
PBoCEEDINGS oF TIIE INTEBNATIoNAL CoNFERENoE oN CRysrAL LATTTCE DEFECTS, 1962, CoNFERENCE

JounNs, oF rHE PflysrcAL SocrEry or J.o,r.o,w VoL. 18, SUPpLEMENT III, 1963

Inhomogeneities in Semiconductors Exposed to Fast Neutrons*

B. R. Gossrcx

Arizona State Uniaersitg
Ari,zona, U. S. A.

The permittivity and conductivity are determined for a semiconducting sol of
spheroidal inhomogeneities, with the symmetry axes oriented at random, the sols being
those which might be induced by fast neutrons, e.g. p-type particles in n-type
material, a dispersion of metallic precipitates, or ring dislocations. The presence of
these localized inhomogeneities in a semiconductor would significantly alter its electrical
properties. Both the displacement of majority carriers and minority carrier storage
about the inhomogeneities would contribute to the permittivity. The potential barriers,
which might accompany the inhomogeneities, would not only reduce the conductivity
of majority carriers, but simultaneously increase the conductivity of minority carriers.

1. Introduction
Defect clusters, induced by fast neutrons

in n-ty pe germanium, have been discussed t ) -' ),

using a model for spherical clusters. As
Silk and Barnest) have observed tracks from
fission fragments and recoil atoms in mica,
and Barness) has indicated that clusters of
interstitials form dislocation loops in neu-
tron irradiated copper, it is reasonable to
suppose that defect clusters in neutron ir-
radiated semiconductors might approximate
the form of needles or rings in certain cases.
Furthermore, it seems not unlikely that the
ionization produced by recoiling lattice atoms
could print out metallic precipitates in cer-
tain compound semiconductors in the man-
ner that the photolytic process activates a
photographic film, and that these precipi-
tates would assume the form of spheres,
needles or platelets. A defect cluster, or pre-
cipitate, in a semiconductor should be sur-
rounded by a double layer, the outer boundary
being a prolate spheroid about a needle
shaped inhomogeneity, or an oblate spheroid
about a ring dislocation or metallic platelet.
In order to treat these cases, the model for
inhomogeneities in semiconductors is extend-
ed in this paper to spheroids.

Inhomogeneities in semiconductors, e.g.
defect clusters, or precipitates, may be sur-
rounded by inversion layers of opposite con-
ductivity type, as suggested by studies of
Weisberge). Therefore, the model which is
described here explicitly for f-type particles
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in z-type germanium should be applicable to
certain other inhomogeneous semiconductors.

The extent to which the double layer en-
closing an inhomogeneity follows its contour
depends on the size of the inhomogeneity
relative to the Debye length based on the
donor concentration in the surrounding germa-
nium. With material in the resistivity range
of 0.03 to 10 ohm cm, the Debye length varies
from 1500 to 3500 angstroms, making the ex-
terior boundary of the double layer approxi-
mately spherical for inhomogeneities with
linear dimensions of a few hundred ang-
stroms. However, an inhomogeneity of the size
of a Debye length can influence the exterior
boundary of its double layer. Needles or
platelets with linear dimensions up to 3000
angstroms could be surrounded by double
layers with spheroidal outer boundaries of
eccentricity up to about 0.85. A typical
potential barrier supporting the double layer
around an inhomogeneity rises about a half
volt. As the height and width of the bar-
rier are large compared with the thermal'
energy and wave length of holes and con-
duction electrons, the theory of. p-n junc-
tions applies to the complex polarizability
of the barriers.

It is assumed in the following discussion
that

(A) the neutral core of an inhomogeneity
is either metallic or has a conductivi-
ty which is of opposite type, and
much larger in magnitude than that
of the surrounding semiconductor,

(B) the double layer is supported by a
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potential barrier much higher than
hrlq*,

(C) the holes in the inversion layer, and
charge carriers in the neutral core,
provide a real polarizability which
may be represented by a conducting
spheroid,

(D) the inhomogeneous germanium under
discussion represents a dispersed phase

of f-type spheroids suspended in a
homogeneous m-tYpe crystal.

