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these expressions for N, and ¥,, and integrating Eq. (5)
over a pulse duration 7, one gets

expfy(vy, —v)7r,} —1
N (7,)~V} LA ity
y(vd_vs)

For weak temperature gradient, such that v, <v,, the argu-
ment of the exponential is negative (i.e., one has damping)
so that N, varies as v5 and therefore as J f,. On the other
hand, for high enough values of the temperature gradient,
such that v, > v, the argument of the exponential may be-
come positive (i.e., amplification) with the result that N,
grows exponentially with v; (~J, ). These features, togeth-
er with the reasonable agreement between the calculated and
the experimentally observed values of the threshold condi-
tion v, > v,, are, in our opinion, strong evidence in support

(6)

of our claim for interpreting the present results as due to the
thermoelectric amplification of acoustic waves.
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A model for the relation between density and length of oxidation-induced stacking faults on
damaged silicon surfaces is proposed, based on interactions of stacking faults with dislocations
and neighboring stacking faults. The model agrees with experiments.

Thermal oxidation of diamond-lapped silicon wafers
leads to the growth of extrinsic stacking faults.! Much re-
search has been done on these stacking faults in an explora-
tory manner, but only recently, in 1984, Ishihara, Kaneko,
and Matsumoto® discovered that density and length of stack-
ing faults in diamond-lapped wafers are related to each oth-
er, independent of oxidation temperature or surface orienta-
tion. This paper explains these experimental findings and
reports some experimental results obtained by ourselves.
Annihilation of extrinsic stacking faults occurs, if we neglect
retrogrowth, via a Hirsch reaction:

1/3[111] + 1/6{121} + 1/6[112]—=1/2[011]. (1)

Two Shockley partial dislocations, one above and one below
the (111) stacking fault plane, eliminate the stacking fault,
leaving behind a perfect dislocation bounding the former
stacking fault. These two Shockley dislocations must be
created by an event during the oxidation. One possibility is
an impingement of two stacking faults, the other is the im-
pingement of a stacking fault and a perfect dislocation.
Stacking fault—stacking fault interactions can be divided
in two categories. We call them obtuse [(111) with (111) ]
and acute [ (111) with (111) or (111)]. On oxidized (001)
silicon wafers with many stacking faults, many acute im-
pingements can be seen that apparently did not give rise to
unfaulting reactions. On the other hand, on (001) planes
obtuse interaction always seems to cause annihilation, as
demonstrated by Hayafuji and Kawado.? In addition, no ob-
tuse collisions on our etched (001) samples were observed.
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Next, it is known that stacking fault dislocation interac-
tion can cause unfaulting. Attention should be paid to the
fact that not all dislocations react in the same way. Some lead
to an incorrect unfaulting of the stacking fault. Tan* showed
that a Shockley dislocation can turn a stacking fault into a
four-layer-thick microtwin, i.e., leading to an incorrect un-
fauiting. In contrast, the same Shockley dislocation can,
after dissociation into two other Shockley dislocations, lead
to a correct unfaulting reaction as in reaction (1). Finally, it
has to be emphasized that some dislocations do not react at
all with stacking faults.

In summary:

(i) An obtuse interaction of stacking faults leads to un-
faulting, leaving behind two dislocations.

(ii) An acute interaction of stacking faults does not nec-
essarily lead to unfaulting.

(iii) Only a fraction F of the dislocations will cause un-
fauiting of a colliding stacking fault.

The experiments of Ishihara, Kaneko, and Matsumoto®
were done with Czochralski (CZ) silicon. The high concen-
tration of carbon and oxygen in this material favors the
stacking fault formation. Dieleman and Martens® showed
that oxidation of (100) fioat-zone (FZ) silicon induces no
stacking faults if the surface is not damaged. So this material
is more appropriate to study effects of damage on stacking
faults. Therefore, we polished {100) FZ-silicon wafers, B-
doped, 1-30  cm, with 3-um diamond powder prior to oxi-
dation at various temperatures. To avoid stress anneal, the
wafers were brought into the furnace already under (dry)

© 1986 American Institute of Physics 1630
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FIG. 1. Experimental data of stacking fault density vs stacking fault length
of Ishihara, Kaneko, and Matsumoto (Ref. 2) {Czochralski (100): O] and
present work [Float Zone (100): + }. Solid lines represent the theoretical
fits.

oxidizing conditions. The results of stacking fault measure-
ments on these samples are depicted in Fig. 1, together with
the data of Ishihara, Kaneko, and Matsumoto.? On an aver-
age we measure 3X lower densities at small lengths, but
coincidence at lengths beyond 6 um.

