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Abstract

There is a vacancy dominant region in the crystal center of the silicon crystals and
an interstitial atom dominant region in the peripheral area when the crystal growth
rate is within a certain range, and ring OSFs form near the boundary of the two. To
obtain good quality wafers it is important to control the ring OSFs, and this is one of
the problems to overcome for the production of large diameter silicon crystals or the
quality enhancement of epitaxial wafers using high-dope crystal substrates. This
report experimentally clarifies the formation mechanisms of the ring OSFs and shows
that the mechanisms can be described by expanding an easy one-dimension model
to two dimensions. The ring OSFs appear when the crystal growth rate and the
temperature gradient in the crystal growth direction are in a certain ratio to each
other. Further, in the case of boron high dope crystals, the ring OSFs form when the
ratio is comparatively high, which fact can be explained by factors such as the de-
crease in mobility of vacancies. It is expected that a quality design based on these

findings will make the production of large diameter and high quality crystals pos-

sible.

1. Introduction

Recent trends of higher integration and a finer design rule of sili-
con devices demand expansion of silicon crystal diameter and en-
hancement of crystal quality. The expansion of crystal diameter en-
visages minimizing the increase in the device manufacturing cost in
increasing the chip size. Most of the silicon wafers for LSIs nowa-
days are grown using the Czochralski process. The dominant diam-
eter of the wafers is 200 mm at present, but device makers plan to
introduce 300-mm diameter wafers from 2001.

The silicon crystals by the Czochralski process (CZ-Si) contain
grown-in defects (void defects” and dislocation cluster defects?) in-
troduced during the crystal growth, and their type and characteristic
depend largely on the crystal’s condition at the solid/liquid bound-
ary and thermal history at high temperatures. Crystal properties along
aradial direction of a 300-mm diameter crystal tend to be less homo-

geneous than those of a crystal 200 mm or less in diameter. This is
because the condition at the solid/liquid boundary and the thermal
history at high temperatures differ more widely along crystal radius
as the diameter increases.

Nippon Steel has clarified defect formation mechanisms and de-
veloped defect control measures based on the clarified mechanisms
aiming at expanding the crystal diameter and enhancing the crystal
quality through epitaxial wafers using high-dope crystal substrates.

2. Relationship between Ring OSF and Crystal
Growth Conditions
Usually, in the CZ-Si’s, when they are grown at a certain pulling
rate, there are regions of void defects, a kind of as-grown defect,
near the center and regions of dislocation clusters defects near the
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crystal edge. After an oxidation heat treatment at 1,100°C for 1 h, a
ring-shaped oxidation-induced stacking fault (ring OSF) is formed
near the boundary between the void defect region and the disloca-
tion cluster defect region®. Whereas the void defects and the dislo-
cation cluster defects are the defects existing in as-grown crystals,
the ring OSF is latent in the as-grown crystals, though it has already
been introduced, and becomes manifest during device manufactur-
ing processes. Under a slow crystal growth rate the dislocation clus-
ter defects spread over the entire wafer, whereas under a high crystal
growth rate the void defects spread over the entire wafer. When the
crystal growth rate is somewhere in the middle, the void defects ap-
pear in the crystal center, the dislocation cluster defects appear in the
peripheral region, and the ring OSF around the boundary of the two.
As the crystal growth rate increases, the ring OSF moves towards
the wafer edge (see Fig. 1)*.

Expressing crystal growth rate as V and temperature gradient in
the crystal growth direction at the crystal center as G, the ring OSF
appears at the crystal center when the ratio V/G, takes a critical value
(V/G),,,» and the radius of the ring OSF increases as V/G, surpasses
the critical value (V/G)_,”. This is because the temperature gradient
in the crystal growth direction G changes along a radius. Since the
temperature gradient in the crystal growth direction G is larger near
the crystal edge than near the center, the ring OSF radius is consid-
ered to increase as V/G, becomes larger (see Fig. 2)°.
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Fig. 1 Crystal growth rate and defect distribution
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Fig. 2 Crystal growth rate and temperature gradient along crystal
growth direction in crystal section
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3. Ring OSF in Large Diameter, High-Dope Silicon

Crystal

The relationship between the ring OSF radius and V/G(r) using
crystals 300 mm in diameter was examined. Here, G(r) is tempera-
ture gradient in the crystal growth direction at a crystal radius r. Al-
though control of the ring OSF is more difficult in the 300-mm di-
ameter crystals, it is easier with large diameter crystals to accurately
measure radial position dependency of the temperature gradient in
the crystal growth direction.

