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Improvement to Bulk Oxygen Precipitate Density Necessary for
Internal Gettering in Antimony Doped N/N* Epitaxial Wafers
Using the 3-Step Technique and Ramped Nucleation

Algin R. Comeau™
Mitel Semiconductor, Bromont, Québec, Canada, JOE 1L0

ABSTRACT

The addition of a ramped nucleation cycle, just after an initial oxidation, is shown to greatly increase the precipitation
of interstitial oxygen during simulated processing on N/N* antimony doped epitaxial wafers. When used with fully pro-
cessed wafers, the ramped nucleation improves internal gettering. Oxygen precipitate density and bulk stacking fault
density achieved are about a factor of 100 higher when using ramped nucleation. These results indicate that N/N* anti-
mony doped epitaxial wafers have an intrinsic gettering capability as good as that of lightly doped material when using an
activation cycle (initial oxidation) and subsequent ramped nucleation. A method for calculating bulk stacking fault den-
sity is presented. It is shown that, at high concentration (above 107 cm™?), the square of the bulk stacking fault length is
inversely proportional to their density. This finding indicates that the growth of bulk stacking faults is limited by the sup-
ply of interstitial silicon generated in the bulk during oxygen precipitate growth.

Gettering in highly doped antimony substrates, used for
epitaxial wafers, is a major concern, especially regarding
gate oxide and diode integrity. Significant efforts have
been made to achieve good gettering in N/N* antimony
doped epitaxial wafers (1-6). The retardation of oxygen
precipitation in this material has been attributed to the dif-
ficulty of incorporating oxygen during crystal growth (7) of
the highly antimony doped crystal. Some models involv-
ing electrical effects to explain the influence of doping
level and doping species on oxygen precipitation have
been proposed by some workers (8-11). More recently,
Bains (12) has observed precipitation retardation in crystal
doped with antimony, but not in crystal doped with tin,
which has a similar ion size. They concluded that retarda-
tion in antimony doped silicon was not caused solely by
the large size of antimony ions.
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A typical method for achieving significant oxygen pre-
cipitation in silicon wafers, is to use low temperature (500-
800°C) to grow oxygen nuclei (or clusters) prior to process-
ing at higher temperatures where precipitation occurs. At
low temperatures, nucleation is easier because there is less
thermal energy to break up nuclei in formation. At higher
temperatures, oxygen diffusion is increased and, for nuclei
with sizes above a critical dimension, growth occurs faster
(13). Typical nucleation cycles are done at constant tem-
perature (650-750°C) for fairly long time (8-48 h) (5, 6).

The objective of this work was to experiment on N/N*
antimony doped epitaxial wafers, using a method of nucle-
ating and growing oxygen precipitates reported by Kish-
ino (14) on lightly doped wafers. This method consists in a
combination of two thermal processes (Fig. 1). First, a soak
in nitrogen (N,) at a temperature of 650°C is done. Then a
temperature ramp-up to 900°C in N, at constant ramp rate
is performed.
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Fig. 1. Schematic representation of the thermal cycle discussed by
Kishino (14), and also in this work.

Kishino experimented with different soak times and dif-
ferent ramp-up rates. Values similar to the ones he re-
ported were used in this work. Ramping to 1000°C was also
experimented with in this work. Ramping up to 1000°C is
expected to grow larger nuclei, which are less likely tc be
dissolved during subsequent higher temperature cyveles.

The next section describes the experimental procedure
used in this experiment. Then, the experimental results
are discussed. The discussions focus on the precipitation
of oxygen, the methodology for measuring bulk defect
density, the bulk stacking fault size dependence, the meas-
ures of wafer bow, and, finally, on the gettering capability
of fully processed wafers.

Experimental

100 mm (100) n /n* epitaxial wafers were used with sub-
strates antimony doped to 30-50 mQ-cm. The epitaxial
layer was lightly doped with phosphorus and nominally
10 pm thick. The oxygen content of each wafer was meas-
ured before any processing was done. All wafers were
within 15.7-16.3 atomic part per million (ppmA) range
(ASTM-F121-83). Carbon content was specified to be less
than 1.0 ppmA. The substrate used for these wafers is
somewhat less heavily doped than the usual antimony
doped epitaxial substrate (8-15 m{-cm), this enables the
oxygen content to be measured by conventional infrared
techniques. Because of the lower doping level, some oxy-
gen precipitation has been found to occur in similar sub-
strates (5) when long nucleation times are used.

