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Oxygen Incorporation and Precipitation in
Czochralski-Grown Silicon

Oxygen incorporation is examined for growth of large-diameter (80—130 mm) silicon single crystals by the Czochralski
method. The primary growth parameters affecting the oxygen concentration in the crystals are shown to be the crystal-melt
interface position within the hot zone and the rate of crucible rotation used. Tight control of the oxygen concentration [+1.5
parts per million atomic (ppma) in the range of 25-40 ppma (ASTM)] has been reproducibly attained by programmed
variation of these growth parameters. The attainable oxygen concentrations may be extended over a wider range (20—-45 ppma)
through slight modifications of the hot zones. Wafers from the uniform-oxygen-concentration crystals are subjected to
single-step and two-step annealing procedures (700—1100°C) for oxygen precipitation studies. The rate of precipitation is

shown to depend on the initial oxygen content and on the number of initially unpopulated nucleation sites present.

Introduction

Significant amounts of oxygen (above the solid silicon solu-
bility limit) are introduced in Czochralski silicon [1-4] from
the silica liner in which the melt is contained. The distribu-
tion of this oxygen in the crystal is influenced by the growth
parameters used [2, 3, 5—-10]. During the high-temperature
heat treatments normally used in the processing of integrated
circuits, the oxygen forms SiO, micro-precipitates [6, 11—
15] that can getter metallic impurities. These precipitates
have been used effectively for “internal gettering” [16]
during the fabrication of large-scale integrated (LSI)
devices. Normally, it is desirable to have a uniform distribu-
tion of the internal gettering sites, and hence, a uniform
oxygen distribution in the silicon. For metal-oxide-silicon
(MOS) applications, we have found that high oxygen con-
centrations [O] can often result in high device yields. On the
other hand, lower oxygen concentrations are found to be
favorable for fabrication of bipolar devices.

This article examines the primary growth parameters
affecting [O] during large-diameter (80—130 mm) growth of
the Czochralski silicon. Programmed variations in these

parameters are used to attain crystals with uniform oxygen
concentrations. Subsequent precipitation of oxygen, caused
by high-temperature annealing of the wafers made from
these crystals, is also examined. The precipitation is elimi-
nated in a small zone (precipitate-free zone, PFZ) near the
wafer surface. Parameters affecting the PFZ are discussed.

Experimental procedure

Dislocation-free (100) silicon crystals with diameters up to
130 mm were grown by the Czochralski method from melt
charges (up to 20 kg) contained in silica crucibles. During
the crystal growth, counter-rotations [1-35 revolutions per
minute (rpm)] of the crystal and crucible were used. In
certain experiments, the crucible rotation rate was varied
continuously through the above range. The crucible was also
raised within the hot zone from specific starting locations at
rates that were at all times a constant fraction of the
instantaneous pull rate. The rates were generally one to two
times the average rate at which the melt surface was lowered
into the crucible during growth, referred to as the melt
replacement rate (MRR/. All silicon crystal boules in the
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above studies were pulled with a flat-top geometry at rates of
60—115 mm/h, with corrections to the pull rate of +15%
being applied for automatic control of the crystal diameter.
Growth was conducted in an argon atmosphere either under
partial vacuum or at atmospheric pressure, with flow rates of
40-120 liters/min. The crystals were grown from two dif-
ferent types of pullers: one (A) had a dc graphite heater; the
other (B) used a three-phase ac heater [8].

Oxygen incorporation/precipitation studies were con-
ducted from measurements made on cross-sectional slices
either ~1.5 mm or 0.4 mm thick, taken at periodic intervals
along the crystal length. The slices were chemically etched
and chemomechanically polished to a mirror finish on both
surfaces for the measurements. Oxygen concentrations were
determined using the observed absorption at 1106 cm ™'
(ASTM-F121-76), which was measured with a dispersive or
Fourier-transform infrared spectrophotometer. The densities
of precipitate particles were either measured directly with
the bevel-and-etch method [17] or computed from oxygen-
precipitation kinetics [18].