Epitaxial wafers, which are not easily affected by grown-in de-
fects, are expected to be dominant when the 300-mm diameter wa-
fers become widely used. The epitaxial wafers are products of epi-
taxial layer growth of silicon on polished wafers made from CZ-Si.
Here, P* substrates and P** substrates with a large addition of boron,
a P type dopant, are used as the substrate polished wafers. Resistiv-
ity of a P* crystal is, normally, 10 to 20 m Q-cm and that of a P**
crystal is 5 to 10 m Q-cm. In contrast, resistivity of a P~ crystal,
which is used as a polished wafer, is in the order of tens of Q-cm. In
terms of boron concentration, a P~ crystal contains roughly 10" to
10" atoms/cm? of boron, and a P* crystal roughly 10'® atoms/cm?.

Boron has been reported to affect distribution of the ring OSF in
the CZ-Si crystals”. When CZ-Si’s are grown under a common con-
dition except for boron concentration, the ring OSF appears nearer
to the crystal center as the boron concentration increases. This is
accounted for by a decrease in mobility of vacancies in the crystal®
as well as by a decrease in the concentration of supersaturated va-
cancies in the crystal®. Tests were conducted to quantitatively evalu-
ate the effect of boron addition on the grown-in defects.

4. Test Method and Results
4.1 Crystal growth

300-mm diameter silicon crystals were grown by the CZ process
under the same hot-zone conditions (heat insulation structure). P~
crystals and P* crystals were pulled up having boron concentration
of 5.6 to 14.0 x 10" atoms/cm? and 4.7 to 10.4 x 10'® atoms/cm?,
respectively. Photo 1 shows one of the 300-mm diameter crystals
thus pulled up and a 300-mm diameter wafer manufactured from it.
In order to change the position of the ring OSF, different crystals
were pulled up under different crystal growth rates as shown in Fig.
1.
4.2 Evaluation of crystal temperature gradient

Temperature inside the crystals was measured during the crystal
growth with regards to the hot-zone in which the crystals were pulled.
The temperature measurement was done on 300-mm diameter crys-
tals with thermocouples embedded at the crystal center and 75 mm,
100 mm, 125 mm and 145 mm from the center (5 positions) after
growing the crystals and cutting them into prescribed lengths. Fig. 3
shows radial position dependency of the temperature gradient in the
crystal growth direction obtained through the crystal temperature
measurement. The solid line is an approximation of the measure-
ment data using a 4th order polynomial. With the hot-zone used in
the tests, the temperature gradient differed by about 1.7 times be-
tween the center and the edge of the crystal.
4.3 Evaluation of ring OSF radius

Ring OSFs were made to appear by manufacturing wafers from
the pulled-up crystals and heat-treating the wafers at 1,100°C for 1 h
in a wet atmosphere for oxidation. Radiuses of the ring OSFs were
obtained through X-ray topographic evaluation. Photo 2 is an X-ray
topograph of a 300-mm diameter P* crystal.

Fig. 4 shows the relationship between the ring OSF radius and



NIPPON STEEL TECHNICAL REPORT No. 83 JANUARY 2001

(b) 300-mm diameter silicon wafer
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Fig. 3 Temperature gradient along crystal growth direction in relation
to radial position during growth of 300-mm diameter crystal
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Fig. 4 Ring OSF radius in relation to V/G, in 300-mm diameter
crystal

the ratio V/G, of the crystal growth rate V to the temperature gradient
in the crystal growth direction at the center G, of the crystals grown
under different pulling rates. Since the temperature gradient in the
crystal growth direction at the center G, is constant, we see from the
figure that, either in the P~ crystals or the P* crystals, the ring OSF
moves from the center towards the crystal edge as the crystal growth
rate V becomes larger.

4.4 Evaluation of void defects

Void defects of wafers were measured with an optical precipitate
profiler (OPP) using as-grown wafers (without heat treatment) after
polishing the wafers manufactured from the pulled-up crystals. Since
the OPP is capable of measuring both the size and concentration of
void defects, cumulative void concentration can be calculated from
the OPP measurement results'®.

Fig. 5 shows the cumulative void concentration of P~ crystals
and P* crystals evaluated with the OPP. We see here that the nearer
the wafer center the higher the cumulative void concentration be-
comes in either type of crystals. The position where the cumulative
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Fig. 5 Cumulative void concentration in relation to radial position
during growth of 300-mm diameter crystal
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void concentration becomes zero roughly coincides with the posi-
tion of the ring OSF, and there are dislocation cluster defects in the
wafer peripheral region where no void defects are found.

5. Discussions
5.1 Relationship between ring OSF and V/G(r)

As shown in Fig. 3, the temperature gradient in the crystal growth
direction is different in a crystal radial position and is determined by
the hot-zone. The relationship between the ring OSF radius and V/G,
shown in Fig. 4, therefore, depends also on the hot-zone and not on
the material characteristics of silicon only. Hence, to examine unique
material characteristics of silicon independent from the hot-zone, it
is necessary to compensate the temperature gradient in the crystal
growth direction for its radial position dependency.