For process simulation (Fig. 2), the most important front
end thermal cycles were used in sequence (Initial oxida-
tion, Nucleation-Growth, Well diffusion, and Field oxida-
tion). The main difference between actual process front
end and process simulation is the absence of subnitride
oxidation and nitride deposition before field oxidation.
Studies of the evolution of oxygen precipitation have re-
vealed that this difference is not significant (15) for oxygen
precipitation, even though nitride deposition is done at
temperatures close to 800°C, where interstitial oxygen may
precipitate.

Nucleation-growth (NG) was inserted after initial oxide
(1175°C/35 min) and before well diffusion (1175°C/400 min).
In Kishino (14), a NG cycle was inserted after a cycle of 3 h
at 1200°C and before a cycle of 16 h at 1000°C. These differ-
ences in processing temperatures and times may lead to
differences in oxygen precipitation. For example, it has
been found (15) that oxygen nucleation is retarded if long
times are spent at high temperatures before NG is done.

The NG cycles with which we experimented are de-
scribed in Table I. The soak was always done at 650°C for
periods of 1, 2, and 4 h. Ramping from 650 up to 900 or
1000°C was experimented with at 1, 2, and 4 deg/min. Total
cycle times were between 122.5 and 590 min. Two wafers
were used per split. Twelve wafers were also processed
without any NG cycle to serve as references. Two of these
wafers had very high oxygen content, about 21 PpPmMA.
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Fig. Z. Simuiated process used for the wafers in this experiment,

Once the simulated process was completed, wafer bow
was measured using interferometry and the final intersti-
tial oxygen content was measured by infrared spectropho-
tometry (ASTM-F121-83). Then the wafers were cleaved
and had a Wright etch (16) for 1 min to delineate surface
and bulk defects. Phase contrast pictures of wafer sections
were taken near the wafer center to count bulk defects
(precipitates, and stacking faults). Some pictures were also
taken near the wafer edges for comparison.

Most often, gettering ability can be evaluated by any of
four methods; two indirect, one relative, and one absolute.
In this work, the two indirect methods and the relative
method were used. The two indirect methods consist of
measuring the amount of precipitated oxygen after simu-
lated processing (AO;), and counting the number of bulk
defects after preferential etching of a section. The relative
method consists of processing a number of wafers with
standard processing and wafers with experimental pro-
cessing. Results from each split are then compared for gate
oxide and/or diode integrity.

The absolute method consists of intentionally contami-
nating a sample and measuring the amount of electrically
active contamination after processing (17). This method
was not used in this experiment.

Table |. Total time in minutes for each experimental combinations of
soak time and ramping rate.

Total NG cycle time

RAMP to 900°C

Soak at 650°C: 1.0h 20h 4.0h
4.0 deg/min 1225 182.5 302.5
2.0 deg/min 185.0 245.0 365.0
1.0 deg/min 310.0 370.0 490.0
RAMP to 1000°C

Soak at 650°C: 1.0h 20h 40h
4.0 deg/min 147.5 207.5 327.5
2.0 deg/min 235.0 295.0 415.0
1.0 deg/min 410.0 470.0 590.0
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Fig. 3. Precipitated oxygen in wafers with nucleation-growth cycle
(NG) ramp to 900°C. The quantity of precipitated oxygen is about a
factor of 10 higher than without NG (dash line). Little difference is
seen between 2.0 and 4.0 h soak.

Results and Discussion

Oxygen precipitation—Oxygen precipitation (AQ;) re-
sults are presented in Fig. 3 (ramping to 900°C) and Fig. 4
(ramping to 1000°C). As a reference, a change of 1 ppmA in
interstitial oxygen concentration was observed on wafers
without NG (with identical initial oxygen content). Part of
the interstitial oxygen loss is due to oxygen out diffusion
(0.5 ppmA calculated). Ramping to 900 or 1000°C made lit-
tle difference except when the ramping rate was 2°C/min,
in which case ramping to 1000°C yielded significantly
higher oxygen precipitation for all three soak times.

It is interesting to note the importance of the oxygen
precipitation in these epitaxial wafers. Each wafer used for
NG had an initial oxygen content between 15.7-16.3 ppmA
(16.0 ppmA will be assumed in the following discussion).
The least amount of precipitation (AO; = 3.5 ppmA) ob-
served with NG (1 h/650°C and 4°C/min ramp up to 950°C)
is about six times higher than the simulated process with
no NG cycle (excluding oxygen outgasing).

