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Electron irradiations of thin Cu-Be films near displacement threshold show that the types of Frenkel
pairs produced depend on recoil direction. Irradiation along (100) very strongly favors the production
of close pairs that anneal in substages I„and Is, whereas irradiation along (110) produces mostly sub-

stage Ic close pairs. Substage I& indicates the recombination of mobile defects; the larger Frenkel pair
separation due to far-reaching replacement collision sequences along (110), as opposed to (100), is
rejected in a shift of the peak recovery rate to higher temperature.

Point-defect production, recovery kinetics, and energy
dependence of defect recovery after low-temperature
electron irradiation of copper has long been studied. '

Nevertheless, only a few stage-I recovery spectra using
single crystals have been reported in the literature.
These experiments have shown that there are changes in
the stage-I recovery spectrum with irradiation direction.
However, the true extent of these changes has been
masked due to multiple scattering of the irradiating elec-
tron beam in the thick specimens that were employed in
these experiments. The present experiments circumvent
this problem by using thin-film targets and the highly col-
limated, monoenergetic, electron beam available in a
high-voltage electron microscope (HVEM). This tech-
nique allows further insight into defect production mech-
anisms and properties of irradiation-induced point de-
fects.

The importance of multiple scattering in defect pro-
duction can be understood by referring to the threshold
energy surface determined by King, Merkle, and Meshii.
This threshold energy surface is characterized by two re-
gions of low threshold energy (-20 eV) around the
(100) and (110) directions, with the remaining direc-
tions being relatively high in threshold energy ( )50 eV).
Near-threshold electron irradiations, such as with 500
keV electrons, only produce stable defects by recoils
along the two close-packed directions (100) and (110).
Irradiation with 500 keV electrons exactly along (110)
produces Frenkel pairs only by lattice atom recoils along
(110). It can be shown, however, that as little as 10' of
angular dispersion —due to multiple scattering —in elec-
tron irradiations along (110) will result in production of
defects by atom recoils along (100). In previous experi-
mental works specimens ) 10 pm in thickness were
used, which, for 500 keV electrons, results in ) 15' of
beam spreading, thus obscuring the true anisotropy of
defect production.

Multiple-scattering efFects were minimized in the
present work by using thin-film samples. The specimens
were typically -0.5 pm thick. At this thickness the an-
gular dispersion due to multiple-electron scattering is
negligible in copper at 500 keV.

Thin copper films with low concentrations of beryllium
atoms, such as used for studies of defect production at
temperatures in stage II (Ref. 6) were prepared. The
films were epitaxially grown on single-crystal rocksalt
substrates by means of electron-beam evaporation of a
bulk copper alloy containing -700 ppm Be at a deposi-
tion pressure of better than 3X10 Pa. The resulting
thin films contained —100 ppm of beryllium atoms as de-
duced from the slope of the reciprocal damage rate at 55
K. Secondary-ion mass spectroscopy showed that the
beryllium distribution throughout the sample was uni-
form. The method of producing the specimen shape and
specimen mounting procedures are described elsewhere.
The specimens were Sat to 1.5' over the 0.1-mm gauge
length used in the irradiations.

All experiments were performed using a side-entry
type, single-tilt cryogenic specimen stage for use in the
Kratos 1.2 MeV EM7 HVEM at Argonne National Lab-
oratory (ANL). This He-flow cryostat allowed the ad-
justment of specimen temperatures between room tem-
perature and less than 10 K with a temperature stability
of better than 0.05 K. During irradiation the sample
temperature was maintained below 10 K.

The ANL-HVEM provided a parallel electron beam at
energies continuously adjustable between 100 and 1200
kV. During irradiation, the irradiating electron beam
was monitored and maintained spatially uniform to
within 1%. Sample orientation was precisely aligned to
within 0.1' by means of Kikuchi electron difFraction at
100 kV. All resistivity measurements were made at tem-
peratures less than 10 K and corrected for the electrical
size efFect. We note that, since only fractional recoveries
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FIG. 1. Isochronal annealing curves of Be-doped, single-

crystal Cu films. Stage-I recovery from near-threshold irradia-
tion (500 keV) is shown for three irradiation directions,
identified in the inset.

are considered, possible errors due to the electrical size
effect are negligible. The irradiation-induced defect con-
centration ( (20 ppm} was less than the beryllium dopant
atom content in each experiment. Following irradiation,
recovery curves were obtained by annealing isochronally
through stage I in 1.5 K steps with a holding time of 10
min.

The isochronal annealing data in Fig. 1 clearly show a
strong dependence of stage-I recovery with irradiation
direction. The corresponding recovery spectra in Fig. 2
even more graphically illuminate the changes in substage
population with irradiation direction. Defect recovery
after near-threshold irradiation was determined in several
specimens (see Table I} and for three irradiation direc-
tions: along (100), along (110), and along a direction
—10' from (110) toward ( 100) (see insets to Figs. 1 and
2}. The irradiation-induced resistivity which remained
after an anneal of —12 h at room temperature was con-
siderably smaller than the initial residual resistivity of the
specimen.