Models of oxygen incorporation

The variation in oxygen concentration along the longitudinal
crystal axis during crystal growth may be obtained from a
nonsteady-state consideration of the net flux rate, d@/dt
(g/s), of oxygen introduced into the melt from dissolution
[19] of the silica crucible [at a rate W (g/cmz-s)] less the
rates at which oxygen evaporates at the melt-ambient inter-
face and at which it is incorporated into the growing crystal:

dQ/dt = WL)A,(L) — E*q(L)4, — Kg(L)VA4,, (1)

where A4,(L), A,, and A, are the areas of the crucible-melt,
melt-ambient, and crystal-melt interfaces (cm®), L is the
fraction of the melt which was solidified, E* is the evapora-
tion coefficient for SiO (cm/s), g(L) is the concentration of
oxygen in the melt (g/cm’), K, is the effective segregation
coefficient of oxygen [4], and V is the crystal growth rate
(cm/s) [20]. The detailed solutions to Eq. (1) have been
given elsewhere [21] for both variable and constant dissolu-
tion rates, W(L) and W, respectively. During the time
interval following the melting of solid silicon but prior to the
start of crystal growth, a steady state of the net rate of
oxygen flux into the melt is established [9]. However, in
order to obtain a uniform axial oxygen distribution in the
crystal, C, (atoms/cm’), it is readily seen that the following
condition must be satisfied during growth:

K. WA, (21\7a

C = =Zs) = constant, 2
v B4, + VA K, - D\ 4, ) constan )

where NV, is Avogadro’s number and A, is the atomic weight
of SiO,. Under constant pressure and Ar flow rates, Eq. (2)
implies that W(L) = constant/A4,(L). That is, as the area of
the crucible-melt interface is decreased during growth, the
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Figure 1 Variation in radial thermal gradient AT (= T, — T))
with the rate of crucible rotation for different crucible positions H in
the hot zone (three-phase ac heater); crucible diameter = 203 mm,
9-kg melt. The various crucible positions (in mm) are designated by
® (0), OO (13), o (25), a (38), and v (50). The shaded region
represents the working level for crystal pulling.

Table 1 Oxygen concentration vs. the crucible position in the hot
zone.

Rotation Crucible Thermocouple  C, Crucible
rates of position output (ppma) typeb
crystal, crucible  (mm) (pu)*
(rpm)

8, —8 0 1360 31.6 C
—38 1246 24.4 (¢}
-38 1250 24.5 (¢}
-38 1255 25.2 (¢

30, —10 0 1376 33.8 C
-13 1353 32.4 C
—-13 1347 31.8 C
—25 1302 31.8 C
—-25 1260 30.3 O
—38 1242 28.4 (¢

*Proportional units
C = “clear” and O = “opague,” as classified by vendors.

dissolution rate of the silica crucible must be increased by
changing other growth parameters in order to attain a
uniform axial oxygen concentration in the crystal.

Resuits and discussion

® Oxygen incorporation
The effects of various growth parameters on seed-end oxygen
concentration CSO [22] have been shown elsewhere [9] to
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Figure 2 Variation in C_ and axial profile with rate of crucible
rotation: 8 rpm (A), 15 rpm (0 and @), and 25 rpm (0) (three-phase
ac heater). Crystal diameter = 83 mm, crucible diameter = 203
mm, pull rate = 75 mm/h, crystal rotation rate = 22 rpm, 9-kg
meit. In the high-level process (0 and @), crucible rotation was
stopped periodically for short durations during growth, which
resulted in a higher oxygen concentration than that produced by the
medium-level process ([J and A).

Table 2 Tail-end oxygen concentration vs. crucible lift rate. Crys-
tal pull rate of 100 mm/h, crystal rotation rate of 8 rpm, crucible
rotation rate of —8 rpm, crystal diameter of 82.5 mm, and 12-kg
silicon charge.