Wafers with O; = 21 ppmA which did not have NG
showed AO, = 4 ppmA, which is comparable to the least
amount of precipitation observed with NG. The most im-
portant precipitation observed with NG (AO; = 10.8 ppmA)
was obtained on wafers having a 4 h soak and ramping at
1°C/min up to 1000°C. Such a level of precipitation leaves a
mere 5.2 ppmA of interstitial oxygen in the wafer.
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Fig. 4. Precipitated oxygen in wafers with nucleation-growth cycle
(NG) ramp to 1000°C. The quantity of precipitated oxygen is compa-
rable to the case of 900°C. Again here, the 2.0 and 4.0 h soak are not
much different.
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According to Craven (18) the solubility limit of oxygen at
1000°C (Field oxidation) is about 2.6 ppmA, and at 1175°C
(Well drive) is 8.2 ppmA. An interstitial oxygen residual
level of 5.2 ppmA indicates that some level of precipita-
tion must occur during field oxidation for our process
(5.2 ppmaA is less than the 8.2 ppmA predicted by the solu-
bility limit at 1175°C). If this is the case, then precipitate
growth must occur during P-well diffusion. The maximum
AO; possible after well diffusion (400 min at 1175°C) is
7.8 ppmA (solubility limit is 8.2 ppmA). Preliminary step
by step studies of precipitation confirm this hypothesis
(15).

Precipitate growth during well diffusion probably slows
down near AQ; = 7-8 ppmA, because the interstitial oxy-
gen concentration is very close to the solubility limit and
because precipitation kinetics are strongly dependent on
supersaturated O; concentration (19). This can explain the
saturation effect observed in Fig. 4 for slower ramp rates.
It also explains why curves for different soak times seem
to converge to about 11 ppmA (maximum AQ, after field
oxidation). Once all the curves are merged together, the in-
crease could continue asymptotically to AO; maximum,
about 13.4 ppmA (16.0-2.6 ppmA), if more time was spent
at 1000°C.

In the simulated process sequence used here, there is no
significant time spent at temperatures below 900°C with-
out NG cycle. It is well documented that such low tem-
peratures (600-800°C) cause oxygen nucleation. This indi-
cates that precipitation is controlled by a low temperature
mechanism (nucleation) in the conditions used here. Fur-
uya (13) has shown that heterogeneous nucleation can also
be enhanced by a high temperature (1280°C) before nucle-
ation, presumably by point defect clusters. In the case
studied here, such a mechanism is also conceivable be-
cause a high temperature (1175°C) cycle precedes nucle-
ation. More work is needed to confirm this hypothesis; in
particular, the effect of temperature and time spent at high
temperature have to be determined.

In order to estimate the most efficient use of furnace
time vs. oxygen precipitation, calculations of the ratio of
oxygen precipitation to the square root of extra furnace
time (Table II) were conducted. The square root of time is
arbitrarily used because extra time is less important, in
this case, than the end result, precipitation of oxygen. Ac-
cording to Table II, the cycle which provides the optimum
ratio of oxygen precipitation to the square root of extra
furnace time is 2h at 650°C and 2.0°C/min ramp-up to
900°C.

Defect density using the standard method.—The stand-
ard method used to estimate the bulk defect density as-
sumes that exactly 1.0 pm of silicon was etched, the
sample picture area (3 x 107% em?) is representative of the
wafer, and that defects are smaller than 1 pm. The exact
thickness of silicon removed is only of relative importance
because all the wafers are etched at the same time and are
expected to have seen the same etch rate. On the other
hand, the assumption that the measured area is represen-
tative of the wafer, is not rigorous. It was only to avoid the

Table I1. Ratio of extra precipitated interstitial oxygen to the square
root of extra processing time. Units are ppmA/min'. The square root
of time is used because time is less important than precipitated

oxygen level.

