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It is convenient to express the coeKcient A„E in the Substituting Eq. (AS) into Eq. (A1), using the fact that
form

P X„J„'(n,)=1
A„g ——D+r]'[(1+r)'—1]f(l+r)'—4]

XE(l+r)'—(r—1)']. (A6)
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(r!)222m+i or
I,(V) =ID(8/cs]d/dV)1(V),X (n' —(r—1)')~~'(n, ). (A7)

and taking the limit n, =(8(cs)/4o) —+ ~, one easily

Then, setting (1+r)=n in the right side of Eq. (A4) obtains the following result for I,(V):
we have

The lower limit on the summation in Eq. (A7) can be
replaced by n=0. We then have (for r) 0)

(2r)!
P &"n'"I '(n, )= n'2"+terms proportional
n~ (r!)22»

to nP~', nP~4 etc. (AS)

where Io is the modified Bessel function of order zero.
Pote added in proof. It has now been established that

the high T, of the aluminum films used in the present
work results from contamination by oxygen. The effect
of oxygen on the T, of metal films is described by B.
Abeles, R. W. Cohen, and G. W. Cullen in Phys. Rev.
Letters 17, 632 (1966).
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Positron lifetime measurements in some typical semiconductors are reported. In every case the decay dis-

plays two components, the longer one being of the order of 72 ——10~ sec and having an intensity of a few
percent' Measurements on neutron-damaged samples show that both components are sensitive to the
presence of lattice defects. Moreover, at least in the case of silicon, the long-lifetime component is lacking
when a high electric 6eld is applied to the sample. Also, the presence of a high oxygen concentration in
gallium arsenide and in silicon is effective in preventing annihilations through the r2 lifetime.

INTRODUCTION

'POSITRON lifetime measurements in germani~~'
established that the decay is simple, displaying

only one lifetime; moreover, the shape of angular cor-

relation spectra in germanium and silicon, ' 4 substanti-

ally an inverted parabola, led to the conclusion that
positrons annihilate with nearly free electrons, without
formation of positronium-like bound states. On the basis

of these results, one could suppose that positron annihila-

tion in semiconductors is likely to display features simi-

lar to those in metals. However, in semiconductors it is
possible to make the conduction-electron concentration

vary over a wide range, both by doping the samples

*A few preliminary results from this study have been presented
at the Positron Annihilation Conference, Detroit, 1965.

' G. Jones and B.Warren, Can. J. Phys. 39, 1520 (1961).
~ G. Lang and S. De Benedetti, Phys. Rev. 108, 914 (1957).
'A. T. Stewart, Can. J. Phys. 35, 168 (1957).
4 P. Colombino, B. Fiscella, and L. Trossi, Nuovo Cimento 31,

950 (1964).

and, in nonequilibrium conditions, by applying an
electric field to them.

It seems therefore worthwhile to examine positron
decay features in a few typical semiconductors; silicon,
germanium, boron, gallium arsenide, and silicon carbide
have been tested.

EXPERIMENT AND RESULTS

The Vernier time sorter has already been described in
previous work. ' The over-all resolution defined by the
full width at half-maximum of a prompt-coincidence
curve was 8.5&(10 "sec.

The source, about 20 pCi of carrier-free Na", was
deposited directly onto the samples, which were in the
shape of disks cut from single crystals, except for boron
and silicon carbide, which were polycrystalline.

' E. Germagnoli, G. Poletti, and G. Randone, Phys. Rev. 141,
419 (1965).
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DECAY FEATURES OF POSITRONS

order of 10' 0-cm. The delay spectrum of oxygen-
compensated gallium arsenide surprisingly does not
display any long-lifetime tail. Anyway, the measure-
ment has been performed. The presence of an electric
field of about 104 V/cm had no evident influence on the
delay spectrum of high-resistivity gallium arsenide. The
lack of a long-lifetime tail in the curve describing com-

pensated gallium arsenide can be qualitatively related
to the presence of oxygen. It seemed therefore worth
while to make a measurement in a silicon single-crystal
sample into which a high oxygen concentration had been
dissolved during the growth. The experimental result of
a measurement in a silicon sample in which the oxygen
concentration (measured by infrared absorption tech-
nique) was about 10'8 atoms/cm', displayed the same
surprising lack of any appreciable long-lifetime com-
ponent, as shown in Fig. 4.
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A general conclusion which can be drawn from the
experimental results concerning samples of the same
material differently doped is that positron-decay features
are not affected by the equilibrium concentration of
conduction electrons. Therefore it is conceivable that
the conduction-electron density at the positron is sub-
stantially yielded by electrons raised to the conduction
band by the positron itself. In particular, the bound
state associated with the r2 component can be formed
only with conduction electrons, because the v-2 tail is
lacking when annihilations happen in silicon junctions,
where the electric field sweeps away the excess electrons.

On the other hand, an electric field has no appreciable
influence on the short-lifetime component.

Nevertheless, it seems reasonable to suppose also that
the short-lifetime component does not come only from
free annihilations, since the measurements on neutron-
damaged samples systematically show an increase in
the v~ lifetime. As far as the radiation effect on the r2
component is concerned, it can be noted that the v2

tail becomes negligible in gallium arsenide, while in
silicon it decreases and in germanium it does not change
significantly; but, because of the disorder from substitu-
tions, radiation damage is more effective in binary than
in elementary compounds and the correlation with the
v2 tail does not seem fortuitous.

Channel number

Fzo. 4. Delay spectra in oxygen-doped silicon and gallium arsenide.

Moreover, a high oxygen concentration in gallium
arsenide and silicon is effective in preventing annihila-
tions through the 72 lifetime. Although the mechanism

by which oxygen raises the gallium arsenide resistivity
to such high values is not well known, it seems unlikely
that the oxygen electron configuration is the same in the
silicon and in the gallium-arsenide lattice. Nevertheless,
oxygen affects the ~2 component in the same way in both
cases. Therefore one is led to suppose that both in the
silicon sample and in the gallium arsenide sample,
oxygen clusters are present in addition to substitutional
oxygen atoms, and the clusters may be responsible for
the lack of a r2 component.

In principle it would be interesting to study the be-
havior of the I2 tail intensity as a function of oxygen
concentration, but such measurements would be un-
reliable from an experimental point of view, owing to
the low intensity of the I2 component even in very pure
samples.
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