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THE NATUGRE Or DEFECT CLUSTERS IN ELXCTRON-IRIADIATED COPPER*

§. M. Ohr e ——

. . e e . S prepused as gn account of k
Solid State Division ponsored by the United Sutes Goveentvent. Nelthe
) lll\:- .lllcn:e:‘ Sl;:uuor the United Siates Emergy

. e - ] - - .o a vel Adi i
Oak Ridge Xatiomal laborator; it employee, nar any o il copranios
Oak R'Ldg,e N Tennasseau 37830 warrnty, upxmmm ‘?.::M, or .-mr::; ;.“j

:'chulﬂﬂ-l.:\:- Tant Infotmaim, o impan
e uf any inflosmation, | tus, product o1

- - proces disclosed, or # 1s that i

ABbTRAC T infringe pnvately owmz'l‘duu:.l {hat ils sae mould pot

An electron microscope study has been nadce of the clustering
of point defects in electron-irradiated copp=r in the range of
temperatures between Stage III and Stage V. ‘tihe samples used were
single crystals of cogger irradiated at 4°K with 3 Mev elzctrons
to a dose of 1.4 x 10 electrons/cm*. In 21l of the samples
examined the defect clusters were in the form of dislocation
loops, mostly less than 100 A in diameter. In sanmples warmed to
room temperature, i,e. slightly above Stage III, the analysis of
black-white contrast showed that the loops present were entirely
of the interstitial type. In samples annealed at 90°C aund 150°C,
the defects were predominantly loops of interstitial type, but
approximately 107 of the loops were of vacancy type. At 250°C,
the fraction of the loops of vacancy type increased to about

407 but the total loop density decreased markedly. The evidence
seems to indicate that in Stage III vacancies do not cluster into
sizes large enough to be visible in the electron microscope.

The interpretation of Stage ITI recovery of irradiated metals has been
a subject of controversy for a number of yem:s.l-‘3 At preseat, there are
two contending models for fec matals which have been known as the l-inter-
stitial model and the 2-interstitial model, The most prominent disagree-
nent between the two models is that the l-interstitial modal assigns thsz
rmigration of single vacancies te Stage 11T while tha 2-intersticial modzl
assigns the motlon of free interstitials to the stage. Since the migrating
specles is expected to form clusters of its own, in addition to being
annihilated by recombination, an insight fo the problem can ba obtained if
the vacancy-~iuterstitial nature of defect clusters formed during Stage III
can be determined. As a joint program batween Jiilich, Stuttgart, and

Oak Ridge, an electron microscope study was made of the nature of defect

*Work supported by USERDA under contract with Union Carbide Corporatioa.
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clusters in copper which had been electron-irradiated and arnealed in the
range of temperatures between Stage III and Stage V. This paper is a

brief summary of the results obtained from this investigation.
EXPERTMENTAL

The sample materials used were (110Q) single crystals of high purity
copper supplied by F. W, Young, Jr. of Oak Ridge National Laboratory. The
crystals were chemically thinned to about 0.2 mm in thickness and disks of
about 3 mm in diameter were punched out. The disks were annealed at 630°C
for 2 hours in a vacuum of 2 x 10 ® Torr. Electron irradiation was carried
out at the 3 Mev Van de Graaff facility of Kernforschungsanlage, Jiilich at
an irradiation temperature of 4°K. The electron dose was 1.4 x 1018
electrons/cm? which resulted in an electrical resistivity increase of
1.3 x 10 'Q-cm. Assuming a specific resistivity of 2 x 10-69—cm/at2 for
Frenkel pairs, the increase corresponded to a Frenkel pair density of about
650 ppm. The samples were kept in a liquid nitrogen dewar prior to the
high temperature annealing treatments. The resistivity data indicated
that about 75% of the damage generated had annealed out during Stage I.

The samples were annealed for 30 ninutes at a series” of temperatures
starting just above Stage III, i.e. 23°, 90°, 150° and 250°C. The latter
two temperatures correspond approximately to Stages IV and V. The anneal-
ing was not accumulative in that separate samples were used for each
annealing temperature. Thin foils suitable for electron microscope
observation were then prepared im two steps. The first polish was carried
out in a mixture of orthophosphoric acid and ethanol at room temperature
and the final polish in a solution of nitric acid and methanol at -60°C.
Small gold islands were vacuum deposited on the bottom surface of the foil
in order to facilitate the depth measurement of the defect clusters. The

microscope observations was performed in a Siemens Elmiskop 102 operated
at 125 KV.
RESULTS AND DISCUSSION
Figure 1 shows the electron micrographs taken from samples annealed

at each of the temperatures indicated. The damage clusters appear as

black spots under the kinematical diffraction condition. Some of the



spots exhibit black-white contrast under the dynamical diffracvion condi-
tion. Trom the directions of the black-~white contrast, most of the defects
were identified as dislocation loops with Burgers vectors %<111>. The
size distribution curves plotted in Fig. 2 show peaks in the distribution
at approximately 35 A for annealing up to 150°C. An increase in the den~
sity of the larger loop sizes occurs with increasing annealing temperature
with the large diameter tail extending to large loop sizes at the highest
temperature (250°C). These results suggest that up to 150°C the smaller
loops may be coalescing to form larger loops. At 250°C, only about 10%

of the loops remain and their average size has increased by a factor of
two. These results are summarized in Table 1. In this table, C(Ta) is
the density of point defects estimated from the total area of the loops
and hence it is proportional to the second moment of the size-distribution
curve. It remains essentially constant up to 150°C and decreases by a

factor of two at 250°C.