Optimum NG cycle analysis
RAMP to 900°C
Soak at 650°C: 1.0h 20h 40h
4.0 deg/min 23 37 44
2.0 deg/min 46 49 45
1.0 deg/min 38 40 41
RAMP to 1000°C
Soak at 650°C: 1.0h 20h 4.0h
4.0 deg/min 25 39 40
2.0 deg/min 42 47 43
1.0 deg/min 39 44 39



Fig. 5. Pictures of bulk defects in wafers after Wright etch for
1.0 min. Wafers had a 2.0 h soak at 650°C and different ramp rates to
900°C.

effect of systematic spatial distribution that pictures were
always taken near wafer center. The last assumption, that
defects are smaller than 1.0 um, is valid for oxygen precipi-
tates (20-22), which have been shown to be typically less
than 2000 A, but not for bulk stacking faults (BSF). The
standard defect density calculation does not take into ac-
count the size of BSF. This will be shown later to lead to
significant differences in results interpretation.

To understand a little more about bulk defects, pictures
of wafer sections following a 1min Wright etch were
taken. Figure 5 and 6 present such sets of typical pictures
for wafers having a 2 h soak at 650°C with different ramp
rate to 900°C (Fig. 5) or to 1000°C (Fig. 6). Most of the visible
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Fig. 6. Pictures of bulk defects in wafers after Wright etch for

1.0 min. Wafers had a 2.0 h soak at 650°C and different ramp rates to
1000°C.

defects at this scale are bulk stacking faults. A very non-
uniform distribution of bulk defects was observed in wa-
fers with an initial oxygen content of about 20 ppmA and
no NG cycle as a result of the initial nonuniform spatial
distribution of heterogeneous nucleation centers. In the
wafers with NG the distribution of bulk defects is very uni-
form across the wafer.

Figures 7 and 8 show defect densities calculated from
pictures similar to those in Fig.5 and Fig. 6 using the
standard method. The curves seem to flatten for ramp
rates of 1 deg/min. This result is in general agreement with
Kishino (14). However, split to split variation in defect den-
sity are less important than in Kishino. Also, a rather unex-
pected effect is that higher defect densities are observed
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Fig. 7. Number of bulk stacking faults per unit volume for the differ-
ent combinations of nucleation growth cycles with ramp to 200°C. Cal-
culated with the usual method.

for wafers which have seen a 1 h soak at 650°C. This is an
artifact of the use of the standard method to estimate de-
fect density. To get a more accurate estimate of the defect
density, the size of bulk defects must be considered. The
next section deals with this issue.

Bulk stacking faults density.—An interesting feature of
Fig. 5 and Fig. 6 is the range of different numbers and sizes
of the defects seen. Pictures taken at higher magnification
revealed more details about the bulk defects. In wafers
which had slower ramp rates (Fig. 9), the most visible de-
fects are small BSF and their number is very large. In addi-
tion to small BSF (5-7 pm), larger BSF (15-25 pm) can be
observed (see Fig. 5) near the beginning of the denuded
zone. When NG with faster ramp rate to 900°C (Fig. 10) is
used, numerous small defects (likely to be oxygen precipi-
tates) and some stacking faults of larger size (15-20 pm), are
observed. Again here, even larger BSF are located near the
beginning of the denuded zone (see Fig. 6).

Finite defect size is a feature which was neglected in the
previous defect density calculation. When defect densities
were computed, it was assumed that defects were much
smaller than the thickness of silicon etched (1 pm). If this
is not the case, then the number of defects is over esti-
mated. As shown in Fig. 11, defects which have their cen-
ters out of the etched silicon layer, but extend in this layer,
will appear after the etch. In many pictures, defects much
larger than 1 um are observed. In particular, this is the case
for most bulk stacking faults.
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Fig. 8. Number of bulk stacking faults per unit volume for the differ-
ent combinations of nucleation growth cycles with ramping to 1000°C.
Calculated with the usual method.
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Fig. 9. Picture of bulk defects for a wafer which had 4.0 h soak at
650°C and 4.0°C/min ramp rate to 900°C.

This detrimental artifact can be compensated by assum-
ing that all BSF in the observed area have the same real
length (w), all BSF observed are circular in {111} planes
(23), the thickness of silicon etched (1) is exactly 1 pm, and
the observed average BSF length is @ = ww/4. Under these
assumptions, the volume that is considered for defect den-
sity calculation (V) is given by Eq. [1] and is strongly de-
pendent on defect size. This volume considers defects of
length w located within the interval [-w, 1 + w] from the
original surface (S) to be visible in all cases

V=S +4wHm 1
D=n/V [2]

Equation [2] permits accurate calculation of the defect den-
sity (D) knowing the number of defect (n) of average size w.
In our case, it was observed that the Wright etch failed to
identify clearly BSF which intersected the cleavage plane
(110) parallel to the 100 surface. This is rather unusual, and
is still unexplained. To correct for this artifact, and be-
cause only two of the four possible BSF orientations were
observed, the number of BSF observed (n) was multiplied
by 2.