Fig. 6 shows the relationship of the ring OSF radius with V/G(r)
of 300-mm djameter silicon crystals. The critical value (V/G),_, for
the ring OSF to appear at the crystal center is different in the P-
crystals and the P* crystals, but the ring OSF is formed in either type
of crystals at the position where the ratio V/G(r) of the crystal growth
rate V to the temperature gradient in the crystal growth direction at a
ring OSF radius r G(r) becomes equal to the critical value (V/G)_,.
Thus it has been confirmed that distribution of the ring OSF is
univocally determined by V/G(r). The critical value (V/G)_, for the
ring OSF to appear is 0.17 mm?*min-°C for the P~ crystals and is 0.21
mm?min-°C for the P* crystals. These values are somewhat different
in different reports™'", but the difference can be attributed to inaccu-
rate measurement of the temperature gradient in the crystal growth
direction, and further investigations are required to clarify this issue.

The solid line in Fig. 4 shows the ring OSF radius in relation to
V/G,, the ring OSF radius being calculated from the critical value (V/
G),,, for each of the crystals and from G(r), and is in good agreement
with the measurement data, like Fig. 6.

5.2 Effects of boron addition on grown-in defects

Since radial distribution of the cumulative void concentration
shown in Fig. 5 is dependent on the hot-zone like in the case of the
ring OSF analysis, we re-plotted the cumulative void concentration
in relation to V/G(r) for the purpose of eliminating the effects of the
hot-zone (see Fig. 7). The value of V/G(r) where the cumulative void
concentration is equal to zero is very close to (V/G)_, either in the P~
crystals or the P* crystals.

Several models have been proposed as grown-in defect forming
models'>™® such as the Voronkov model'?, the Habu model'?, etc.
The test results were examined using the Voronkov model, one of
the simplest among the proposed models.
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Fig. 6 Ring OSF radius in relation to V/G(r) in 300-mm diameter
crystal
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Thus, the model assumes the following two hypotheses regard-

ing the crystal growth from a silicon melt (see Fig. 8):

(1) Vacancies and interstitial atoms are introduced to the crystal dur-
ing solidification of the melt in the quantities corresponding to
their respective equilibrium concentrations at the melting tem-
perature.

(2) The vacancies and interstitial atoms disappear in pairs within
several millimeters of liquid/solid boundary.

Because the vacancies and interstitial atoms flow into the crystal

in proportion to the concentration gradient in the crystal, the flux J

of vacancies in the case of excessive vacancies is expressed as fol-

lows:

J=

0z 0z

Vc,,—D,,aC")—(vc,--Di?ﬂ) o)

where V is crystal growth rate, C is concentration of vacancies, C, is
concentration of interstitial atoms, D, is mobility of vacancies in the
crystal, D, is mobility of interstitial atoms in the crystal, and z is
position in the crystal growth direction from melt surface. When the
value of J is negative, it should be interpreted as the flux of intersti-
tial atoms.

Vacancies become dominant and void defects appear when the
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crystal growth rate is high, whereas interstitial atoms become domi-
nant and dislocation cluster defects appear when the crystal growth
rate is low. From this and the above two assumptions it is considered
that concentration of the vacancies introduced to the crystals at the
initial stage C,, is larger than the concentration of interstitial atoms
C,(C,>C,,and that D C  is smaller than D.C, (D,C <D C,).
A linear approximation of crystal temperature near the solid/lig-
uid boundary in relation to the position along the crystal growth di-
rection makes it possible to express the equilibrium concentrations
of vacancies C and interstitial atoms C, in terms of their respective
formation energies £, and E, as follows:
Cve = CvOe _Ei:%z’ Cie = Cioe% (2)
where T, is crystal temperature at the solid/liquid boundary, and G is
crystal temperature gradient at the same boundary. It so follows that
the critical concentration of vacancies C, for them to phase-trans-
form into void defects by aggregation can be approximated as fol-
lows!®:

" VIGH

It has to be noted here that Eq. (3) was obtained through extension of
a 1-dimensional model into a 2-dimensional model in which exten-
sion the temperature gradient in the crystal growth direction G as-
sumed to be homogeneous in a crystal section in the 1-dimensional
model was replaced with a temperature gradient in the crystal growth
direction G(r) having a radial position dependency.

