 
DFFUSION 

CENTER EDGE 
- RADAL POSITION 

A G CRITICAL - - - - - - - - - - - - - - - 
NOAGGLOMERATED 
INTERSTITAL DEFECTS 

CENTER EDGE 

  



Patent Application Publication Sep. 22, 2005 Sheet 8 of 17 US 2005/0205000 A1 

FIG.7 

(V) 

RADAL 
DIFFUSION 
EFFECT 

() 

CENTER EDGE 
RADIAL POSITION 

A G 

A G CRITICAL 

CENTER EDGE 
RADAL POSITION 

  

  



Patent Application Publication Sep. 22, 2005 Sheet 9 of 17 US 2005/0205000 A1 

FIG.8 SEED CONE, 14 

O CN 
AXIALLY SYMMETRIC 
REGION 6 

WDTHAS MEASURED FROM CONSTANT 
DIAMETER EDGE TOWARD AXIS 22 
PORTION 18 RADIUS, 4 

CIRCUMFERENTIAL 
EDGE, 20 

26 

END CONE, 16 
N 

AXIS, 2 

V/BOUNDARY, 2 
SHOWING VARIABILITY 

LENGTH OF 
REGION, 24 WDTH OF AXIALLY SYMMETRIC 

REGION WITHINGIVEN LENGTH , 22 

  

  

  

  

  



Patent Application Publication Sep. 22, 2005 Sheet 10 of 17 US 2005/0205000 A1 

FIG.10 

AXIALLY SYMMETRIC VACANCY 
DOMINATED REGION, 6 
MATERIAL 8 

WIDTH 22 
RADIUS, 4 

|- AXIS, 12 

FIG.11 

RADIUS, 4 r 

WIDTH OF AXIALLY 
SYMMETRIC REGION, 22 

VACANCY 
DOMINATED 
MATERIAL, 8 

FIG. 12 

AXIALLY SYMMETRIC 
REGION SELF-INTERSTITIAL 
DOMINATED, 6 

LENGTH 
OF REGION, 24 

  

  



9 'QBIWNIWOG TVI LI I SHELLNI 

US 2005/0205000 A1 

i. 

-OZ "30GB /, TVILNERIB-IWITORJIO , 8Z 'S LOBHEQ TWILI LSHELNI 

QE IVRIEWOT95)\/Z '\\]\WGNTOG I/A 

8 ‘GHIWNIWOG AONVOVA 

Patent Application Publication Sep. 22, 2005 Sheet 11 of 17 

  



Patent Application Publication Sep. 22, 2005 Sheet 12 of 17 US 2005/0205000 A1 

S5 
S 

ye 
n o O 
y O 

Q. C. 
O O 

(ulu/uu)|-Il OS 

  



8Z 'SIDEBBO TVILLISHELNI -CJB_1\/?jEWOT1950\; 
___--- UUUU09/ 

US 2005/0205000 A1 

9 'QBIVNIWOG TVI LI LSHEINI 

'CIBIWNIWOGNOI LISOd TV/IX\/ 
ÅONWOWA 
8 

GI '50I 

Patent Application Publication Sep. 22, 2005 Sheet 13 of 17 

  



Patent Application Publication Sep. 22, 2005 Sheet 14 Of 17 US 2005/0205000 A1 

FIG. 16 

24----|--|--|--|- 

2 /ea 22a .24 42 2527 222 

cer,3744 za v. 274 (.727) 

  



Patent Application Publication Sep. 22, 2005 Sheet 15 of 17 US 2005/0205000 A1 

FIG. 17 
4. 

s v 7F-3-2-sve-'- - 
\, e - og - 2.45-.5 x/o°rf 
vS 
N 4. 
Q 

- 
S. 3 -:- 

. 2 -M |--|--|--|--|--|--|--|-- 
c a 4& 62 ea voo 

€42/2 2.5/772 v/222 
FIG. 18 

try 
's < . M.; A = 4. e. 

a in: A 73. 
t o (-): 4-4 c 3-2 
Sy in: a /2 - 
S 3 s 
s -' 2 

s . 
“r. I 11- -o-o-o- 

62 2. 42 62 aa /22 
ea o?-2 a 57779-vO777/72/ 

  



Patent Application Publication Sep. 22, 2005 Sheet 16 of 17 US 2005/0205000 A1 

FIG. 19 
/400 - . 

N ..S. N /22 Q 

Nu .. S 
/øe- - 

N 
R 42 - 
\ - r/ / - (2424 - (272.24/ 
S. . . . . . . C2 /2 ze-2 . . . 

422 I-I-I-I-I-I-I I 
6 42 /aco /42 220 242 

2k/4 acs/777-mm) 

FIG. 20 
6 - (7/A/7/44 

-- (a 7%z)2/: 77//cd2 
ty 4| (2.72 z)42; 72 //coe 
S 
Qu 

ty 3. 

S 2 d . . . . . . . . 

N / -........it ... 
N -- Na -. 

oil | | | | | | | Sl 

€42,42 24/772 (z2) 

  

  



US 2005/0205000 A1 Patent Application Publication Sep. 22, 2005 Sheet 17 of 17 

  



US 2005/0205000 A1 

LOW DEFECT DENSITY SILICON 

REFERENCE TO RELATED APPLICATIONS 

0001. This application is a continuation application based 
on U.S. patent application Ser. No. 10/639,737, filed Aug. 
12, 2003, which is a continuation of U.S. patent application 
Ser. No. 10/135,174, filed Apr. 30, 2002, now U.S. Pat. No. 
6,605,150, which is a continuation of U.S. patent application 
Ser. No. 09/833,777, filed Apr. 12, 2001, now U.S. Pat. No. 
6,409,827, which is a continuation of U.S. patent application 
Ser. No. 09/057,907, filed Apr. 9, 1998, now U.S. Pat. No. 
6,287,380, which claims benefit of U.S. provisional appli 
cation Ser. No. 60/041,845, filed Apr. 9, 1997. 