Figures 12 and 13 show the corrected BSF density for
wafers which had 1, 2, or 4 h soak at 650°C. The defect den-
sities in these figures is at least half an order of magnitude
less than those calculated using the standard method
(Fig. 7 and Fig. 8). Also, variations from split to split seem
more consistent with oxygen precipitation data. In partic-
ular, wafers with shorter soak time at 650°C exhibit fewer
BSF (as opposed to what is suggested by Fig. 7 and Fig. 8).
From Fig. 12 and Fig. 13 it appears that a soak of at least

Fig. 10. Picture of bulk defects for a wafer which had 4.0 h soak at
650°C and 1.0°C/min ramp rate to 900°C.
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Fig. 11. lllustration of the finite size effect when counting defects
from an etched section (rectangle). The number of defects (lines) which
cut the lower horizontal line (original surface) or which are in the rect-
angle (etched volume) are counted. These defects would appear after a
preferential etch. The smaller defects show smaller count despite the
fact that the same density is present.

2 h is required to consistently have large BSF density. This
is in agreement with results from oxygen precipitation
(Fig. 3 and 4). From the observations made above, it is
clear that neglecting defect size when evaluating defect
density leads to erroneous conclusions.

BSF size dependence.—One possible explanation for the
observed BSF size correlation with BSF density is that
BSF growth reaction is limited by the supply of reactants
(interstitial silicon). In this case BSF volume is inversely
proportional to defect density. This would explain why
BSF seen on wafers having a slower ramp rate (higher BSF
density) are smaller. The fact that larger BSF are observed
near the beginning of the denuded zone is different, and
can be explained by the larger supply of interstitial silicon
from surface oxidation (24) during well diffusion and field
oxidation.

When the conditions are defects are two dimensional
(like extrinsic BSF), the supply of reactant (Si)) is the
growth limiting factor, and defect size is narrowly distrib-
uted, the relationship between average defect size and de-
fect density (D) is governed by a quadratic power law

D = KVw? [3]
where K is a proportionality constant given by
K = mN, [CIJ'4 [4]

where Nj is the number of Si; generated per unit volume;
C, is the increase in BSF surface caused by the addition of
one Si; in the extra 111 plane. The factor n/4 is of geometri-
cal nature.

The relation between defect size and defect density
stated by Eq. [3] is strong. Figure 14 shows the observed re-
lationship between BSF density and size for the same wa-
fers as in Fig. 12 and 13. The BSF density was calculated
with the corrected method, taking into account BSF size.
Although some spread in the data points is observed, a
negative square law dependence at high defect density fits
the data very well, as is expected from Eq. [3].

Figure 14 also shows the expected defect size saturation
at low defect density. This indicates that in wafers with ac-
tual BSF density below 10" cm~3, the supply of interstitial
silicon is not the factor limiting BSF growth, but in this
case Si; capture is the limiting factor (24). Wafers pro-
cessed without NG show a BSF length of about 40 um.
This is the maximum length which can be achieved for the
growth time allowed. For wafers without NG, the density
is small, typically about 10%-10° cm™3.

Assuming that, a BSF is composed of an extra 111 plane
(extrinsic stacking fault), the increase in BSF area caused
by the addition of an interstitial silicon atom (C)) is the in-
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Fig. 12. Number of bulk stacking faults per unit volume corrected for
bulk stacking fault size for the different combinations of nucleation
growth cycles with ramping to 900°C.
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Fig. 13. Number of bulk stacking faults per unit volume corrected for
bulk stacking foult size for the different combinations of nucleation
growth cycles with ramping to 1000°C.

verse of the number of atoms per unit area in a 111 plane,
e.g., 5.21 x 107 em¥atom, BSF growth occurs during the
well drive (see Fig. 15). Using the slope of Fig. 14 at densi-
ties above 10" em ™ (K = 112 ecm ™), the total number of Si;
generated per unit volume (Ny) can be calculated at 1175°C