The vacancy-interstitial nature of the loops was determined by the
method of Rithle and Wilkens.h The method makes use of the fact that
small loops close to the foil surfaces exhibit black-white contrast under
the dynamical diffraction condition and the sense of the ﬁlack—white
strezking is determined by the vacancy-interstitial nature as well as
their depth in the foil. The depth of the loops was measured by the
stereoscopic technique with the gold islands serving as surface markers.
The nature of the large loops was determined by the method of
inside~outside contrast.5 The results of the analysis are summarized in
Table II. It shows that at 23°C, i.e. after Stage III annealing,there is
no evidence for the clustering of vacauncies. At the annealing tempera-
tures of 90° and 150°C, approximately 10% of the loops analyzed are of the
vacancy type. The fraction of the vacancy loops increases to nearly 40%
at 250°C. However, the number of vacancies present in these 1oops’(Cv) is
only slightly higher than that observed at lower temperatures because the

total loop density has decreased drastically.

It is somewhat surprising that in samples annealed through Stage ITI
no loops of vacancy type are found. This may be taken as evidence that

vacancies do not migrate in Stage III. It is also possible that the




vacancies do migrate and cluster during Stage III but the clusters are too
small to be visible in the electron microscope. Since: the size of the
smallest loops analyzed is about 15 A in diameter, it indicates that the
vacancy clusters containing more than about 35 vacancies in collapsed loops
are not present after the room temperature anneal. Another possibility is
that in copper the vacancy clusters prefer to be in the form of either
loose three-dimensional clusters or stacking~fault tetrahedra. These
clusters have relatively weak strain fields and consequently are more

difficult to observe in the electron microscope.

The number of Frenkel pairs estimated from the loop size~distribution
curves agrees quite well with the resistivity data throughout the ranges of
annealing temperatures studied in the present work. The appearance of
vacancy loops at the annealing temperature of 90°C and above indicates
that vanancy migration has occurred between room temperature and 90°C. It
is not clear as to whether the vacancies are moving for the first time at
these temperatures or these vacancies are emitted from clusters already

formed at lower temperatures.
ACKNOWLEDGMENTS

This work was performed while the zuthor was on assignment at
Kernforschungsanlage, Jiilich and Max-Planck~Institut filir Metaliforschung,
Stuttgart. He wishes to express his sincere appreciation to Professor
A. Seeger, Professor W. Schilling, and Dr. M. Wilkens for making their
facilities available and for their interest in this work. He also wishes
to thank P. Ehrhart, T. Schober, K, H. Katerbau, W, Jiger, R. Schindler,

and M. Rapp for their wvaluable assistance.
REFERENCES

1. J. W. Corbett, Electron Radiation Damage in Semiconductors and Metals,
Solid State Physics Suppl. Vol. 7, Academic Press, New York (1966).

2. Vacancies and Interstitials in Metals, eds. A. Seeger, D. Schumacker,
W. Schilling, and J. Diehl, North-Holland Publishing Co., Amsterdam
(1970).

3. W. Schilling and K. Sonnenberg, J. Phys. F: Metal Phys. 3, 322 (1973).
4. M. Rithle, M. Wilkens and U. Essmann, Phys. Stat. Sol. 11, 819 (1965).
G.W. Groves and A. Kelly, Phil.Mag. 6, 1527(1961); Phil.Mag.7,892(1962).

e
.




. LI » oA s s B .
. . . s .~ T K
. . -
h N * . - - vd"
. . - * : ¢ -
NI ° [ 3 hd '.‘. . . » R
- 3 * > ". ]“. . *
» - - . . A - e © .
* N - - . -
3 L [ . . - ’0\‘ ..
- . PSRN R L d - -
.. L N - . . . @ :
N . L - i
. i . - :
. L * > - - -~ -
. .‘ N ’” . a . -
. . . R . . . -
. . . - -
. . . .
N .
- * t ' 4 d - Lol
. - N - - .
N . - o . NN . :
LIPS . . » -
e . L 3 e > Py
. .
. . - g d . - - - !
[\ S . - . . '
A o \Y . ‘ -
. .- se 2 . -

. ) v - > - '
- - - ~ - ' .
r - . f.or «
* . ¥ a ’ : * . - Y »
o S . . ' -
- L »
- R o
- O ]
. - @
4 ’-3 i

- . .
-3 - iy

B . .
el

Figure 1. Electron micrographs showing the black spot damage
observed in copper samples electron-irradiated and annealed
for 30 minutes at each of the temperatures indicated.
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Figure 2. Size distribu
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Table (. LOOP DENSITY

T,(°C) 0, (em” 3) d(a) e(r,) {em 3)
23 11.5 x 101° 41 3.3 x 1018
90 9.4 46 3.3
150 7.6 48 2.9
250 1.2 95 1.9

Table II. LOOP ANALYSIS

Ta("c) nv/nloo c, {cm 3)
23 <5% <2 x 1017
90 12 3.7

150 11 2.9
250 37 3.9