BACKGROUND OF THE INVENTION 

0002 The present invention generally relates to the 
preparation of Semiconductor grade Single crystal Silicon 
which is used in the manufacture of electronic components. 
More particularly, the present invention relates to Single 
crystal Silicon ingots and waferS having an axially Symmet 
ric region which is devoid of agglomerated intrinsic point 
defects, and a process for the preparation thereof. 
0003. Single crystal silicon, which is the starting material 
for most processes for the fabrication of Semiconductor 
electronic components, is commonly prepared by the So 
called Czochralski (“Cz) method. In this method, polycrys 
talline Silicon (“polysilicon';) is charged to a crucible and 
melted, a Seed crystal is brought into contact with the molten 
Silicon and a single crystal is grown by slow extraction. 
After formation of a neck is complete, the diameter of the 
crystal is enlarged by decreasing the pulling rate and/or the 
melt temperature until the desired or target diameter is 
reached. The cylindrical main body of the crystal which has 
an approximately constant diameter is then grown by con 
trolling the pull rate and the melt temperature while com 
pensating for the decreasing melt level. Near the end of the 
growth process but before the crucible is emptied of molten 
Silicon, the crystal diameter must be reduced gradually to 
form an end-cone. Typically, the end-cone is formed by 
increasing the crystal pull rate and heat Supplied to the 
crucible. When the diameter becomes Small enough, the 
crystal is then Separated from the melt. 
0004. In recent years, it has been recognized that a 
number of defects in Single crystal Silicon form in the crystal 
growth chamber as the crystal cools after Solidification. 
Such defects arise, in part, due to the presence of an exceSS 
(i.e. a concentration above the Solubility limit) of intrinsic 
point defects, which are known as vacancies and Self 
interstitials. Silicon crystals grown from a melt are typically 
grown with an excess of one or the other type of intrinsic 
point defect, either crystal lattice vacancies (“V”) or silicon 
self-interstitials (“I”). It is understood that the type and 
initial concentration of these point defects in the Silicon, 
which become fixed at the time of Solidification, are con 
trolled by the ratio V/Go, where v is the growth velocity and 
Go is the instantaneous axial temperature gradient in the 
crystal at the time of Solidification. Referring to FIG. 1, for 
increasing values of the ratio V/Go, a transition from decreas 
ingly Self-interstitial dominated growth to increasingly 
vacancy dominated growth occurs near a critical value of 
V/Go, which based upon currently available information 
appears to be about 2.1x10 cm/sK. At the critical value, 
the concentrations of these intrinsic point defects are at 
equilibrium. 
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0005. As the value of V/G exceeds the critical value, the 
concentration of vacancies increases. Likewise, as the value 
of V/Go falls below the critical value, the concentration of 
Self-interstitials increases. If these concentrations reach a 
level of critical SuperSaturation in the System, and if the 
mobility of the point defects is Sufficiently high, a reaction, 
or an agglomeration event, will likely occur. Agglomerated 
intrinsic point defects in Silicon can Severely impact the 
yield potential of the material in the production of complex 
and highly integrated circuits. 
0006 Vacancy-type defects are recognized to be the 
origin of such observable crystal defects as D-defects, Flow 
Pattern Defects (FPDs), Gate Oxide Integrity (GOI) Defects, 
Crystal Originated Particle (COP) Defects, crystal origi 
nated Light Point Defects (LPDs), as well as certain classes 
of bulk defects observed by infrared light scattering tech 
niques Such as Scanning Infrared Microscopy and Laser 
Scanning Tomography. Also present in regions of exceSS 
vacancies are defects which act as the nuclei for ring 
oxidation induced stacking faults (OISF). It is speculated 
that this particular defect is a high temperature nucleated 
oxygen agglomerate catalyzed by the presence of exceSS 
Vacancies. 

0007 Defects relating to self-interstitials are less well 
Studied. They are generally regarded as being low densities 
of interstitial-type dislocation loops or networkS. Such 
defects are not responsible for gate oxide integrity failures, 
an important wafer performance criterion, but they are 
widely recognized to be the cause of other types of device 
failures usually associated with current leakage problems. 
0008. The density of such vacancy and self-interstitial 
agglomerated defects in Czochralski Silicon is convention 
ally within the range of about 1*10/cm to about 1*107/ 
cm. While these values are relatively low, agglomerated 
intrinsic point defects are of rapidly increasing importance 
to device manufacturers and, in fact, are now Seen as 
yield-limiting factors in device fabrication processes. 
0009. To date, there generally exists three main 
approaches to dealing with the problem of agglomerated 
intrinsic point defects. The first approach includes methods 
which focus on crystal pulling techniques in order 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 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/Go 
to grow a crystal in which crystal lattice vacancies are the 
dominant intrinsic point defect, and (ii) influencing the 
nucleation rate of the 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 prevent 
their formation. AS the requirements imposed by device 
manufacturers become more and more Stringent, the pres 
ence of these defects will continue to become more of a 
problem. 

0010. Others have suggested reducing the pull rate, dur 
ing the growth of the body of the crystal, to a value less than 
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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 
pull rates lead to the formation of Single crystal Silicon 
having a high concentration of Self-interstitials. This high 
concentration, in turn, leads to the formation of agglomer 
ated Self-interstitial defects and all the resulting problems 
asSociated with Such defects. 

0.011) A second approach to dealing with the problem of 
agglomerated intrinsic point defects includes methods which 
focus on the dissolution or annihilation of agglomerated 
intrinsic point defects Subsequent to their formation. Gen 
erally, this is achieved by using high temperature heat 
treatments of the Silicon in wafer form. For example, Fuse 
gawa et al. propose, in European Patent Application 503,816 
A1, 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 1150 C. to 
1280 C. to annihilate the defects which form during the 
crystal growth process. Such heat treatments have been 
shown to reduce the defect density in a thin region near the 
wafer Surface. The Specific treatment needed will vary 
depending upon the concentration and location of agglom 
erated 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. Furthermore, Such wafer heat 
treatments are relatively costly, have the potential for intro 
ducing metallic impurities into the silicon wafers, and are 
not universally effective for all types of crystal-related 
defects. 

0012. A third approach to dealing with the problem of 
agglomerated intrinsic point defects is the epitaxial deposi 
tion of a thin crystalline layer of Silicon on 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. Epitaxial depo 
Sition, however, Substantially increases the cost of the wafer. 
0013 In view of these developments, a need continues to 
exist for a method of Single crystal Silicon preparation which 
acts to prevent the formation of agglomerated intrinsic point 
defects by Suppressing the agglomeration reactions which 
produce them. Rather than Simply limiting the rate at which 
Such defects form, or attempting to annihilate Some of the 
defects after they have formed, a method which acts to 
SuppreSS agglomeration reactions would yield a Silicon 
Substrate that is Substantially free of agglomerated intrinsic 
point defects. Such a method would also afford Single crystal 
Silicon wafers having epi-like yield potential, in terms of the 
number of integrated circuits obtained per wafer, without 
having the high costs associated with an epitaxial process. 

SUMMARY OF THE INVENTION 

0.014) Among the objects of the present invention, there 
fore, is the provision of Single crystal Silicon in ingot or 
wafer form having an axially Symmetric region of Substan 
tial radial width which is substantially free of defects 
resulting from an agglomeration of crystal lattice vacancies 
or Silicon Self-interstitials, and the provision of a proceSS for 
preparing a Single crystal Silicon ingot in which the concen 
tration of vacancies and Self-interstitials is controlled in 
order to prevent an agglomeration of intrinsic point defects 
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in an axially Symmetric Segment of a constant diameter 
portion of the ingot, as the ingot cools from the Solidification 
temperature. 

0015 Briefly, therefore, the present invention is directed 
to a single crystal Silicon wafer having a central axis, a front 
Side and a back Side which are generally perpendicular to the 
axis, a circumferential edge, and a radius extending from the 
central axis to the circumferential edge. The wafer com 
prises an axially Symmetric region which is Substantially 
free of agglomerated intrinsic point defects. The axially 
Symmetric region extends radially inwardly from the cir 
cumferential edge of the wafer and has a width, as measured 
from the circumferential edge radially toward the central 
axis, which is at least about 40% of the length of the radius 
of the wafer. 

