PHYSICAL REVIEW

VOLUME 113,

NUMBER 1 JANUARY 1, 1959

Lattice Parameter Changes in Deuteron-Irradiated Germanium*

R. O. SiMmons
University of Illinois, Urbana, Illinois
(Received August 19, 1958)

A lattice expansion of 3)X1075 was measured in germanium irradiated by 1.5X 10" 9-Mev deuterons/cm?
at low temperature and annealed to 320°K. Thus residual specimen length expansion (as measured by Vook
and Balluffi in similar samples) and lattice parameter expansion are small and nearly equal after annealing
to room temperature. Thermal recovery to 380°K occurred parallel to that of macroscopic length changes,
but near 380°K the (211) interplanar spacing had contracted about 33X 1075 relative to unirradiated crystal.
The lattice parameter returned to that of unirradiated crystal at 430°K. No appreciable diffraction line
broadening was observed. These results provide confirmatory evidence that structural damage in deuteron-
irradiated germanium consists of well-localized centers of dilatation.

TRUCTURAL study of irradiation damage in
germanium crystals has been relatively neglected
while detailed phenomenological pictures of the changes
in electrical properties have been constructed. Clearly,
further investigations of both types will be required to
elucidate fully the origin and character of these effects,
as well as their relation to lattice defects naturally
present or occurring under other conditions such as
plastic deformation, quenching, and chemical doping.
The work reported in the preceding paper' (hereafter
referred to as I) is an attempt to correlate macroscopic
volume and resistivity changes under carefully con-
trolled deuteron irradiation and thermal annealing
conditions, and the present measurements of lattice
parameter changes of similar samples complement the
effects described there. Lattice expansions in germanium
and silicon subjected to very heavy neutron bombard-
ment have been reported elsewhere? together with a
brief outline of other related work.

METHOD

An account of the nature, preparation, irradiation,
and thermal treatment below room temperature of the
germanium crystals which were used in this investiga-
tion appears in I. Briefly, the thin polished samples
were irradiated with 6.2)X10'® deuterons/cm?® near
25°K, warmed slowly to 308°K, then irradiated with
9.2 106 deuterons/cm? near 85°K and warmed slowly
to room temperature. Various considerations limited
the measurements at temperatures below room tem-
perature to length and resistivity changes, hence the
principal x-ray sample (lower half of ML of Fig. 1 of I)
was removed at 305°K so that parallel annealing studies
could be made above this temperature. The measure-
ments were begun at about 320°K because the samples
had been stored at room temperature for 10 months
after irradiation. X-ray study of a different sample
(upper half of ML of Fig. 1 of I) was also made at
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temperatures above 364°K, the limit of the length
change measuring apparatus.

A high-angle back-reflection rotating-single-crystal
technique was employed for measurements of changes
in lattice parameter. The general features of the
technique, together with an error analysis, have
appeared elsewhere.? The observed change in position,
%, of the Laue-Bragg line on a film is given by
x=2(Ad/d)L tanf, where the Bragg angle 6 (about
821° at 30°C) is deduced from the known lattice
parameter of germanium? and the wavelength of the
incident x-rays (CrKai), L is the specimen-to-film
distance (853 mm) and (Ad/d) is the relative change
in the (422) interplanar spacing. A gaseous helium
path reduced the necessary exposure time to 20 minutes
for 40" angular rotation of the sample. Measurements
were made near room temperature and the lattice
parameter changes measured relative to an unirradiated
homologous sample maintained as a comparison stand-
ard and subjected to identical annealing treatment.

The precision was somewhat improved over that of
previous work® by the use of a narrower x-ray col-
limating slit (angular divergence 0.21°) and can be
judged from Fig. 1 which shows thermal expansion of
a standard sample. The linear thermal expansion
coefficient was found to be (5.740.1) X 10~® per degree
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F16. 1. Linear thermal expansion of germanium.

