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A. Honig, Quantum Electronics-Resonance Phe-

nomena Conference, September, 1959 (Columbia Uni-
versity Press, New York, 1959), p. 450.

~For a purer sample (about 10~4 P/cm~), larger photo-
current enhancements were obtained upon filling the
P+ traps with electrons. The question arises as to

whether a superior photodetector can be made with the
double-illumination technique. For background-
limited photodetectors, an improvement in the signal-
to-noise ratio is possible when the background and
signal are in different spectral regions. We would
like to thank Dr. Henry Levinstein for discussion of
this point.

VACANCY INTERACTIONS IN SILICON

H. H. Woodbur. y and G. W. Ludwig
General Electric Research Laboratory, Schenectady, New York

(Received April 28, 1960)

The production and properties of vacancies in
silicon are subjects upon which much empirical
work has been done. For the most part the in-
terpretation of the data in terms of detailed mod-
els has b8en inconclusive. Recently the interac-
tion of radiation-induced defects (suggested to be
vacancies) with chemical impurities has been
demonstrated. ' In this Letter, experiments of a
new type are described which demonstrate that
vacancies do indeed interact with certain chem-
ical impurities. These experiments involve the
trapping and annihilation of vacancies by inter-
stitial impurities which thereby become substi-
tutional. The effect has been detected by spin
resonance techniques for the impurities manga-
nese and chromium; vacancies were introduced
into silicon by the precipitation of copper or
silver, or by electron irradiation. The experi-
ments involving Cu and Mn &pill be described
first, followed by a brief description of those in-
volving Cu and Cr, and of the irradiation experi-
ments.

Manganese has been previously detected in Si
in the forms Mn and Mn++. Samples have now

been prepared in a manner similar to that pre-
viously described' except that Cu as well as Mn

is alloyed and diffused into the samples. When
such samples are cooled relatively slowly, two
new spectra are seen due to isolated Mn, one in
n-type and the other in p-type material. It is
proposed that if only Mn is introduced and if the
sample is quenched sufficiently rapidly, the Mn

is in interstitial sites. On the other hand, in
samples which also contain copper, vacancies
are created during the quenching. These vacan-
cies are annihilated by the interstitial Mn with
most of the Mn becoming substitutional. In n-
type silicon containing an excess of phosphorus,
the substitutional Mn is in the form Mn . In P-

Table I. Electron spin resonance parameters for
four isolated species of Mn in Si. S is the electron
spin, a, the cubic field interaction parameter, and A,
the (isotropic) hyperfine interaction parameter of the
Mn nucleus. Both a and A are expressed in units of
10 4cm ~.

Ion
Interstitial

Mn+ Mn

Substitutional
Mn Mn

2. 0066

a +19.88

A -53.47

2. 0104

-71.28

2.0259

-63.09

2. 0058

+26. 1

-40. 5

type silicon containing an excess of boron, the
substitutional Mn is in the form Mn+. ' A sum-
mary of the spin resonance results for the four
isolated forms of Mn is given in Table I.

The resonance measurements indicate that the
Mn in each of these cases is in a tetrahedral
crystalline environment as an isolated impurity.
The two negatively charged species of Mn are
both seen in the presence of uncompensated
phosphorus, indicating that they are not different
charge states of one impurity site, but represent
different sites. There are only two different sites
which show the tetrahedral symmetry of the host
lattice, the substitutional site and the interstitial
site. Thus one species must be substitutional and
the other interstitial. Similar arguments apply
to the two positively charged species, since each
is seen in silicon containing an excess of boron.

A dramatic difference between Cu-doped and
Cu-free samples is the stability of the resonance
center. For example, the Mn spectrum dis-
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appears in a few days if samples are left at room
temperature. Even when samples are stored at
dry ice temperature, a decline in intensity is ob-
served. In contrast, the Mn+ spectrum has been
observed with little decrease in intensity in a
sample left at room temperature for |.8 months,
The greater stability of the Mn+ site is strong
evidence that it is the substitutional site while
the Mn++ site is the interstitial. Consistent with
this the Mn site is more stable than the Nn
site. Further evidence that the Mn in the Cu-
free sample is interstitial is its ability to diffuse
at room temperature to form clusters of four Mn
atoms and to form pairs with acceptor atoms. '
Only interstitial ions would be expected to ex-
hibit such room temperature mobility since va-
cancies are normally not present. Finally, a
consistent picture4 of the d-shell configurations
and electron spin values can be made on the
basis of the substitutional- interstitial assign-
ments proposed here. '

Although the mechanism by which the Cu cre-
ates vacancies is not certain, several interest-
ing possibilities exist. The solubility of copper
at the diffusion temperature is about 10"/cm',
while only 5 x 10'~/cm' has been detected elec-
trically. ' Presumably the rest of the copper
precipitates when the sample is cooled. If a suf-
ficient number of Cu atoms are substitutional at
the diffusion temperature, vacancies may be
formed by a (substitutional)~(vacancy+ intersti-
tial) (vacancy+ precipitate) mechanism as the
sample is cooled. Another possibility, proposed
to us by Dash, is that Cu precipitates strain the
crystal, causing the formation of dislocation
loops as found by Parasnis and Mitchell in AgCl. ~

The motion of these loops through the crystal
then produces the needed vacancies. It is noted
that silver will also convert Mn in silicon to sub-
stitutional sites. Other impurities may act sim-
ilarly.

Similar experiments have been performed on
Cr-doped silicon. Chromium has been previously
detected~ as an interstitial in the form Cr+. If
both Cr and Cu are introduced into material that
initially has high resistivity, a new spectrum is
seen, which is attributed to substitutional Cr .
The observed spin is 1.

When silicon containing interstitial Cr is irra-
diated with 1.5-Mev electrons (total flux of ap-
proximately Bx10"/cm'), the same center is
created that is observed in silicon doped with
both Cr and Cu. The samples were kept below
175 K during the irradiation and were warmed
to room temperature for a short period following
the irradiation (less than 30 minutes for one
sample). Thus vacancies are produced by the
irradiation which can be trapped by interstitial
Cr. The experiments to date indicate that vacan-
cies are mobile at room temperature and pro-
bably lower. This is consistent with the results
of Watkins et al. '

The authors thank W. C. Dash for helpful dis-
cussions and J. W. Corbett for irradiating sam-
ples. C. 8,. Trzaskos assisted in the experi-
mental work.
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These experiments do not preclude the possibility
that vacancies diffuse as di-vacancies or as some
other complex.