C. Tail-end [O]
(mm/h) (ppma)

12 24

13 26

14 27

15 28

16 29

conform with the steady-state relation,

=[5 (2. ®
L=0

E*A, A

t

The variations in concentration (hence, E*) with partial
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vacuum gas pressure (2—7 kPa) were shown to be negligible.
However, the maximum variation in concentration (and W)
is found with variations both in the starting crucible height in
the hot zone and in the crucible rotation rates (Fig. 1). The
effect of the crucible height is shown in Table 1 for crystals
pulled with crystal rotation rates of either 30 or 8 rpm. A
direct correspondence can be seen between the output of the
heater control thermocouple and C,. The variations in the
heater control thermocouple output indicate corresponding
variations in radial thermal gradients (average crucible wall
temperatures, hence, W), since crystal growth is always
established with the crystal-melt interface at the melting
point (a constant). This then results in the observed varia-
tions in oxygen concentration when the crucible height is
varied. With this method C,, was reproducibly varied over
the range of 25—40 parts per million atomic (ppma) (result-
ing from variations in crucible dissolution rates by nearly a
factor of 1.8). In addition to being a function of the crucible
height, small variations in the oxygen concentration were
found, depending on either the crucible type (“opaque” or
“clear,” as classified by the vendors) or the crystal rotation
rate (8 or 30 rpm). However, the range of variation caused by
these parameters was significantly smaller than that attain-
able by varying the crucible height.

In puller B, the variation in radial thermal gradients under
varying crucible rotation rates was determined directly from
two silica-sheathed thermocouples immersed at the center
and periphery of 9-kg melts (Fig. 1). The variation in [O] for
crystals pulled under different crucible rotation rates (kept
constant during growth in these experiments) is shown in
Fig. 2. The increase in [O] with increasing crucible rotation
rates [23] is consistent with the increase in radial thermal
gradients, as seen in Fig. 1. Furthermore, the initial decrease
in axial oxygen concentration seen in Fig. 2 was found to be
typical of crystals pulled under growth conditions normally
used. (The subsequent increase in oxygen concentration at
the tail-end of crystals in Fig. 2 may be related to a
significant increase in the radial thermal gradients for the
hot zone of puller B during the last portions of melt solidifica-
tion. A further treatment of this phenomenon is given for
puller A in the following discussion.) The detailed aspects of
axial variations in [O] have been discussed elsewhere [21]; it
was shown semiquantitatively that the axial decrease in
oxygen is related to decreasing 4,(L) during growth. [See
also Eq. (2).] Thus, axial uniformity in oxygen may be
attained by a programmed increase in the crucible rotation
rate to compensate for the above decrease in 4,(L) during
growth. In conjunction, crucible lift rates C, that are higher
than MRR may also be used during growth. The effect of
C, > MRR is shown in Table 2 for crystals pulled at 100
mm/h from 12-kg melts in puller A. Use of a C| > MRR
results in progressively higher positions of the crystal-melt
interface in the hot zone and, as seen in Table 1, in increasing
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Figure 3 Uniformity in axial oxygen concentrations obtained
through programmed variation of crucible rotation rates; C, >
MRR. Plot a: Puller A; crystal diameter = 100 mm, pull rate = 51
mm/h, rotation rate = 28 rpm, crucible diameter = 305 mm, lift
rate = 10 mm/h, counter-rotation rate = 9 + 2.5 rpm/(0.1L)
(average), 18-kg melt. Plot b: Puller A; crystal diameter = 125 mm,
pull rate = 57 mm/h, lift rate = 17 mm/h, and counter-rotation
rate = 10 + 2.5 rpm/(0.1L) (average); all other parameters as in
Plot a. For Plots ¢ and d: Puller B; crystal diameter = 83 mm, pull
rate = 75 mm/h, rotation rate = 22 rpm, crucible diameter = 254
mm, lift rate = 16 mm/h, and counter-rotation rates = 13 + 1.3
rpm/0.1L (average) and 14 + 2.5 rpm/0.1 L (average), respectively,
for 9-kg melts. In Plot ¢ the crucible rotation was stopped at periodic
intervals for short durations during growth (same as for the high-
level process in Fig. 2). This resulted in a higher oxygen level than in
Plot d.

radial thermal gradients during growth. As Table 2 shows,
C, is consistently higher for the higher crucible lift rates.