( “‘R.) O. Simmons and R. W. Balluffi, Phys. Rev. 109, 1142
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near 300°K,5 and all measured (Ad/d) values were
suitably corrected for differences in sample temperature.
The sample was annealed in air for two hours at
successively higher temperatures between each series
of measurements; the times and temperatures thus
simulate the warm-up rate of 10 degrees per hour of 1.
After each annealing treatment the shape of the (422)
crystal reflection curve was measured using a Xe-filled
proportional counter of large aperture. In each case,
the irradiated sample face examined was that from
which the deuterons emerged during irradiation, the
deuteron energy there being about 9 Mev.

RESULTS

The measured relative changes in (211) interplanar
spacing after each anneal are shown in Fig. 2. Each
value is the mean of three or more separate measure-
ments and the uncertainty is the combined sample and
reference probable errors, usually near +7 parts per
million. It is clearly apparent that the lattice constant
has been increased slightly by irradiation and annealing
to 320°K. Further, a comparison with Fig. 7 of I
(showing thermal recovery of macroscopic length
changes) reveals that while thermal recovery of the
lattice parameter in the range 320 to 380°K closely
parallels that of the macroscopic length, the residual
effect appears to be smaller in magnitude, becoming in
fact a slight lattice contraction at the latter temper-
ature. The lattice parameter returns to its normal value
after annealing at about 430°K.

It is to be noted that the entire range of the effects
reported here is minute. The sensitivity of the x-ray
measurements for detecting residual structural changes
near room temperature is somewhat greater than that
of the length measurements of I, but the apparent
disagreement is near the sum of the respective estimated
experimental errors. Also, the length and lattice parame-
ter changes were measured along perpendicular direc-
tions and these effects, even in unconstrained samples
like these,® might depend upon the direction of deu-
teron bombardment.

Curves of crystal (422) diffracted x-ray intensity
versus crystal angular orientation, taken-after each
annealing treatment, showed no appreciable change in
shape or breadth or any difference from the results

5 This agrees closely with a recent interferometer value obtained
by D. F. Gibbons [Phys. Rev. 112,136 (1958)] which is 5.75X 10~¢
at 300°K, but is appreciably less than the value of 5.92X10-¢
reported in reference 4 for material of lower purity.

6 Work on GaSb and InSb [U. Gonser and B. Okkerse, Phys.
Rev. 105, 757 (1957); 109, 663 (1958); D. Kleitman and H. J.
Yearian, Phys. Rev. 108, 901 (1957)7], where expansion effects
may be one or two orders of magnitude larger, has not yet given
any quantitative comparison for those materials. In such experi-
ments very complex constraints were present on the irradiated
crystal.
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FiG. 2. Thermal recovery of lattice expansion in
deuteron-irradiated germanium.

obtained from the polished face of the standard sample.
The Ko; line width at half-maximum intensity re-
mained at 16/, more than 759, of which was contributed
by spectral and instrumental broadening.

The general character of the x-ray effects reported
here is consistent with the presence in the irradiated
material of well-localized centers of dilatation.” In the
absence of detailed calculations of crystal lattice relax-
ation around possible defect models, however, no
numerical comparison can be made at present with the
predictions of irradiation displacement theory. The
absence of appreciable line broadening indicates that
no systematic long-range strains have been introduced,
and the apparent rough correspondence of the small
length and lattice parameter changes makes improbable
the existence of gross mutually compensating effects
leaving only moderate dimensional changes. The
apparent decrease of lattice spacing below the normal
value is perhaps not too surprising in such a loosely
packed solid and suggests that the annihilation of
defects during thermal recovery may not be merely a
simple process such as interstitial-vacancy recombina-
tion but may involve more complex structural inter-
actions. Observation of lattice expansions in heavily
neutron-irradiated samples? do not necessarily contra-
dict the present results in which a lattice contraction
appears centered near 380°K because of the rather
different irradiation conditions in the two cases and
also because the neutron-irradiation temperatures of
about 310 and 410°K straddle the present minimum.

Further x-ray studies of this type carried out at low
temperature might resolve the question of possible
structural annealing below® 85°K and determine
whether the length and lattice parameter changes
during irradiation and annealing are congruent.
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cooperation of Dr. F. L. Vook and Professor R. W.
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the discussion of their results prior to publication.
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