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Nature of Defects Arising from Fast Neutron Irradiation of Silicon Single Crystals*
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A method is described for determining the range of sizes that damaged regions created by fast neutrons
may have in a silicon single crystal. In particular the use of precision ultrasonic velocity and attenuation
measurements for compressional waves together with certain new results from scattering theory permit the
determination of an upper and lower limit on the size of a damaged region. The lower limit is determined
from the fractional velocity change arising from the irradiation and the upper limit is found from the corre-
sponding attenuation change —or in this case the lack of it.

Under the assumption that such regions of damage are spherical the limits obtained lie in a range from
0.01 p to 0.27 p for the radius of the region in question.

' 'T has been shown' that defects introduced into silicon
~ - by collimated fission neutrons directed along an
equivalent t 100j direction produce an anisotropy in the
elastic character of the silicon among the three equiva-
lent [100)directions. This elastic anisotropy caused by
directional neutron bombardment was examined by
means of an ultrasonic double refraction eGect arising
when transverse waves were propagated through the
silicon. The double refraction and the anisotropy in
shear modulus arise from the anisotropic nature of the
regions of displaced atoms produced by the recoiling
atoms which were created by neutron collisions with the
silicon atoms. On the average these regions of displaced
atoms should be so oriented that an axis of symmetry
of the region is parallel to the direction of bombardment.

It is the purpose of this article to point out that when
the compressional wave velocity and attenuation meas-
urements before and after irradiation are combined with
certain results from the theory of multiple scattering of
waves, the results yield estimates of the sizes of the
damaged regions. In order to develop these ideas it is
necessary first to state some of the results from scat-
tering theory.

The results' of recent work in scattering theory show
a detailed relationship, for an isotropic solid, between
the fractional velocity change Ar/v and the fractional
volume hr/r of the material causing the change. '

The relation for the case of elastic scatterers in an
elastic medium is (for compressional waves)
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s That there should be such a relationship between nv/v and
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where ~' is the perturbed compressional wave velocity
and e is the compressional wave velocity in the absence
of scatterers. Ar/r is the volume fraction of scatterers
present and it may be written (4/3)rrusns, where e is
the radius of the scatterer (assumed spherical) and rss is

the density or number of such scatterers per unit volume
of matrix. XI, 4, p1, p2 are the Lame elastic constants
and pl, p2 are the densities of matrix and scatterer
respectively. The use of the Lame constants requires an
isotropic medium; in this case it is assumed that the
material can be described approximately in this way.
A simplification in the Dr//v Dr/r relationship is
possible if one considers the scatterer to be a cavity in
the matrix material. This simplification obviously in-
volves the assumption that a damaged region can be
represented as a cavity in the matrix. Since a spherical
cavity in an elastic medium would scatter more strongly
than an elastic sphere of the same size as the cavity
within the elastic matrix, it seems clear that a spherical
cavity of given size and scattering power would be
seal/er in size than an elastic sphere having the same
scattering power. Consequently it is argued that if a
damaged region be represented by a cavity in an elastic
medium, then for elastic wave scattering purposes the
cavity would be smaller than the p.ctual damaged region
because the damaged region is almost certainly not a
simple cavity but a gradual transition in elastic proper-
ties from the inner core of the region out to the elastic
matrix. For the purposes here the size of such a damaged
region is considered to be determined by that distance
over which the strain in the lattice falls from a maximum
value to some factor 1//r of its maximum value. When /r

is specified, this determines a radius a of the region in
which this change in strain occurs. The region of
damage may be considered as composed of a core or
central region of displaced atoms surrounded by a larger
region of atoms which are "displaced elastically" from
their normal lattice positions. As one proceeds outward
from this inner core the "elastic displacement" of the
atoms outside the core becomes smaller in amount until
the normal lattice is reached. The resulting strain in

Ar/r is not surprising, but obtaining the factor for general use
involves quite a Iot of calculation.
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for ku«1, where a is the transverse wave propagation
factor and k is the compressional wave propagation
factor. A corresponding expression for attenuation exists
but is omitted from this discussion.