N; = 4K/(nCy) = 2.7 x 10" Sifem? [5]

Correlation between BSF and oxygen precipitation.—
The total number of interstitial silicon atoms generated
can also be calculated from the quantity of precipitated in-
terstitial oxygen. The general form of the growth reaction
of oxygen precipitates is given by Eq. [6] (17). Where Si, are
silicon vacancies; y, the average number of vacancies used
to accommodate lattice space; O, is interstitial oxygen; and
Yz is the average number of interstitial silicon atoms
ejected to accommodate for lattice space

(1+y, +y2)Si+ 20+ y,5i, © Si0, + Y,Si;
(6]

Assuming that volume accommodation is mainly associ-
ated with Si; emission (this is supported by the presence of
BSF), then interstitial oxygen solubility limit is achieved
during well diffusion (AO; = AOjn.x = 7.8 ppmA), and volu-
metric requirement for Si0, (quartz) is 2.25 that of crystal-
line silicon, for one Si atom. Then the total number of Si
generated by oxygen precipitation (N,) is given by

Ni = AOy(2.25-1)/2 = 2.4 x 10" Sijcm? 7
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Fig. 14. Correlation between stacking fault size and density. Density
was corrected for the defect size using the method described in the
text. The full line is for reference only (slope is —1/2 above 107 cm™3).
The dash line shows the upper limit in bulk stacking fault size.

The value obtained with Eq. [7] is in excellent agreement
with the experimental value calculated from the depend-
ence of BSF length on density [5].

The agreement between the results of Eq. [5] and Eq. [7]
suggests that the mechanisms assumed to describe precip-
itation of oxygen in our experiment are valid. Combining
Eq. [5] and Eq. [7], a relation between BSF size and BSF

Fig. 15. Pictures showing bulk defects after well drive (a), and after
field oxidation (b). Bulk stacking faults are observed to grow during
well diffusion, while most isolated oxygen precipitates grow during
field oxidation.
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Fig. 16. Number of small defects per unit volume for the different
combinations of nucleation growth cycles with ramping to 900°C.

density, which+s only dependent on precipitated oxygen,
is obtained

D = 1.25 w C;AO/8w? [8]

This expression enables the BSF density (D) to be calcu-
lated knowing the amount of oxygen precipitated, and
BSF size. Of course, D is determined by the number of-
nuclei whose size, obtained during nucleation, is above the
minimum size for growth at precipitation temperature.

Oxygen precipitates.—Figures 16 and 17 show the volu-
metric density of the small defects which are seen on high
magnification pictures. The same wafers as for Fig. 12 and
Fig. 13 were used. The density of small defects is about 10
times higher than the BSF density, and it varies less be-
tween splits. It also appears that the small defects density
is somewhat proportional to soak time.

Ramping up to 900 or 1000°C does not make much differ-
ence in the density of small defects either, except when the
soak is only 1 h. In this case, the density of small defects
increases with slower ramping rates, in agreement with
oxygen precipitation data. This tendency is opposite to
what is observed for BSF density. From this observation,
it is possible to believe that the small defects are oxygen
precipitates that did not nucleate a BSF during well dif-
fusion.

From the observation that most of the small defects (ox-
ygen precipitates) grow during field oxidation (Fig. 15), it
is interesting to ask how did oxygen nuclei survive the
well drive (1175°C) since interstitial oxygen is strongly de-
pleted (compared to the case where no BSF grow) after the
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_u- Sook @ 650C for 1.0h, _g_ Sock @ 650C for 2.0h. 4 Soak @ 650C for 4h.

Fig. 17. Number of small defects per unit volume for the different
combinations of nucleation growth cycles with ramping to 1000°C.



1462

well drive. One possible answer is that interstitial silicon
depletion during well drive allows nuclei of smaller size
than normal to survive. These nuclei, or precipitates, can
then grow during field oxidation as is observed in Fig. 15.

Wafer bow.—Because the mechanical strength of the wa-
fers decreases as interstitial oxygen concentration de-
creases, it is possible that wafers warp during thermal pro-
cessing. To ensure that the enhance oxygen precipitation
does not cause this, bow was measured on all wafers. In all
cases, the processing induced bow was found to be less
than 2 pm. Of course, this measurement is of limited use
because the normal process was not exactly followed. In
particular, most of the bow occurs after the field oxidation,
because of the nitride left on the back of the wafer, and ni-
tride was not used in this experiment. However, prelimi-
nary work (15) has shown that nitride deposition does not
significantly affect wafer bow.