Based on our observations of the various interactions
and assuming that dislocations and stacking faults are uni-
formly spread over the surface, the following mode! can be
put forward. We define a mean free path 4 as the distance a
stacking fault can grow until annihilation occurs. The
change in stacking fault density dn after stacking fault
growth d/ can be expressed as

dn/n= —dl/A. (2)

(i) Obtuse interaction of stacking faults (see Fig. 2).
Interaction of a stacking fault can only take place with 25%
of all n stacking faults per unit area. Therefore,

Argpre=ty bl (3)
n 1 2
Since for stacking fauits / *// equals about 5, we get for the

mean free path for obtuse interaction:
A= (10/nl) — 1 4)
(ii) Acute interaction of stacking fauits with density 7
and length / has a mean free path:
A= (2/n) X (1/]). (5)

However, as we observe so many of these interactions with-

out unfaulting occurring, we will neglect this contribution.
(iii) The mean free path for collision with a dislocation

can be evaluated if the total dislocation length T is known:

A=1/T. (6)

However, since dislocations tend to be aligned along (011)
and only a fraction F will, after collision, cause unfaulting,
the mean free path due to stacking fault dislocation interac-
tion can be written as
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FIG. 2. Obtuse impinge-
ment projected on the
i (001) plane. / is the stack-
ing fault length, /* is the
projected stacking fault
width, A4 is the mean free
path, and A * the mean free
width of these stacking

faults.
\
A/2
'
A= /TYX (1/F). N
The combination of Egs. (2), (4), and (7) gives
dn/dl = —§ nTF — n?1 /(10 — nl?), (8)
with the total dislocation length T
!
dn
T=T —-—1dl, 9
ot J; dl &

where T, is the total dislocation length before oxidation.
This differential equation (8) cannot be solved analyti-
cally, but it is easily integrated numerically. Only three pa-
rameters need to be set: a stacking fault density at / = 0, the
total dislocation length at / = 0 (7,), and the effective frac-
tion F of the dislocations. It turns out that the data of Ishi-
hara, Kaneko, and Matsumoto can be fitted quite nicely with
a starting density of 1.5/#m?, an initial dislocation length
not beyond a few um/um?, and an effective fraction of 10%.
The result of such an integration is depicted also in Fig.
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FIG. 3. Caiculations of stacking fault density vs stacking fault length with
an initial density of 1.5/um? for various values of Fand Ty,
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FIG. 4. Transmission electron micrograph of dislocations and stacking
faults.

1. The calculated curve is not very sensitive for T, but it is for
F. The calculated curves for F = 0, 10, and 20% are depicted
in Fig. 3 (7, = 0) together with T, =0, 3, and 6 um/um?
(F=10%).

In order to determine T, we examined one of our high-
density samples in a transmission electron microscope. A
dark-field image is depicted in Fig. 1. T, was estimated to be
3um/pm?. A calculation with F = 10% and an initial den-
sity of 0.33/um? is also depicted in Fig. 3. We find a good
agreement of theory and experiments. Apparently there is
only a minor difference between FZ and CZ silicon. The
density of the latter tends to be slightly larger after a short
oxidation.

Acute interaction has been neglected. In fact, if we com-
pare expressions (4) and (5) we see that both acute and
obtuse interaction are of the same character. Further, from
Fig. 3 it can be concluded that stacking fault-stacking fault
interaction yields only a minor contribution to the rapid de-
crease of the stacking fault density (viz., F = 0 in compari-
son with F = 0.1). Consequently, possible contributions due
to acute interactions may be neglected in the calculations.

To unfault a specific stacking fauit one needs one out of
three possible Shockley dislocations. There are 24 different
Shockley dislocations, so as a rough guess we can expect the
effective fraction of the dislocations to be 3/24 = 12.5%. As
the same Shockley dislocations can cause incorrect unfault-
ing as well, this 12.5% is an upper limit, in good agreement
with our model.

The density of stacking faults as a function of stacking
fault length can be described by a model based on stacking
fault—dislocation interaction and obtuse stacking fault—
stacking fault interaction. It turns out that only an effective
fraction of about 10% of the dislocations can cause unfault-
ing of a particular stacking fault.
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Application of the electrostatic energy analyzer to cluster size measurement
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An electrostatic energy analyzer with a defiection angle of 90° and a resolving power of about 4%
up to 200 keV was used to analyze the distribution from a cluster ion source. The experiments
were carried out with cluster-ion beams of nitrogen extracted from a specially designed cluster
ionizer for controlling the cluster sizes. It is shown that the cluster size as large as ~ 10° atoms/

cluster is measurable with this energy analyzer.

Injection of a high-power energetic cluster beam is now
being developed as a method for efficient heating of plasmas
and fueling steady-state fusion reactors.'~ The cluster beam
has a wide mass distribution because individual clusters are
produced by the adiabatic expansion of a precooled, high-
pressure gas through a nozzle into a low-pressure region.
For an application of cluster-ion beams to fusion reactors,
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cluster ions should be disintegrated into molecules or atoms
in the plasma after injection of cluster-ion beams. Because of
this, it is important to know a mass distribution of the cluster
beams first. A number of analyzers including time-of-flight,*
Wien filter,’ retarding potential,° and magnetic mass spec-
trometers’® have been used so far for mass measurements of
cluster ions. However, these mass spectrometers are not ap-
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