Using the above expression together with proper
values of the ratio ~/k=%~ ——8.4/5. 8= 1.45, where v is
the longitudinal velocity and v& the transverse velocity,
we then have

(s' —s)/v'= As/e =0.476 r/r. (3)

This relation can be regarded as dedning the size and
number of scatterers for the case of spherical cavity
scatterers.

Measurements made at 30 Mc/sec on an undamaged
silicon cube show a compressional velocity of 8.368
&(10' cm/sec, and measurements made at the same
frequency on a second similar cube, identical with the
6rst cube before damage, show a compressional velocity
of4 8.631&&10s cm/sec after damage. ' This is a velocity
increase of approximately 3.1'Po and using this value in
the expression

6r/r 2(hr//s)—
leads to hr/v=0 062.

Taking 4.5)&10ss atoms/cm' for silicon, this means
that 2.8)&10" atoms/cms are located in regions of
damage. The irradiation was such that the fast neutrons
produced about 2X10's primary recoils/cm' in the
damaged silicon. The foregoing values lead to the con-
clusion that there should be about 1.4X10' atoms in a
single region of damage, and if the region is assumed to

4This value is the average of three values for compressional
velocities measured in the three equivalent [100$ directions
8.778X10', 8.600X10', and 8.514X10' cm/sec. The differences
arise because this crystal was bombarded by fast neutrons pri-
marily in one direction, and it exhibits anisotropy after irradiation
both for the shear' and compressional wave velocities. The three
directions are equivalent (100j directions. The above values are
all larger than the pre-irradiation value of 8.368X10' cm/sec.' It is interesting to note that this increase in the compressional
velocity was accompanied by a decrease in the transverse velocity
so that while c» increased, c44 decreased as a consequence of the
fast neutron irradiation (see reference 1).

the region surrounding the damaged region is going to
be "seen" by an elastic wave propagating through that
region. Obviously the sensitivity of the detecting device
is important; in this case the strained region is detected
by its scattering of elastic waves of megacycle frequency
and by the associated changes in velocity and at-
tenuation.

The scattering theory' mentioned previously yields
as expression for the velocity change arising from
spherical cavity scatterers

V —V
I

= (9/2)—

2~10'
X10 '=7.5X10 '«1.

8.4X10'
(6)

With 2X10" such regions considered as elastic scat-
terers the attenuation can under these circumstances be
written'

rr= (db/@sec)=ra(8. 68&(10 s)stsy=3. 6', (7)

where =ecmopres isnolawave velocity=8. 4&(10' cm/
sec (silicon), e is the density of scattering centers (i.e.,
v=2)&10rs in this case), and y is the scattering cross
section for a cavity of radius a in the silicon. The fre-
quency is taken to be 100 Mc/sec because the attenu-
ation measurements were made in the range from
50 Mc/sec to about 250 Mc/sec. It turns out that
7=3.1X10"a' under these conditions; hence o.=2.23
X1029a', so that

o.=2.23)&10 ' db/@sec for a=10 ' cm,

n=0.223 db/psec for a=10-' cm.

These attenuation values are for scattering only; they
do not contain attenuation from any other causes.

Measured values of ultrasonic attenuation at 100
Mc/sec show an attenuation value of 0.2 db/psec
under normal conditions. Consequently an increase of
another 0.2 db/ysec from the introduction of scattering

' See Ying and Truell, reference 2,

be spherical, which it certainly is not, the radius of
such a region would be about 32 atoms or about 9.0
X10—' cm.

This value of 9X10 ' cm is a measurement of the
hypothetical cavity radius ap.

ap ——9X10 ' cm.

It is not a measurement of a as defined by the lattice
strain around a scattering center.