Gettering ability.—Because Si; is a by-product of oxy-
gen precipitation, depletion of Si; from the bulk, caused by
the high density of BSF, favors oxygen precipitation. This
means that BSF density and size control the oxygen pre-
cipitation rate along with supersaturated interstitial oxy-
gen concentration.

The interaction between dislocations and oxygen pre-
cipitation has been noted before. In particular, high pres-
sure crystalline SiO, polymorphs (coesite) has been ob-
served in the form of small ribbons (25) along <110>
dislocations. Bialas (26) has also observed that crystalline
phases of SiO, are favored by the presence of dislocations,
probably because of the high hydrostatic pressure around
dislocations. The presence of high density of BSF, in the
results presented here, explains why high levels of oxygen
precipitation are observed in highly antimony doped sub-
strate.

When BSF density (D) is high enough to affect BSF size,
the mean free path of silicon interstitial is strongly re-
duced. Since fast metallic contaminants diffuse similarly
to silicon interstitials, they should also be captured by
BSF during cool down and see their mean free path re-
duced. Therefore good gettering is expected when the
BSF length is affected by the BSF density.

To confirm the improved gettering of epitaxial wafers
using NG, 21 wafers were processed; 9 with NG and 12
without. On each finished wafer, capacitors (8 sites) and
diode integrity (5 sites) were checked.

Capacitors (250,000 pm? were measured for leakage at
10 V in accumulation (n- and p-substrates). A capacitor
was considered short if a current greater than 30 nA was
measured. The breakdown voltage of n'/p~ dicdes
(185,000 pm?) was measured at 1.0 pA. For the diodes the
fail criteria was a breakdown voltage below or equal to
21 V. The process used here usually gives n*/p- diode
breakdown voltage of 23 V.

Table III presents the results obtained. The improve-
ment in gettering is measurable. The use of NG has proba-
bly eliminated the occurrence of contamination induced
n*/p~ junction soft-breakdown, and has reduced by about
an order of magnitude the density of gate oxide shorts.
Even considering the limited number of measurement
sites and wafers used, the improvement is significant.

Conclusions

Several nucleation cycles were experimented with after
an initial oxidation on N/N* antimony doped substrates.
All these cycles have been shown to improve oxygen pre-
cipitation significantly. The cycle which seems to provide
the optimum ratio of precipitation to extra furnace time
consists of 2 h at 650°C and ramp-up to 900°C at 2°C/min
(total extra time = 245 min). Total oxygen precipitation ob-
tained with this nucleation was about 9 ppmA for wafers
with 16 ppmA of initial interstitial oxygen content.

Significant improvements in oxygen precipitation and
in density of bulk defects show that nucleation-growth
process does improve the effectiveness of oxygen precipi-
tation. This in turn greatly improves internal gettering in
wafers.

A method has been developed to calculate stacking fault
volumic density, taking into account stacking faults
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Table I11. Results of gate oxide and n*/p~ diode integrity tests.
9 wafers were fully processed with the optimum nucleation-growth
(NG) and 12 wafers had standard processing. All other processing

steps were common to all the wafers. A total of 168 capacitors

(n- and p-substrates) and 95 n*/p~ diodes were measured. The

improvement in parametric yield with NG is clearly visible.

Capacitor and diode integrity test results

2.0 h and 2.0 deg/min ramp to 900°C

Parameter Without NG With NG
Gate oxide leakage > 30 nA 22% 3%
n*/p~ diode breakdown < 21 V 23% 0%

length. It was shown that not correcting for stacking fault
length when calculating stacking fault density leads to sig-
nificant error. It was shown that the density of bulk stack-
ing faults generated during simulated process was so high
using a nucleation cycle that stacking fault length was lim-
ited by the supply of interstitial silicon generated in the
bulk. Depgndence of BSF density on BSF size showed a
negative square law as expected from interstitial genera-
tion during precipitation to accommodate for precipitate
volume expansion.

Finally, fully processed wafers with and without ramp
nucleation were tested for gate oxide and n'/p~ junction
integrity. For both electrical measurements, a very signif-
icant improvement could be observed, confirming the ef-
ficiency of the internal gettering achieved with ramp nu-
cleation.
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