0016. The present invention is further directed to a single 
crystal Silicon ingot having a central axis, a Seed-cone, an 
end-cone, and a constant diameter portion between the 
Seed-cone and the end-cone which has a circumferential 
edge and a radius extending from the central axis to the 
circumferential edge. The Single crystal Silicon ingot is 
characterized in that, after ingot growth is complete and the 
ingot has cooled from the Solidification temperature, the 
constant diameter portion contains an axially Symmetric 
region which is Substantially free of agglomerated intrinsic 
point defects. The axially Symmetric region extends radially 
inwardly from the circumferential edge and has a width, as 
measured from the circumferential edge radially toward the 
central axis, which is at least about 30% of the length of the 
radius of the constant diameter portion. The axially Sym 
metric region also has a length, as measured along the 
central axis, of at least about 20% of the length of the 
constant diameter portion of the ingot. 
0017. The present invention is still further directed to a 
process for growing a Single crystal Silicon ingot in which an 
ingot, comprising a central axis, a Seed-cone, an end-cone 
and a constant diameter portion between the Seed-cone and 
the end-cone which has a circumferential edge and a radius 
extending from the central axis to the circumferential edge, 
is grown from a Silicon melt and then cooled from the 
Solidification temperature in accordance with the Czochral 
ski method. The proceSS comprises controlling a growth 
Velocity, V, and an instantaneous axial temperature gradient, 
Go, of the crystal during growth of the constant diameter 
portion to cause the formation of an axially Symmetric 
region which, upon cooling the ingot from the Solidification 
temperature, is Substantially free of agglomerated intrinsic 
point defects. The axially Symmetric region extends radially 
inwardly from the circumferential edge, has a width as 
measured from the circumferential edge radially toward the 
central axis which is at least about 30% of the length of the 
radius of the constant diameter portion, and a length as 
measured along the central axis of at least about 20% of the 
length of the constant diameter portion. 
0018. Other objects and features of this invention will be 
in part apparent and in part pointed out hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019 FIG. 1 is a graph which shows an example of how 
the initial concentration of Self-interstitials, I, and vacan 
cies, IV, changes with an increase in the value of the ratio 
V/Go, where V is the growth rate and Go is the instantaneous 
axial temperature gradient. 
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0020 FIG. 2 is a graph which shows an example of how 
AG, the change in free energy required for the formation of 
agglomerated interstitial defects, increases as the tempera 
ture, T, decreases, for a given initial concentration of Self 
interstitials, I. 
0021 FIG. 3 is a graph which shows an example of how 
AG, the change in free energy required for the formation of 
agglomerated interstitial defects, decreases (as the tempera 
ture, T, decreases) as a result of the Suppression of the 
concentration of Self-interstitials, I, through the means of 
radial diffusion. The Solid line depicts the case for no radial 
diffusion whereas the dotted line includes the effect of 
diffusion. 

0022 FIG. 4 is a graph which shows an example of how 
AG, the change in free energy required for the formation of 
agglomerated interstitial defects, is Sufficiently decreased (as 
the temperature, T, decreases), as a result of the Suppression 
of the concentration of Self-interstitials, I, through the 
means of radial diffusion, Such that an agglomeration reac 
tion is prevented. The Solid line depicts the case for no radial 
diffusion whereas the dotted line includes the effect of 
diffusion. 

0023 FIG. 5 is a graph which shows an example of how 
the initial concentration of Self-interstitials, I, and vacan 
cies, IV, can change along the radius of an ingot or wafer, 
as the value of the ratio V/Go decreases, due to an increase 
in the value of Go. Note that at the V/I boundary a transition 
occurs from vacancy dominated material to Self-interstitial 
dominated material. 

0024 FIG. 6 is a top plan view of a single crystal silicon 
ingot or wafer showing regions of vacancy, V, and Self 
interstitial, I, dominated materials respectively, as well as the 
V/I boundary that exists between them. 

0.025 FIG. 7a is a graph which shows an example of how 
the initial concentration of vacancies or Self-interstitials 
changes as a function of radial position due to radial 
diffusion of self-interstitials. Also shown is how Such dif 
fusion causes the location of the V/I boundary to move 
closer to the center of the ingot (as a result of the recom 
bination of vacancies and Self-interstitials), as well as the 
concentration of Self-interstitials, II, to be Suppressed. 

0.026 FIG. 7b is a graph of AG as a function of radial 
position which shows an example of how the Suppression of 
self-interstitial concentration,I), (as depicted in FIG. 7a) is 
Sufficient to maintain AG everywhere to a value which is 
less than the critical value at which the silicon self-intersti 
tial reaction occurs. 

0.027 FIG. 7c is a graph which shows another example 
of how the initial concentration of vacancies or Self-inter 
Stitials changes as a function of radial position due to radial 
diffusion of self-interstitials. Note that, in comparison to 
FIG. 7a, Such diffusion caused the location of the V/I 
boundary to be closer to the center of the ingot (as a result 
of the recombination of vacancies and Self-interstitials), 
resulting in an increase in the concentration of interStitials in 
the region outside of the V/I boundary. 

0028 FIG. 7d is a graph of AG as a function of radial 
position which shows an example of how the Suppression of 
self-interstitial concentration,I), (as depicted in FIG. 7c) is 
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not Sufficient to maintain AG everywhere to a value which 
is less than the critical value at which the silicon self 
interstitial reaction occurs. 

0029 FIG. 7e is a graph which shows another example 
of how the initial concentration of vacancies or Self-inter 
Stitials changes as a function of radial position due to radial 
diffusion of self-interstitials. Note that, in comparison to 
FIG. 7a, increased diffusion resulted in greater Suppression 
the Self-interstitial concentration. 

0030 FIG. 7f is a graph of AG as a function of radial 
position which shows an example of how greater Suppres 
Sion of the Self-interstitial concentration, I., (as depicted in 
FIG. 7e) results in a greater degree of Suppression in AG, 
as compared to FIG. 7b. 
0031 FIG. 7g is a graph which shows another example 
of how the initial concentration of vacancies or Self-inter 
Stitials changes as a function of radial position due to radial 
diffusion of self-interstitials. Note that, in comparison to 
FIG. 7c, increased diffusion resulted in greater suppression 
the Self-interstitial concentration. 

0032 FIG. 7h is a graph of AG as a function of radial 
position which shows an example of how greater Suppres 
Sion of the Self-interstitial concentration, I., (as depicted in 
FIG. 7g) results in a greater degree of Suppression in AG, 
as compared to FIG. 7d. 
0033 FIG.7i is a graph which shows another example of 
how the initial concentration of vacancies or Self-interstitials 
changes as a function of radial position due to radial 
diffusion of self-interstitials. Note that in this example a 
Sufficient quantity of Self-interstitials recombine with vacan 
cies, Such that there is no longer a vacancy-dominated 
region. 

0034 FIG. 7i is a graph of AG as a function of radial 
position which shows an example of how radial diffusion of 
self-interstitials (as depicted in FIG. 7i) is sufficient to 
maintain a Suppression of agglomerated interstitial defects 
everywhere along the crystal radius. 
0035 FIG. 8 is a longitudinal, cross-sectional view of a 
Single crystal Silicon ingot showing, in detail, an axially 
Symmetric region of a constant diameter portion of the ingot. 
0036 FIG. 9 is a longitudinal, cross-sectional view of a 
Segment of a constant diameter portion of a Single crystal 
Silicon ingot, showing in detail axial variations in the width 
of an axially Symmetric region. 
0037 FIG. 10 is a longitudinal, cross-sectional view of a 
Segment of a constant diameter portion of a Single crystal 
Silicon ingot having axially Symmetric region of a width 
which is less than the radius of the ingot, showing in detail 
that this region further contains a generally cylindrical 
region of vacancy dominated material. 
0038 FIG. 11 is a latitudinal, cross-sectional view of the 
axially symmetric region depicted in FIG. 10. 

0039 FIG. 12 is a longitudinal, cross-sectional view of a 
Segment of a constant diameter portion of a Single crystal 
Silicon ingot having an axially Symmetric region of a width 
which is equal to the radius of the ingot, showing in detail 
that this region is a generally cylindrical region of Self 
interstitial dominated material which is substantially free of 
agglomerated intrinsic point defects. 
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0040 FIG. 13 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of the ingot follow 
ing a Series of oxygen precipitation heat treatments, showing 
in detail a generally cylindrical region of vacancy dominated 
material, a generally annular shaped axially Symmetric 
region of self-interstitial dominated material, the V/I bound 
ary present between them, and a region of agglomerated 
interstitial defects. 