From Eq. (2), it is readily seen that the total increments
required in the crucible rotation and lift rates and the
conditions for attaining axial uniformity in the oxygen
concentration depend on the nominal pull rate used. Accord-
ingly, the fractional variation in oxygen concentration,
AC, /€, , with variation in pull rate AV is obtained from the
derivative of Eq. (2) and from Eq. (3):

AC, AVA

3
b - (K, —1). (4)
C, E*A,

u

The variations in pull rate and heater power are normally
used in a closed loop for automatic diameter control. Thus, in
our apparatus, for growth of 100-mm-diameter crystals
having a uniform 35-ppma oxygen concentration, it was
found that a 13 mm/h average variation in the pull rate
resulted in a 2-ppma variation in the oxygen concentration.

Figure 3 shows typical axial profiles of uniform-oxygen-
concentration crystals grown in pullers A and B from 18- and
9-kg melts, respectively. In puller A, both ramping of the
crucible rotation rate (rates varied continuously during
growth) and crucible lift rates in excess of MRR were used;
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Oxygen in solution (ppma)

Annealing time (h)

Figure 4 Oxygen in solution as a function of annealing time. The
respective annealing temperatures T (in °C), time constants for
precipitation 7 (in h™?), and number of precipitate particles N, for
each plot are as follows. Plot 1: 800, 6.8, 6.0 x 10'%; Plot 2: 750, 13.0,
1.5 x 10" and Plot 3: 700, 31.5, 3.2 x 10", When the log of the
fraction of the oxygen remaining in solution is plotted, a portion of
the curve is exponential and its slope 7 allows calculation of N, o

in puller B, only ramping of the crucible rotation was used
during growth. The detailed growth parameters are indi-
cated in Fig. 3. As can be seen, a high degree of axial
uniformity was attained with these methods.

Since evaporation of the SiO has been shown [21] to be
diffusion-limited by a boundary layer at the melt-ambient
interface, radial uniformity in the oxygen concentration [O]
is controlled primarily by the prevailing hydrodynamics of
the melt. For the uniform-oxygen-concentration crystals just
discussed, radial uniformity was attained by using a fast
crystal-rotation rate throughout the growth period.

® Oxygen precipitation

The precipitation of oxygen in silicon can be followed by
observing the decrease in the intensity of the absorption
caused by heat treatments at different temperatures. Figure
4 shows results obtained on three separate quarter sections of
a single wafer, which were annealed at different tempera-
tures. Patrick has demonstrated that the precipitation kinet-
ics can be described as diffusion-limited [24]. Thus, we may
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Figure 5 The time constant for precipitation 7 vs. the annealing
temperature T for two oxygen concentrations: 28 (A) and 35 (e)
ppma. The dotted curve marked 1/D, is the reciprocal of the oxygen
diffusion coefficient plotted to this same scale and translated along
the 7 axis to match the low-temperature arm of the 35-ppma curve
(o——e).

Table 3 Number of precipitate particles vs. the pre-annealing
conditions and the initial oxygen concentration.