On the other hand, the cumulative void concentration C, ’ meas-
ured with the OPP is the difference between C, and equilibrium
vacancy concentration at room temperature C , (C, "=C, ~C ).
Since C,,* ~ 10"(1/cm’) is true from the measurement results and
C,, ~ 10"%(l/em®) is also true'”, it follows that C,, = C,” > C

vm veb

holds true. Consequently, Eq. (3) is further approximated as follows:

. (V/G)crit)
VIG(r)

where C, is initial excessive vacancy concentration, that is asymp-
totic cumulative void concentration, after the pair annihilation of
primary defects and is equal to C, — C,.

The cumulative void concentration was fitted in relation to V/
G(r) using Eq. (4) with C " and (V/G),, as parameters. The result is
shown in the solid line in Fig. 7. The asymptotic cumulative void
concentration C ,obtained through the fitting is 1.3 x 10'%(1/cm?) for
the P- crystals and 1.8 x 10'(1/cm?®) for the P* crystals. Fig. 9 shows
the asymptotic cumulative void concentration C, in relation to bo-
ron concentration. We understand from the figure that the asymp-
totic cumulative void concentration does not change with increase in
the boron concentration, or that it increases only slightly.

The critical value (V/G)_, of V/G for the ring OSF to appear is
expressed as follows'?:

(K) _E+E, DCyw-DCy _E;+E, DCix—D,Cy
G erit 2kOT()Z CuO - Ci() 2k0T02 Cvf

On an assumption that T}, E and E, do not change, from Eq. (5),
the critical value (V/G)_, may increase with an increase in the boron
concentration in the following three hypothetical cases:

(1) Where the mobility of vacancies D, decreases or the mobility of
interstitial atoms D, increases.

(2) Where Cvf (= C,— C,) decreases.

(3) Where concentrations of vacancies and interstitial atoms C , and

©)

Cvm (V/G(r)) = %: (CUO — CiO) (1 (V/G)crit)

Cy' (VIG() = Cyp- (1 )

®
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Fig. 9 Asymptotic cumulative void concentration in relation to boron
concentration

C,, increase under the condition that Cvf (= C,— C,) is constant.
Among the above, however, (2) contradicts the test result. With re-
gards to (3), although there is a report to the effect that interstitial
atoms increase with boron addition by the size effect of boron at-
oms?, it is not plausible that two types of defects opposite in nature
to each other should increase simultaneously, keeping the difference
between them. Thus, as a conclusion, (1) is the most likely. Susanto
et al. explained that boron formed pairs with vacancies or interstitial
atoms and that, with increasing boron concentration, the radius of
the ring OSF came inside the crystal because of low mobility of the
pairs®. This supports (1) above.

Changes in mobility of the species based on the test results were
also estimated. On an assumption that the mobility of interstitial at-
oms D, stays constant and only that of vacancies D, changes, the
mobility of vacancies of a P* crystal D * is expressed as follows:

ﬂ=(V/G)+m-t(1_@,&) Cio . D;

+ —_—
Du (V/G)crit CuO Dv C’uO Dv

where (V/G)*_ is the critical value (V/G)_ of a P* crystal. The mo-
bility will decrease by about 5 to 18%, when C,/C,. = 1.07 and D/
D, =0.71 are applied to the equation'?. The difference in the mobil-
ity decrease (or the above value not being univocally determined) is
attributed to whether to consider the asymptotic cumulative void
concentration Cvf (= C,,— C,) to be constant independent from boron
concentration or it increases as the boron concentration increases. It
is thought however, that the measurement result does not have the
accuracy for examining the difference, since it consists only of the
data obtained with an OPP and the value of the asymptotic cumula-
tive void concentration was estimated from the measurement data
obtained where the cumulative void concentration was small. This
issue has to be studied in the future.

(6

6. Conclusion

It has been confirmed through tests using 300-mm diameter CZ-
Si crystals that ring OSFs generating to the crystals would become
manifest when the ratio V/G(r) of the crystal growth rate V to the
temperature gradient in the crystal growth direction G(r) becomes
equal to a critical value (V/G)_.. This holds true with either the P-
crystals or the P* crystals, although the critical value (V/G)_, be-
comes larger as boron concentration increases. For controlling the
ring OSF it is important to control radial distribution of the tempera-
ture gradient in the crystal growth direction, and for this end, design
technology of the hot-zone of pulling furnaces will play a key role.
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The cumulative void concentration in the CZ-Si crystals can be
expressed in the form of equation using V/G(r) as a parameter. It was
learned that the concentration of excessive vacancies C, introduced
to a crystal was in the same order of magnitude in the P- crystals and
the P* crystals. From this it can be concluded that the increase in the
critical value (V/G)_, caused by an increase in boron concentration
is accounted for with effective decrease in the mobility of vacancies,
etc. when a simplified Voronkov model is assumed.

Application of these findings to the quality design of the silicon
crystals will make quality enhancement viable in parallel to the di-

ameter expansion of the crystals.
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