Since it has been assumed in the d,n/s relation that
the scattering region is a cavity of radius ap, it is to be
expected that a somewhat more realistic elastic region
of radius a would necessarily be larger to produce a
comparable velocity change. A cavity is a strong
scatterer and any weaker scatterer, to produce com-
parable effects, would have to be larger in size. Conse-
quently it seems that a damage region, under circum-
stances such as those given here, must be larger than
the space occupied by 10' atoms, larger than 9X10 7

cm radius. If, however, one accepts these arguments
regarding a cavity being the strongest type of scatterer,
it follows that 9X10 cm= ap(Q.

It is possible at the same time to obtain additional
evidence about the size of such a damaged region from
the results of attenuation measurements. With scatter-
ing regions of 10 ' cm to 10 ' cm in size (radius), one
can calculate the scattering cross section y as well as
the attenuation n for ultrasonic waves. In this case
ku«1 since at 100 Mc/sec
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centers would represent a one hundred percent increase
in attenuation; such an increase would certainly be
noticed and easily measurable. No such increase was
observed; in fact no detectable change was seen at 100
Mc/sec. It may be concluded that if the damaged
regions are spherical cavities one can say, from attenu-
ation considerations, that the value of ao is less than
10—' cm. A determination of ao from attenuation values,
for the cavity scatterer, should yield the same value of
Qp as the velocity measurements did, namely ao ——9
)&10 7 cm. On the other hand the attenuation values as
they are used in this case can by themselves only set
an upper limit on ao—that is ao&0.1 p.

Thus far, from the velocity and attenuation evidence,
it has been shown that the hypothetical spherical
cavity equivalent of an average damage region should
have a radius

9)(10 cm= up&10 ' cm.

where the left hand equality came from the velocity
data, and the right-hand inequality came from limits
on attenuation values.

In addition it is shown above that it is reasonable to
conclude that

Co& 8)

where a is the radius of an arbitrarily chosen strain
region around the region of damage, and where some
reasonable fraction 1/k of the maximum strain is used
as the boundary of the damage region.

One cannot thus far say anything about an upper
limit on the value of a because the spherical cavity
model can only set a lower limit on a, namely ao. It is
possible, however, to go further by considering the con-
sequences of using the scattering cross section 7 for an
elastic body embedded in the matrix rather than the
cavity case.

While the details of a damaged region are not known
at present there is, nevertheless, a method of deciding
on a reasonable set of elastic values to be used here.
Normally @=8.4X10' cm/sec and et=5.8X10' cm/
sec in silicon, hence

(ter/kr), t„——e/et =8.4/5. 8= 1.45. (9)

This radius may be considered as an upper limit on the
size of an actual scatterer. In other words

9X10—'=at)&a&a, (2.7X10 ' cm. (10)

The results obtained by the velocity measurement,
namely those for ao are in good agreement with esti-
mates made on sizes of damaged regions from thermal
spike ideas. For example, independent estimatesv of the
size of a damaged region and the way in which stress
falls off in the neighborhood of such a region indicate a
value of about 150 angstroms in one case to be compared
with our smallest value of 90 angstroms.
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Now under irradiation conditions e increases to as
much as 8.8X10' cm/sec and et decreases to 5.7X10'
cm/sec, hence (tte/ke) =8.8/5. 7= 1.55 but these are
measured values in the entire medium so that (~2/ke)
for the actual region of damage must be considerably
larger than this value. Consequently if one uses (tt&/k&)
=1.55 for the scatterers in a matrix for which (~r/kr)
=1.45, this is certainly a conservative arrangement.
The actual situation must have contained stronger
hence smaller scatterers. Using these values and the
assumption that ttr ——tt& (the shear moduli differ by 1%
or less) one can calculate y for this conservative elastic
case. Using this resulting value of y together with the
fact that the total attenuation was about 0.2 db/ttsec,
and that it could not have changed by this amount, one
finds a radius for the elastic scatterer

a,=2.7&10—' cm.