0041 FIG. 14 is a graph of pull rate (i.e. seed lift) as a 
function of crystal length, showing how the pull rate is 
decreased linearly over a portion of the length of the crystal. 
0.042 FIG. 15 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of the ingot follow 
ing a Series of oxygen precipitation heat treatments, as 
described in Example 1. 
0.043 FIG. 16 is a graph of pull rate as a function of 
crystal length for each of four Single crystal Silicon ingots, 
labeled 1-4 respectively, which are used to yield a curve, 
labeled v(Z), as described in Example 1. 
0044 FIG. 17 is a graph of the axial temperature gradient 
at the crystal/melt interface, Go, as a function of radial 
position, for two different cases as described in Example 2. 
004.5 FIG. 18 is a graph of the initial concentration of 
vacancies, IV, or Self-interstitials, I, as a function of radial 
position, for two different cases as described Example 2. 
0.046 FIG. 19 is a graph of temperature as a function of 
axial position, showing the axial temperature profile in 
ingots for two different cases as described in Example 3. 
0047 FIG. 20 is a graph of the self-interstitial concen 
trations resulting from the two cooling conditions illustrated 
in FIG. 19 and as more fully described in Example 3. 
0.048 FIG. 21 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of an entire ingot 
following a Series of oxygen precipitation heat treatments, as 
described in Example 4. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0049. As used herein, the following phrases or terms 
shall have the given meanings: "agglomerated intrinsic point 
defects' mean defects caused (i) by the reaction in which 
vacancies agglomerate to produce D-defects, flow pattern 
defects, gate oxide integrity defects, crystal originated par 
ticle defects, crystal originated light point defects, and other 
Such vacancy related defects, or (ii) by the reaction in which 
Self-interstitials agglomerate to produce dislocation loops 
and networks, and other Such Self-interstitial related defects, 
“agglomerated interstitial defects' shall mean agglomerated 
intrinsic point defects caused by the reaction in which 
Silicon Self-interstitial atoms agglomerate; "agglomerated 
vacancy defects' shall mean agglomerated vacancy point 
defects caused by the reaction in which crystal lattice 
vacancies agglomerate, “radius' means the distance mea 
Sured from a central axis to a circumferential edge of a wafer 
or ingot, “Substantially free of agglomerated intrinsic point 
defects' shall mean a concentration of agglomerated defects 
which is less than the detection limit of these defects, which 
is currently about 10" defects/cm; “V/I boundary” means 
the position along the radius of an ingot or wafer at which 
the material changes from vacancy dominated to Self-inter 

Sep. 22, 2005 

stitial dominated; and “vacancy dominated” and “self-inter 
Stitial dominated” mean material in which the intrinsic point 
defects are predominantly vacancies or Self-interstitials, 
respectively. 

0050. In accordance with the present invention, it has 
been discovered that the reaction in which silicon self 
interstitial atoms react to produce agglomerated interstitial 
defects can be Suppressed during the growth of Single crystal 
Silicon ingots. Without being bound to any particular theory, 
it is believed that the concentration of Self-interstitials is 
controlled during the growth and cooling of the crystal ingot 
in the process of the present invention, Such that the change 
in free energy of the System never exceeds a critical value at 
which the agglomeration reaction Spontaneously occurs to 
produce agglomerated interstitial defects. 
0051. In general, the change in System free energy avail 
able to drive the reaction in which agglomerated interstitial 
defects are formed from Silicon Self-interstitials in Single 
crystal Silicon is governed by Equation (I): 

I (I) 
(Ilea) 

0.052 wherein 
0053 AG is the change in free energy, 

0054 k is the Boltzmann constant, 
0055 T is the temperature in K, 

0056 I is the concentration of self-interstitials at a 
point in Space and time in the Single crystal Silicon, 
and 

0057. It is the equilibrium concentration of self 
interstitials at the same point in Space and time at 
which I occurs and at the temperature, T. 

0058 According to this equation, for a given concentra 
tion of Self-interstitials, II, a decrease in the temperature, T, 
generally results in an increase in AG due to a Sharp 
decrease in II with temperature. 
0059 FIG. 2 schematically illustrates the change in AG 
and the concentration of Silicon Self-interStitials for an ingot 
which is cooled from the temperature of Solidification with 
out Simultaneously employing Some means for Suppression 
of the concentration of Silicon Self-interstitials. AS the ingot 
cools, AG increases according to Equation (I), due to the 
increasing Supersaturation of I, and the energy barrier for 
the formation of agglomerated interstitial defects is 
approached. AS cooling continues, this energy barrier is 
eventually exceeded, at which point a reaction occurs. This 
reaction results in the formation of agglomerated interstitial 
defects and the concomitant decrease in AG as the Super 
Saturated System is relaxed. 
0060. The agglomeration of self-interstitials can be 
avoided as the ingot cools from the temperature of Solidi 
fication by maintaining the free energy of the Silicon Self 
interstitial System at a value which is less than that at which 
an agglomeration reaction will occur. In other words, the 
System can be controlled So as to never become critically 
SuperSaturated. This can be achieved by establishing an 
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initial concentration of self-interstitials which is sufficiently 
low Such that critical SuperSaturation is never achieved. 
However, in practice Such concentrations are difficult to 
achieve across an entire crystal radius and, in general, 
therefore, critical SuperSaturation may be avoided by Sup 
pressing the initial Silicon Self-interstitial concentration Sub 
Sequent to crystal Solidification. 

0061 FIGS. 3 and 4 schematically illustrate two pos 
Sible effects of Suppressing I upon the increase in AG as 
the ingot of FIG. 2 is cooled from the temperature of 
solidification. In FIG. 3, the Suppression of I results in a 
decrease in the rate of increase of AG, but in this case, the 
Suppression is insufficient to maintain AG everywhere at a 
value which is less than the critical value at which the 
reaction occurs, as a result, the Suppression merely Serves to 
reduce the temperature at which the reaction occurs. In FIG. 
4, an increased Suppression of I is Sufficient to maintain 
AG, everywhere to a value which is less than the critical 
value at which the reaction occurs; the Suppression, there 
fore, inhibits the formation of defects. 

0062) Surprisingly, it has been found that due to the 
relatively large mobility of self-interstitials, it is possible to 
effect the Suppression over relatively large distances by the 
radial diffusion of self-interstitials to sinks located at the 
crystal Surface or to vacancy dominated regions. Radial 
diffusion can be effectively used to Suppress the concentra 
tion of self-interstitials, provided sufficient time is allowed 
for the radial diffusion of the initial concentration of Self 
interstitials. In general, the diffusion time will depend upon 
the radial variation in the initial concentration of Self 
interstitials, with lesser radial variations requiring shorter 
diffusion times. 

0.063 Typically, the axial temperature gradient, Go, 
increases as a function of increasing radius for Single crystal 
Silicon which is grown according to the Czochralski method. 
This means that the value of V/Go is typically not Singular 
acroSS the radius of an ingot. As a result of this variation, the 
type and initial concentration of intrinsic point defects is not 
constant. If the critical value of V/Go, denoted in FIGS. 5 
and 6 as the V/I boundary 2, is reached at Some point along 
the radius 4, the material will Switch from being vacancy 
dominated to Self-interstitial dominated. In addition, the 
ingot will contain an axially Symmetric region of Self 
interstitial dominated material 6 (in which the initial con 
centration of Silicon Self-interstitial atoms increases as a 
function of increasing radius), Surrounding a generally 
cylindrical region of vacancy dominated material 8 (in 
which the initial concentration of vacancies decreases as a 
function of increasing radius). 
0064 FIGS. 7a and 7b schematically illustrate the effect 
of Suppressing I upon the increase in AG as an ingot is 
cooled from the temperature of Solidification in accordance 
with one embodiment of the present invention. When the 
ingot is pulled in accordance with the Czochralski method, 
the ingot contains an axially Symmetric region of interstitial 
dominated material extending from the edge of the ingot to 
the position along the radius at which the V/I boundary 
occurs and a generally cylindrical region of vacancy domi 
nated material extending from the center of the ingot to the 
position along the radius at which the V/I boundary occurs. 
AS the ingot is cooled from the temperature of Solidification, 
radial diffusion of interstitial atoms causes a radially inward 
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shift in the V/I boundary due to a recombination of self 
interstitials with vacancies and a significant Suppression of 
the self-interstitial concentration outside the V/I boundary. 
Furthermore, the Suppression of I is Sufficient to maintain 
AG everywhere to a value which is less than the critical 
value at which the Silicon Self-interstitial reaction occurs. 