The terms " aligned system " and " ran-
dom system " will be used hereafter to desig-
nate a dispersed phase of identical spher-
oids with the axes of symmetry in parallel,
,and oriented at random respectively.

2. Complex Polarizability of &n Inhomo-
geneity

Consider the current density /i, tt 
" 

brtt
:germanium without inhomogeneities as

1t):i'"tdn'-' (1)

'where the electric field is ioe'-' andthe com-
plex permittivity is

.x-.-i(ono*oeo). e)eo _co_ 
a

'The effect of the inhomogeneities on current
flow enters as a contribution to the complex
permittivity, and it is therefore pertinent
to develop the polarizability of a single in-
homogeneity.

The polarizability of a uniform spheroid,
with volume V" and permittivity 61y sur-
rounded by a uniform medium with permit-
.tivity e21 r\a! be writtento)

Mj: (e1- e2)V"e2 (3)
ezl(er-e)Li

with subscripts 7 designating Cartesian axes,
v/ith i:1 the symmetry axis of the spheroid.
The depolarization factors L5 have two dis-
tinct elements, Z, and Lr:lr. The term
" spheroid " and symbols tr/", M1 and L1 re-
fer to an inhomogeneity together with the
surrounding double layer, for the remainder
of the discussion.

An applied electric field polarizes the spher-
oid, increasing the barrier where the field
applies reverse bias, and decreasing it where

* The assignment of symbols is listed in an
appendix.
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there is forward bias. It follows from as-
sumption (C) that this contribution to the
polarizability of a spheroid Mtt is described
by the limit of (3) as e,+oo, and with e, re-
placed dy eo, e.g.

Mi:V;l-' ' (4)
D)

According to assumption (B), the potential
barrier effectively blocks the flow of elec-
trons, and makes an imaginary contribu-
tion to the polarizability of a spheroid M;//
as given by the limit of (3) as er+0, and
with e, replaced by onn(ia)-t, e.g.
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(5)

The high potential barrier presented to
electrons by the spheroid is simultaneously
such a deep well to holes that it short cir-
cuits the flow of holes, and makes an im-
aginary contribution to the polarizability
through dipolar diffusion"). It has been
shown elsewhere"), that the polarizability
of a spherical barrier with radius ro, from
dipolar diffusion, is given by the product of
the admittance Y(ar) and Zro'G<,t)-', e.g,

M.rt_z"r.3oro(l+ro + 1 \ (6)
ia \ tl'7+roltl) '

with

/1:( l+iar \tt'z ( 7 )"-\Dr) '
the diffusion length, and r the recombination
time of holes. The following contribution
to the polarizability is a generalization dased
on (6)

1t1," : r .

rui":ffit '*+*#) (8)

^ r dpofi2 i.o-6_;

in which rr--a, thg semi-major axis and rr:
ri:b, the semi-minor axis of a prolate sphe-
roid, and ft:b, arrd Tz:ls:dt for an oblate
spheroid. The high frequency (a>> Dla2)
applications of (8) have been treated in a dis-
cussion of optical extinctiont2). In the low
frequency range (ar(( Dla'), which ordinarily
includes microwave bands, (8) reduces to

M,,,_HF#). (e)

The total polarizability of a spheroid is the
following sum of (4), (5) and (9)

*r:+l
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3. The Complex Permittivity
The permittivity of an aligned system of

-ly' spheroids per unit volume is written
e;i*:6tiGo* l- NMt) (11)

with the concentration subject to the restric-
tion N%<<1. As the concentration N in-
creases, the effective field which polarizes a
spheroid exceeds the applied field by the
" Lorentz field " contributed from the polariz-
ed neighboring spheroids. The following
expression for the permittivity of an aligned
system accounts for the " Lorentz field ".

x./* NMr \er;.:o;;\eo +, NNin-). $Z)r- ------T-

The density of power dissipation ao, and
density of stored energy u, in an aligned
system, under an applied alternating elec-
tric field with amplitude (E0,, Eoz, Eoa), are
given respectively by the relations

w:rolm utj*Eoi' , (13)
and

u:UZ Re e;i*Eo;, . (14)