Initial [O] Pre-annealing N,
(ppma) conditions”
(10°em™)
33 A 0.64
B 0.89
C 97
none —
26 A 1.0
B 1.4
C 53
none 1.3

*A = 1200°C for 1 h; B = 1200°C for 1 h followed by 820°C for 5 h; C = 820°C for 5 h.

compute the number of precipitate particles NV, [25] from the
observed rate. Two wafers from the same section of crystal,
having identical oxygen concentrations, were quartered. Five
of the quarters were annealed sequentially (as in Fig. 4) at
temperatures increasing from 700 to 1100°C. The same
annealing steps were repeated for another quartered wafer
with a lower oxygen concentration; Fig. 5 shows the results.
The value of 7, the time constant for the precipitation
obtained from the sequential annealing, is plotted as a
function of annealing temperature. A C-shaped curve is
observed, similar to the curves seen in temperature-time-
transformation (TTT) plots. The maximum rate depends on
the initial oxygen content and the number of particles
growing. The rate decreases at low temperature because of
the decrease in diffusivity of the oxygen (D). In fact, if one
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plots the reciprocal of D, on this same scale, the slope of the
low-temperature arm of the TTT curve approaches a curve
parallel to 1/D_ (dashed curve in Fig. 5). This indicates that
the precipitation rate and the activation energy for the
diffusion are the same. Computed values of N ,are plotted in
Fig. 6; IV, is a monotonically decreasing function of tempera-
ture. The decrease in the precipitation rate on the high-
temperature arm of the TTT curve results from the smaller
number of particles being nucleated at the higher tempera-
tures.

These results can be modified by using a two-step anneal-
ing process, wherein nucleation of the precipitates is accom-
plished at the first temperature and precipitation is carried
out at a second temperature. Two wafers were quartered and
each quarter was subjected to a separate pre-annealing step.
The precipitation kinetics were then followed at 1050°C. The
results are shown in Table 3.

In the samples which saw no separate pre-annealing, IV,
depended on both the thermal history of sections during
crystal pulling and the initial oxygen concentration. Quarters
which received the high-temperature pre-anneal had few
precipitates, while those receiving the low-temperature pre-
anneal had considerably higher numbers of precipitate par-
ticles. Consistently, the high-low combination produced few
precipitates. This indicated 1) that the high-temperature
treatment was responsible for the destruction of embryonic
precipitates present in the as-grown material and 2) that the
low-temperature-annealed sample (annealing condition C in
Table 3) did not nucleate appreciably large numbers of new
particles.

Another consideration in the precipitation of oxygen is the
formation of a region free of precipitates near the surface of
the sample [26]. Oxygen atoms near the surface can diffuse
cither to precipitate particles or to the sample surface during
the high-temperature anneal. If precipitation occurs very
rapidly, a precipitate-free zone (PFZ) is not formed, and the
SiO, particles extend almost to the surface. Table 4 shows
the results of an experiment where samples were first pre-
annealed at 800°C for various times and then annealed for
24 h at 1050°C to precipitate the oxygen.

In the experiment, four wafers were quartered and each
quarter received the indicated low-temperature pre-anneal.
In all instances, this initial treatment led to a reduction in the
width of the PFZ. The results demonstrate that this type of
pre-anneal leads to rapid precipitation because it increases
the number of SiO, particles. Thus, in a sense, the width of
the PFZ is a function of N, which in turn depends on the
oxygen content, any prior thermal history, and the existing
embryo population. The width of the PFZ thus depends on
the oxygen precipitation rate.
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Summary and conclusions

Radial thermal gradients (crucible wall temperatures) were
shown to be critically determined by both the crucible
position in the hot zone and the rate of crucible rotation
during growth of Czochralski silicon crystals. Thus, through
these parameters, one can vary both the silica crucible
dissolution rates (by a factor nearly as large as two) and the
oxygen concentration (from 25-40 ppma). Crystals with
uniform oxygen concentrations were obtained by the pro-
grammed variation of these parameters during growth for
crystals up to 125 mm in diameter pulled from 9- and 18-kg
melts. This method could be extended, in general, to other
sizes of crystals and melts.

Oxygen-precipitation rates were shown to depend on the
initial oxygen content, on the existing embryo population,
and on whether or not these sites are populated during
appropriate thermal cycles. Thus, controlling the oxygen
level may lead to control of the precipitation rates. This, in
turn, can have practical benefits in the processing of inte-
grated circuits.
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