0065 Referring now to FIGS. 8 and 9, in the process of 
the present invention a single crystal Silicon ingot 10 is 
grown in accordance with the Czochralski method. The 
Silicon ingot comprises a central axis 12, a Seed-cone 14, an 
end-cone 16 and a constant diameter portion 18 between the 
Seed-cone and the end-cone. The constant diameter portion 
has a circumferential edge 20 and a radius 4 extending from 
the central axis to the circumferential edge. The process 
comprises controlling the growth Velocity, V, and the instan 
taneous axial temperature gradient, Go, of the crystal during 
the growth of the constant diameter portion of the ingot to 
cause the formation of an axially Symmetric region 6 which, 
upon cooling the ingot from the Solidification temperature, 
is Substantially free of agglomerated intrinsic point defects. 

0066. The growth conditions are preferably controlled to 
maintain the V/I boundary 2 at a position which maximizes 
the volume of the axially symmetric region 6 relative to the 
volume of the constant diameter portion 18 of the ingot 10. 
In general, therefore, it is preferred that the axially Symmet 
ric region have a width 22 (as measured from the circum 
ferential edge radially toward the central axis of the ingot) 
and a length 24 (as measured along the central axis of the 
ingot) which equals the radius 4 and length 26, respectively 
of the constant diameter portion of the ingot. As a practical 
matter, however, operating conditions and crystal puller 
hardware constraints may dictate that the axially Symmetric 
region occupy a lesser proportion of the constant diameter 
portion of the ingot. In general, therefore, the axially Sym 
metric region preferably has a width of at least about 30%, 
more preferably at least about 40%, still more preferably at 
least about 60%, and most preferably at least about 80% of 
the radius of the constant diameter portion of the ingot. In 
addition, the axially Symmetric region extends over a length 
of at least about 20%, preferably at least about 40%, more 
preferably at least about 60%, and still more preferably at 
least about 80% of the length of the constant diameter 
portion of the ingot. 

0067 Referring to FIG. 9, the width 22 of the axially 
Symmetric region 6 may have Some variation along the 
length of the central axis 12. For an axially Symmetric region 
of a given length, therefore, the width is determined by 
measuring the distance from the circumferential edge 20 of 
the ingot 10 radially toward a point which is farthest from 
the central axis. In other words, the width 22 is measured 
Such that the minimum distance within the given length 24 
of the axially Symmetric region 6 is determined. 

0068 Referring now to FIGS. 10 and 11, when the 
axially Symmetric region 6 of the constant diameter portion 
18 of the ingot 10 has a width 22 which is less than the radius 
4 of the constant diameter portion, the region is generally 
annular in shape. A generally cylindrical region of vacancy 
dominated material 8, which is centered about the central 
axis 12, is located radially inward of the generally annular 
shaped segment. Referring to FIG. 12, it is to be understood 
that when the width 22 of the axially symmetric region 6 is 
equal to the radius 4 of the constant diameter portion 18, the 
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region does not contain this vacancy dominated region; 
rather, the axially Symmetric region itself is generally cylin 
drical and contains Self-interStitial dominated material 
which is Substantially free of agglomerated intrinsic point 
defects. 

0069. While it is generally preferred that the crystal 
growth conditions be controlled to maximize the width of 
the interstitial dominated region, there may be limits for a 
given crystal puller hot Zone design. AS the V/I boundary is 
moved closer to the central crystal axis, provided the cooling 
conditions and Go(r) do not change, where Go(r) is the radial 
variation of Go, the minimum amount of radial diffusion 
required increases. In these circumstances, there may be a 
minimum radius of the vacancy dominated region which is 
required to Suppress the formation of agglomerated interSti 
tial defects by radial diffusion. 
0070 FIGS. 7c and 7d schematically illustrate an 
example in which the minimum radius of the vacancy 
dominated region is exceeded. In this example, the cooling 
conditions and Go(r) are the same as those employed for the 
crystal of FIGS. 7a and 7b in which there was sufficient 
outdiffusion to avoid agglomerated interstitial defects for the 
position of the V/I boundary illustrated. In FIGS. 7c and 7d, 
the position of the V/I boundary is moved closer to the 
central axis (relative to FIGS. 7a and 7b) resulting in an 
increase in the concentration of interstitials in the region 
outside of the V/I boundary. As a result, more radial diffu 
Sion is required to Sufficiently Suppress the interStitial con 
centration. If Sufficient outdiffusion is not achieved, the 
System AG will increase beyond the critical value and the 
reaction which produces agglomerated interstitial defects 
will occur, producing a region of these defects in an annular 
region between the V/I boundary and the edge of the crystal. 
The radius of the V/I boundary at which this occurs is the 
minimum radius for the given hot Zone. This minimum 
radius is decreased if more radial diffusion of interstitials is 
allowed. 

0071 FIGS. 7e, 7f, 7g and 7h illustrate the effect of an 
increased radial outdiffusion on interstitial concentration 
profiles and the rise of System AG for a crystal grown with 
the same initial vacancy and interstitial concentration pro 
files as the crystal exemplified in FIGS. 7a, 7b, 7c and 7d. 
Increased radial diffusion of interStitials results in a greater 
Suppression of interstitial concentration, thus Suppressing 
the rise in the system AG to a greater degree than in FIGS. 
7a, 7b, 7c and 7d. In this case the system AG is not exceeded 
for the smaller radius of the V/I boundary. 
0072 FIGS. 7i and 7i illustrate an example in which 
Sufficient radial diffusion is allowed Such that the minimum 
radius is reduced to Zero by insuring Sufficient radial diffu 
Sion to achieve a Suppression of agglomerated interstitial 
defects everywhere along the crystal radius. 
0073. In a preferred embodiment of the process of the 
present invention, the initial concentration of Silicon Self 
interstitial atoms is controlled in the axially Symmetric, 
Self-interstitial dominated region of the ingot. Referring 
again to FIG. 1, in general, the initial concentration of 
Silicon Self-interstitial atoms is controlled by controlling the 
crystal growth velocity, V, and the instantaneous axial tem 
perature gradient, Go, Such that the value of the ratio V/Go is 
relatively near the critical value of this ratio, at which the V/I 
boundary occurs. In addition, the instantaneous axial tem 
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perature gradient, Go, can be established Such that the 
variation of Go (and thus, V/Go) as a function of the ingot 
radius is also controlled. 

0074 The growth velocity, V, and the instantaneous axial 
temperature gradient, Go, are typically controlled Such that 
the ratio v/Go ranges in value from about 0.5 to about 2.5 
times the critical value of V/Go (i.e., about 1x10 cm/sK to 
about 5x10 cm/sK based upon currently available infor 
mation for the critical value of V/G). Preferably, the ratio 
v/G, will range in value from about 0.6 to about 1.5 times the 
critical value of V/Go (i.e., about 1.3x10 cm/sK to about 
3x10 cm/sK based upon currently available information 
for the critical value of V/Go). Most preferably, the ratio v/Go 
will range in value from about 0.75 to about 1 times the 
critical value of V/Go (i.e., about 1.6x10 cm/sK to about 
2.1x10 cm/sKbased upon currently available information 
for the critical value of V/Go). These ratios are achieved by 
independent control of the growth velocity, V, and the 
instantaneous axial temperature gradient, Go. 