With a random system, the mean square
components of applied field comply with the
relation

(Er'r):(Eo\):(Eo?r): lirf p. (15)

Therefore, with a random system, the power
and energy densities reduce respectively to

w:,t7,,t r-(+++) , (16)

and

":f,vd,t'*"(+.+) $T)

Hence, it follows from (12), (16) and (17)

that
z*r x 1 NM, 2 NM,
\€ /:60 - B r_lMrLr*T r_NMrL,

";*- 
r-------T-

(18)

gives the mean permittivity of a random
system. The dc conductivity given by (18)

is written, to the second order, as follows

(o) : o no t o,, * {[*,(* - +\
/ 7 2_\1_ f'-""\ t-L T t-L, ))i Bb;+r,r

"lr,(# - fi;)' + z t,(Z - ff)'f
(1e)

with 7:1tJy", the fraction of volume occupied
by spheroids. It may be shown that a ran-
dom system of spheroids has a more pro-
nounced effect on the conductivity for a
given / than spheres. The permittivity, b1r
(20), is written to the first order

(u*):.,*+t {('.*)+
+("+ff)L-+
. [*(** ?,)-.",(+. ft )]] rzor

The increments in permittivity of the type
fr5'zoos(DLi\-' come from " hole storage ", an
effect which has been treated extensively in
the literature on the admittance of rectify-'
ing barriers.

List of Symbols

6;t Kronecker delta
eo* complex permittivity of germa-

nium
6e real permittivity of germanium
61 permittivity of a spheroid
€2 permittivity of a medium sur-

rounding a spheroid
,,o* permittivity of an aligned system
(.*) permittivity of a random system
I diffusion length of holes
onot opo conductivity, of electrons and

(r)

a
arb

D
-)
Eo

Eot,Eoz,Eot
e

f
Im
i
+I
k
L1

holes respectively
conductivity of a random system,:
recombination time of holes
frequency with factor 2a'

semi-major and semi-minor axis
of a spheroidal inhomogeneity

diffusion coefficient of holes

applied electric field
+

components of Eo
base of Naperian logarithms
fraction of volume occupied by-

inhomogeneities
imaginary part of
/=T
current density
Boltzmann's constant
depolarization factor for princi-.

pal axis 7

M; polarizability for field component
along principal axis 7

N number of inhomogeneities per



unit volume
electronic charge
real part of
radius of spherical inhomogeneity
ft:at Tz:Ts:0, Prolate
ft:bt /z:fs:A, Oblate
absolute temperature
time
energy density
volume of a colloidal inhomo-

geneity
power density
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DISCUSSION

Bragg, R. M.: I assume your calculations were done for a randomly oriented col-

lection of ellipsoids. A possible experimental way of checking your calculations is

to measure single crystals given directi.onal irradiation. Directional effects attributed
to elongated regions in silicon were reported by Truell and Levi some years ago.

Gossick, B. R.: Yes. My calculations treat both an " aligned system " and " ran-

"dom system ". Thank you for pointing out the work of Truell and Levi.
Beruch, P.: Is there some possibility that the electric field in the dipole layer be

large enough to sweep electrically charged defects from the clusters and thus add

.an extra contribution to annealing ?

Gossick, B. R.: I have considered models only for a stable cluster, in which the
field within the barrier is insufficient to produce migration of defects, independent
.of cluster shape. Your question is very broad, but, at least in typical experimental
.cases, it appears that the contribution of the external field is smaller than the

equilibrium field within the barrier.
Fan, H. Y.: Have you applied these calculations on spheroidal p-region to any of

the experimental observation ?

Gossick, B. R.: I have not, but my paper cites several papers in which the spheri'
.cal model has been used to interpret experimental data. In the light of the more
general model for spherical clusters, it seems that previous interpretations based on

the spherical model may have overestimated the volume occupied by clusters.
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