0075. In general, control of the instantaneous axial tem 
perature gradient, Go, may be achieved primarily through 
the design of the “hot Zone” of the crystal puller, i.e. the 
graphite (or other materials) that makes up the heater, 
insulation, and heat Shields, among other things. Although 
the design particularS may vary depending upon the make 
and model of the crystal puller, in general, Go may be 
controlled using any of the means currently known in the art 
for minimizing axial variations in heat transfer at the melt/ 
Solid interface, including reflectors, radiation shields, purge 
tubes, light pipes, and heaters. In general, radial variations in 
Go are minimized by positioning Such an apparatus within 
about one crystal diameter above the melt/Solid interface. Go 
can be controlled further by adjusting the position of the 
apparatus relative to the melt and crystal. This is accom 
plished either by adjusting the position of the apparatus in 
the hot Zone, or by adjusting the position of the melt Surface 
in the hot Zone. Either, or both, of these methods can be used 
during a batch Czochralski process in which melt volume is 
depleted during the process. 

0076. It is generally preferred for some embodiments of 
the present invention that the instantaneous axial tempera 
ture gradient, Go, be relatively constant as a function of 
diameter of the ingot. However, it should be noted that as 
improvements in hot Zone design allow for variations in Go 
to be minimized, mechanical issueS associated with main 
taining a constant growth rate become an increasingly 
important factor. This is because the growth process 
becomes much more Sensitive to any variation in the pull 
rate, which in turn directly effects the growth rate, V. In terms 
of process control, this means that it is favorable to have 
values for Go which differ over the radius of the ingot. 
Significant differences in the value of Go, however, can 
result in a large concentration of Self-interstitials near the 
wafer edge and, thereby, increase the difficultly in avoiding 
the formation of agglomerated intrinsic point defects. 

0077. In view of the foregoing, the control of Go involves 
a balance between minimizing radial variations in Go and 
maintaining favorable proceSS control conditions. Typically, 
therefore, the pull rate after about one diameter of the crystal 
length will range from about 0.2 mm/minute to about 0.8 
mm/minute. Preferably, the pull rate will range from about 
0.25 mm/minute to about 0.6 mm/minute and, most prefer 
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ably, from about 0.3 mm/minute to about 0.5 mm/minute. It 
is to be noted the Stated ranges are typical for 200 mm 
diameter crystals. However, the pull rate is dependent upon 
both the crystal diameter and crystal puller design. In 
general, the pull rate will decrease as the crystal diameter 
increases. 

0078. The amount of self-interstitial diffusion may be 
controlled by controlling the cooling rate as the ingot is 
cooled from the solidification temperature (about 1410° C.) 
to the temperature at which Silicon Self-interstitials become 
immobile, for commercially practical purposes. Silicon Self 
interstitials appear to be extremely mobile at temperatures 
near the Solidification temperature of Silicon, i.e. about 
1410 C. This mobility, however, decreases as the tempera 
ture of the Single crystal Silicon ingot decreases. Experimen 
tal evidence obtained to-date Suggests that the diffusion rate 
of Self-interStitials slowS Such a considerable degree that 
they are essentially immobile for commercially practical 
time periods at temperatures less than about 700 C., and 
perhaps attemperatures as great as 800° C., 900 C., or even 
1,000° C. 
0079. Within the range of temperatures at which self 
interstitials appear to be mobile, and depending upon the 
temperature in the hot Zone, the cooling rate will typically 
range from about 0.2 C./minute to about 2 C./minute. 
Preferably, the cooling rate will range from about 0.2 
C./minute to about 1.5 C./minute and, more preferably, 
from about 0.2 C./minute to about 1 C./minute. Control of 
the cooling rate can be achieved by using any means 
currently known in the art for minimizing heat transfer, 
including the use of insulators, heaters, and radiation 
shields. 

0080 AS previously noted, a minimum radius of the 
vacancy dominated region exists for which the Suppression 
of agglomerated interstitial defects may be achieved. The 
value of the minimum radius depends on V/Go(r) and the 
cooling rate. AS crystal puller and hot Zone designs will vary, 
the ranges presented above for V/Go(r), pull rate, and cooling 
rate will also vary. Likewise these conditions may vary 
along the length of a growing crystal. Also as noted above, 
the width of the interstitial dominated region free of agglom 
erated interstitial defects is preferably maximized. Thus, it is 
desirable to maintain the width of this region to a value 
which is as close as possible to, without exceeding, the 
difference between the crystal radius and the minimum 
radius of the vacancy dominated region along the length of 
the growing crystal in a given crystal puller. 
0081. The optimum width of the axially symmetric 
region and the required optimal crystal pulling rate profile 
for a given crystal puller hot Zone design may be determined 
empirically. Generally Speaking, this empirical approach 
involves first obtaining readily available data on the axial 
temperature profile for an ingot grown in a particular crystal 
puller, as well as the radial variations in the instantaneous 
axial temperature gradient for an ingot grown in the same 
puller. Collectively, this data is used to pull one or more 
Single crystal Silicon ingots, which are then analyzed for the 
presence of agglomerated interstitial defects. In this way, an 
optimum pull rate profile can be determined. 
0082 FIG. 13 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of a section of a 200 
mm diameter ingot following a Series of oxygen precipita 
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tion heat-treatments which reveal defect distribution pat 
terns. It depicts an example in which a near-optimum pull 
rate profile is employed for a given crystal puller hot Zone 
design. In this example, a transition occurs from the opti 
mum V/Go(r) at which the axially symmetric region has the 
maximum width, to a V/Go(r) in which the maximum width 
of the interstitial dominated region is exceeded, resulting in 
the generation of regions of agglomerated interstitial defects 
28. 

0083. In addition to the radial variations in V/Go resulting 
from an increase in Go over the radius of the ingot, V/Go may 
also vary axially as a result of a change in V, or as a result 
of natural variations in Go due to the Czochralski process. 
For a Standard Czochralski proceSS, V is altered as the pull 
rate is adjusted throughout the growth cycle, in order to 
maintain the ingot at a constant diameter. These adjustments, 
or changes, in the pull rate in turn cause V/Go to vary over 
the length of the constant diameter portion of the ingot. In 
accordance with the process of the present invention, the 
pull rate is therefore controlled in order to maximize the 
width of the axially Symmetric region of the ingot. AS a 
result, however, variations in the radius of the ingot may 
occur. In order to ensure that the resulting ingot has a 
constant diameter, the ingot is therefore preferably grown to 
a diameter larger than that which is desired. The ingot is then 
Subjected to processes Standard in the art to remove exceSS 
material from the Surface, thus ensuring that an ingot having 
a constant diameter portion is obtained. 

0084. For an ingot prepared in accordance with the 
process of the present invention and having a V/I boundary, 
experience has shown that low oxygen content material, i.e., 
less than about 13 PPMA (parts per million atomic, ASTM 
standard F-121-83), is preferred. More preferably, the single 
crystal silicon contains less than about 12 PPMA oxygen, 
still more preferably less than about 11 PPMA oxygen, and 
most preferably less than about 10 PPMA oxygen. This is 
because, in medium to high oxygen contents wafers, i.e., 14 
PPMA to 18 PPMA, the formation of oxygen-induced 
Stacking faults and bands of enhanced oxygen clustering just 
inside the V/I boundary becomes more pronounced. Each of 
these are a potential Source for problems in a given inte 
grated circuit fabrication process. 

0085. The effects of enhanced oxygen clustering may be 
further reduced by two methods, used singularly or in 
combination. Oxygen precipitate nucleation centers typi 
cally form in Silicon which is annealed at a temperature in 
the range of about 3500 to about 750° C. For some appli 
cations, therefore, it may be preferred that the crystal be a 
“short crystal, that is, a crystal which has been grown in a 
Czochralski proceSS until the Seed end has cooled from the 
melting point of silicon (1410° C.) to about 750° C. after 
which the ingot is rapidly cooled. In this way, the time spent 
in the temperature range critical for nucleation center for 
mation is kept to a minimum and the oxygen precipitate 
nucleation centers have inadequate time to form in the 
crystal puller. 

0086 Alternatively, and more preferably, oxygen precipi 
tate nucleation centers formed during the growth of the 
Single crystal are dissolved by annealing the Single crystal 
silicon. Provided they have not been subjected to a stabi 
lizing heat-treatment, oxygen precipitate nucleation centers 
can be annealed out of Silicon by rapidly heating the Silicon 
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to a temperature of at least about 875 C. and preferably 
continuing to increase the temperature to at least 1000 C. 
By the time the silicon reaches 1000 C., Substantially all 
(e.g., >99%) of such defects have annealed out. It is impor 
tant that the wafers be rapidly heated to these temperatures, 
i.e., that the rate of temperature increase be at least about 10 
C. per minute and more preferably at least about 50 C. per 
minute. Otherwise, Some or all of the oxygen precipitate 
nucleation centerS may be Stabilized by the heat-treatment. 
Equilibrium appears to be reached in relatively short periods 
of time, i.e., on the order of 1 minute. Accordingly, oxygen 
precipitate nucleation centers in the Single crystal Silicon 
may be dissolved by annealing it at a temperature of at least 
about 875 C. for a period of at least about 30 seconds, 
preferably at least about 10 minutes. The dissolution may be 
carried out in a conventional furnace or in a rapid thermal 
annealing (RTA) System. In addition, the dissolution may 
carried out on crystal ingots or on wafers, preferably wafers. 
0.087 Although the temperature at which a self-intersti 
tial agglomeration reaction occurs may in theory vary over 
a wide range of temperatures, as a practical matter this range 
appears to be relatively narrow for conventional, Czochral 
ski grown Silicon. This is a consequence of the relatively 
narrow range of initial Self-interstitial concentrations which 
are typically obtained in Silicon grown according to the 
Czochralski method. In general, therefore, a Self-interstitial 
agglomeration reaction will typically occur, if at all, at 
temperatures within the range of about 1100 C. to about 
800° C. 

0088 As the Examples given below illustrate, the present 
invention affords a process for preparing a single crystal 
Silicon ingot in which, as the ingot cools from the Solidifi 
cation temperature in accordance with the Czochralski 
method, the agglomeration of intrinsic point defects is 
prevented within an axially Symmetric region of the constant 
diameter portion of the ingot, from which waferS may be 
Sliced. 

0089. The following Examples set forth one set of con 
ditions that may be used to achieve the desired result. 
Alternative approaches exist for determining an optimum 
pull rate profile for a given crystal puller. For example, 
rather than growing a Series of ingots at various pull rates, 
a single crystal could be grown at pull rates which increase 
and decrease along the length of the crystal; in this approach, 
agglomerated Self-interstitial defects would be caused to 
appear and disappear multiple times during growth of a 
Single crystal. Optimal pull rates could then be determined 
for a number of different crystal positions. Accordingly, the 
following Examples should not be interpreted in a limiting 
SCSC. 

EXAMPLE 1. 

Optimization Procedure for a Crystal Puller Having 
a Pre-existing Hot Zone Design 

0090. A first 200 mm single crystal silicon ingot was 
grown under conditions in which the pull rate was ramped 
linearly from 0.75 mm/min. to 0.35 mm/min. over the length 
of the crystal. FIG. 14 shows the pull rate as a function of 
crystal length. Taking into account the pre-established axial 
temperature profile of a growing 200 mm ingot in the crystal 
puller and the pre-established radial variations in the instan 
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taneous axial temperature gradient, Go, i.e., the axial tem 
perature gradient at the melt/Solid interface, these pull rates 
were Selected to insure that ingot would be vacancy domi 
nated material from the center to the edge at one end of the 
ingot and interStitial dominated material from the center to 
the edge of the other end of the ingot. The grown ingot was 
Sliced longitudinally and analyzed to determine where the 
formation of agglomerated interstitial defects begins. 
0091 FIG. 15 is an image produced by a scan of the 
minority carrier lifetime of an axial cut of the ingot over a 
section ranging from about 635 mm to about 760 mm from 
the shoulder of the ingot following a Series of oxygen 
precipitation heat-treatments which reveal defect distribu 
tion patterns. At a crystal position of about 680 mm, a band 
of agglomerated interstitial defects 28 can be seen. This 
position corresponds to a critical pull rate of v(680 mm)= 
0.33 mm/min. At this point, the width of the axially sym 
metric region 6 (a region which is interstitial dominated 
material but which lacks agglomerated interstitial defects) is 
at its maximum; the width of the vacancy dominated region 
8, Rv (680) is about 35 mm and the width of the axially 
symmetric region, R* (680) is about 65 mm. 
0092. A series of four single crystal silicon ingots were 
then grown at Steady State pull rates which were Somewhat 
greater than and Somewhat leSS than the pull rate at which 
the maximum width of the axially Symmetric region of the 
first 200 mm ingot was obtained. FIG.16 shows the pull rate 
as a function of crystal length for each of the four crystals, 
labeled, respectively, as 1-4. These four crystals were then 
analyzed to determine the axial position (and corresponding 
pull rate) at which agglomerated interstitial defects first 
appear or disappear. These four empirically determined 
points (marked “*”) are shown in FIG. 16. Interpolation 
between and extrapolation from these points yielded a curve, 
labeled v(Z) in FIG. 16. This curve represents, to a first 
approximation, the pull rate for 200 mm crystals as a 
function of length in the crystal puller at which the axially 
Symmetric region is at its maximum width. 
0093 Growth of additional crystals at other pull rates and 
further analysis of these crystals would further refine the 
empirical definition of v(Z). 

EXAMPLE 2 

Reduction of Radial Variation in Go(r) 
0094 FIGS. 17 and 18 illustrate the improvement in 
quality that can be achieved by reduction of the radial 
variation in the axial temperature gradient at the crystal/melt 
interface, Go(r). The initial concentration (about 1 cm from 
the crystal/melt interface) of vacancies and interstitials are 
calculated for two cases with different Go(r): (1) G(r)=2.65+ 
5x10"r (K/mm) and (2) Go(r)=2.65+5x10r (K/mm). For 
each case the pull rate was adjusted Such that the boundary 
between vacancy-rich Silicon and interstitial-rich Silicon is at 
a radius of 3 cm. The pull rate used for case 1 and 2 were 
0.4 and 0.35 mm/min, respectively. From FIG. 18 it is clear 
that the initial concentration of interstitials in the interstitial 
rich portion of the crystal is dramatically reduced as the 
radial variation in the initial axial temperature gradient is 
reduced. This leads to an improvement in the quality of the 
material Since it becomes easier to avoid the formation of 
interstitial defect clusters due to SuperSaturation of interSti 
tials. 
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EXAMPLE 3 

Increased Out-diffusion Time for Interstitials 

0.095 FIGS. 19 and 20 illustrate the improvement in 
quality that can be achieved by increasing the time for 
out-diffusion of interstitials. The concentration of intersti 
tials is calculated for two cases with differing axial tem 
perature profiles in the crystal, dT/dz. The axial temperature 
gradient at the crystal/melt interface is the Same for both 
cases, So that the initial concentration (about 1 cm from the 
crystal/melt interface) of interstitials is the same for both 
cases. In this example, the pull rate was adjusted Such that 
the entire crystal is interstitial-rich. The pull rate was the 
same for both cases, 0.32 mm/min. The longer time for 
interstitial out-diffusion in case 2 results in an overall 
reduction of the interstitial concentration. This leads to an 
improvement in the quality of the material Since it becomes 
easier to avoid the formation of interstitial defect clusters 
due to SuperSaturation of interstitials. 

EXAMPLE 4 

0096. A 700 mm long, 150 mm diameter crystal was 
grown with a varying pull rate. The pull rate varied nearly 
linearly from 1.2 mm/min at the shoulder to 0.4 mm/min at 
430 mm from the shoulder, and then nearly linearly back to 
0.65 mm/min at 700 mm from the shoulder. Under these 
conditions in this particular crystal puller, the entire radius 
is grown under interstitial-rich conditions over the length of 
crystal about 320 mm to about 525 mm from the shoulder of 
the crystal. At an axial position of about 525 mm and a pull 
rate of about 0.47 mm/min, the crystal is free of agglomer 
ated intrinsic point defects clusters acroSS the entire diam 
eter. Stated another way, there is one Small Section of the 
crystal in which the width of the axially Symmetric region, 
i.e., the region which is Substantially free of agglomerated 
defects, is equal to the radius of the ingot. 
0097. In view of the above, it will be seen that the several 
objects of the invention are achieved. 
0.098 As various changes could be made in the above 
compositions and processes without departing from the 
Scope of the invention, it is intended that all matter contained 
in the above description be interpreted as illustrative and not 
in a limiting Sense. 

What is claimed is: 
1. A Single crystal Silicon wafer having a central axis, a 

front Side and a back Side which are generally perpendicular 
to the axis, a circumferential edge, and a radius extending 
from the central axis to the circumferential edge of the 
wafer, the wafer comprising 

an axially Symmetric region which is Substantially free of 
agglomerated intrinsic point defects, the axially Sym 
metric region extending radially inwardly from the 
circumferential edge of the wafer and having a width, 
as measured from the circumferential edge radially 
toward the center axis, which is at least about 40% the 
length of the radius of the wafer. 

2. The wafer as set forth in claim 1 wherein the axially 
Symmetric region is generally annular in shape and the wafer 
additionally comprises a generally cylindrical region con 
Sisting of vacancy dominated material which is radially 
inward of the annular region. 
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3. The wafer as set forth in claim 1 wherein the wafer has 
as oxygen content which is less than about 13 PPMA. 

4. The wafer as set forth in claim 1 wherein the wafer has 
as oxygen content which is less than about 11 PPMA. 

5. The wafer as set forth in claim 1 wherein the wafer has 
an absence of oxygen precipitate nucleation centers. 

6. A Single crystal Silicon ingot having a central axis, a 
Seed-cone, an end-cone, and a constant diameter portion 
between the Seed-cone and the end-cone having a circum 
ferential edge and a radius extending from the central axis to 
the circumferential edge, the Single crystal Silicon ingot 
being characterized in that after the ingot is grown and 
cooled from the Solidification temperature, the constant 
diameter portion contains an axially Symmetric region which 
is Substantially free of agglomerated intrinsic point defects 
wherein the axially Symmetric region extends radially 
inwardly from a circumferential edge of the ingot, has a 
width as measured from the circumferential edge radially 
toward the central axis of the ingot which is at least about 
30% the length of the radius of the constant diameter 
portion, and has a length as measured along the central axis 
of at least about 20% the length of the constant diameter 
portion of the ingot. 

7. The Single crystal Silicon ingot as Set forth in claim 6 
wherein the length of the axially Symmetric region is at least 
40% the length of the constant diameter portion of the ingot. 

8. The Single crystal Silicon ingot as Set forth in claim 7 
wherein the length of the axially symmetric region is at least 
60% the length of the constant diameter portion of the ingot. 

9. The Single crystal Silicon ingot as Set forth in claim 6 
wherein the axially Symmetric region has a width which is 
at least about 60% the length of the radius of the constant 
diameter portion. 

10. The single crystal silicon ingot as set forth in claim 9 
wherein the axially Symmetric region has a width which is 
at least about 80% the length of the radius of the constant 
diameter portion. 

11. A proceSS for growing a Single crystal Silicon ingot in 
which the ingot comprises a central axis, a Seed-cone, an 
end-cone and a constant diameter portion between the 
Seed-cone and the end-cone having a circumferential edge 
and a radius extending from the central axis to the circum 
ferential edge, the ingot being grown from a Silicon melt and 
then cooled from the Solidification temperature in accor 
dance with the Czochralski method, the proceSS comprising 

controlling a growth Velocity, V, and an instantaneous 
axial temperature gradient, Go, of the crystal during the 
growth of the constant diameter portion of the ingot to 
cause the formation of an axially Symmetrical Segment 
which, upon cooling of the ingot from the Solidification 
temperature, is Substantially free of agglomerated 
intrinsic point defects wherein the axially Symmetric 
region extends inwardly from the circumferential edge 
of the ingot, has a width as measured from the circum 
ferential edge radially toward the central axis of the 
ingot which is at least about 30% the length of the 
radius of the ingot, and has a length as measured along 
the central axis of at least about 20% the length of the 
constant diameter portion of the ingot. 

12. The process as set forth in claim 11 wherein the length 
of the axially symmetric region is at least 40% the length of 
the constant diameter portion of the ingot. 
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13. The process as set forth in claim 12 wherein the length 
of the axially symmetric region is at least 60% the length of 
the constant diameter portion of the ingot. 

14. The process as set forth in claim 11 wherein the axially 
symmetric region has a width which is at least about 60% the 
length of the radius of the constant diameter portion. 

15. The process as set forth in claim 14 wherein the 
axially Symmetric region has a width which is at least about 
80% the length of the radius of the constant diameter 
portion. 

16. A process for growing a single crystal Silicon ingot, 
the Single crystal Silicon ingot being characterized in that, 
after the ingot is grown from a Silicon melt and cooled from 
the Solidification temperature in accordance with the CZO 
chralski method, a constant diameter portion of the ingot 
contains an axially Symmetric region which is Substantially 
free of agglomerated intrinsic point defects, the proceSS 
comprising 

controlling a growth Velocity, V, and an instantaneous 
axial temperature gradient, Go, Such that a ratio V/Go 
ranges in value from about 0.6 to about 1.5 times the 
critical value of V/Go 

17. A process for growing a single crystal Silicon ingot, 
the Single crystal Silicon ingot being characterized in that, 
after the ingot is grown from a Silicon melt and cooled from 
the Solidification temperature in accordance with the CZO 
chralski method, a constant diameter portion of the ingot 
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contains an axially Symmetric Segment which is Substan 
tially free of agglomerated intrinsic point defects, the pro 
ceSS comprising 

controlling a growth Velocity, V, and an instantaneous 
axial temperature gradient, Go, Such that a ratio V/Go 
ranges in value from about 0.6 to about 1.5 times the 
critical value of V/Go, and 

controlling a cooling rate within a temperature range of 
about 1400° C. to about 800° C., such that the rate 
ranges from about 0.2 C./minute to about 1.5 
C./minute. 

18. The process of claim 17 wherein the growth velocity, 
V, and the instantaneous axial temperature gradient, Go, are 
controlled Such that the ratio V/Go ranges in value from about 
0.75 to about 1 times the critical value of V/Go 

19. The process of claim 17 wherein the cooling rate is 
controlled within a temperature range of about 1400° C. to 
about 1000 C. 

20. The process of claim 19 wherein the cooling rate is 
controlled such that the rate ranges from about 0.2 
C./minute to about 1 C./minute. 

21. The process of claim 17 wherein oxygen precipitate 
nucleation centers formed during the growth of the Single 
crystal are dissolved by annealing the Single crystal Silicon. 

k k k k k 