Figures 1 and 2 clearly show strongly pronounced an-
nealing peaks at 17 K (stage IA} and 28 K (stage Is} for
the sample irradiated in the (100) direction. These
peaks are almost completely suppressed in the sample ir-
radiated along ( 110), indicating that at least one type of
defect produced by recoils along (100) is practically ab-
sent when the recoil direction is (110). Conversely,
stage IC (32 K} is rather weak in ( 100) irradiations, com-
pared to irradiation along (110). This suggests that the
close-pair stage Iz is largely characteristic for defects
produced by recoils in the (110) direction. A quite re-

arkable efFect is the observed variation in peak position
for stage ID as a function of recoil direction. This has
never been observed before, although stage ID has in the
past been ascribed to correlated recombination, i.e., the
recombination by long-range migration of an interstitial
with its own vacancy. Thus, the peak recovery tempera-
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FIG. 2. Stage-I recovery rates from the electron irradiations
in Fig. 1. The irradiation directions are shown in the inset.

ture would be expected to depend on the number of
long-range difFusional jumps necessary before recombina-
tion. Apparently, the separation distances of the defects
produced in (100) and (110) irradiations are suSciently
difFerent to cause a shift in peak temperature of about 2
K. We note here that the radiation-induced defect con-
centration was smaller than the number of Be traps.
Hence, interstitial clustering and recombination of inter-
stitials with vacancies other than their own can be
neglected. The effect on the resistivity when an intersti-
tial gets trapped at a Be site is not known; however, it is
likely that there is only a small change (i.e., it can be as-
sumed that the resistivities are additive). In this event,
the much lower resistivity increment remaining after
(100) irradiation in contrast to the (110) irradiation
(see Fig. 1}also is a clear indication that the interstitials
and vacancies are separated by noticeably shorter dis-
tances when irradiating in the former direction.

In order to estimate the defect population of each
substage —IA, Iz, IC, and ID—the recovery data were an-

alyzed in terms of simple recovery models. The recovery
in the close-pair substages —IA, Iz, and IC—was calcu-
lated using first-order recovery kinetics. ' Correlated
recovery during long-range migration —substage ID—
was calculated using the high trap density approxima-
tion, with a modified exponential defect distribution, of
Simpson and Sosin. " Substage IE recovery was neglected
because the presence of the beryllium interstitial traps
suppresses virtually all of the recombination of intersti-
tials with vacancies other than their own. ' The values
used for the activation energies and vibrational frequen-
cies were obtained from previous work. ' '" Substage pop-
ulations were adjusted until a good eye fit was obtained
with both the recovery and recovery-rate curves of the
experimental data. Calculated recovery is represented in
Figs. 1 and 2 by the solid lines. Substage populations ob-
tained from the fits are given in Table I.

From Table I the amount of recovery in each substage
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TABLE I. Stage-I recovery in Cu from near-threshold irradiations. Experiments were performed on
6ve different specimens indicated by capital letters in column 1. Epo is the irradiation-induced resistivi-

ty before anneal. I,~ is the fraction of defects in close-pair stages. f„ is the fraction of freely migrat-

ing defects which recombine correlatedly.

Fraction in substage

Expt.

A1
B1
B2
C1
C2
C3
D1
E1
Average
Average

E
(keV)

500
500
500
500
500
500
500
460

hp()
(nQ cm)

1.7
1.9
2.6
5.1

5.3
5.6
4.9
5.0

IA

0.008
0.072
0.070
0.060
0.010
0.010
0.0
0.003
0.067
0.005

0.05
0.32
0.37
0.34
0.10
0.03
0.06
0.005
0.343
0.036

Ic

0.09
0.075
0.06
0.04
0.10
0.10
0.07
0.13
0.058
0.098

0.85
0.53
0.50
0.56
0.79
0.87
0.87
0.87
0.53
0.865

0.15
0.47
0.50
0.44
0.21
0.14
0.13
0.13
0.47
0.138

fcorr

0.58
0.51

Direction

( 110)
( loo&

( loo&

( loo&
=(llo&

( 1 lo&
(110)
( 1lo)
( loo)
( 1lo)

'10' otf (110) toward (100).

for irradiations along the two close-packed directions can
be compared. Irradiation along (100), as compared to
irradiation along (110), greatly favors the formation of
defects, which will recombine in a close-pair substage by
a factor of =3. Atom recoils along (100) are —13 times
as likely to produce a substage IA defect as a recoil along
(110). Similarly, substage Iz is enhanced by a factor of
=10 by irradiating along (100) instead of (110). Sub-
stage IC is the only close-pair substage that is favored by
irradiation along (110) instead of (100).

It would appear highly desirable to establish the corre-
lation between the atomic structure of the close-pair de-
fects and the observed IA, Iz, and It- substages. This
could be attempted on the basis of results from
molecular-dynamics calculations. ' Selection of sites
could be made by comparing the observed substage
recovery fractions with the frequency of occurrence of a
particular Frenkel pair configurations, as determined by
molecular-dynamics calculations. At present no
sufficiently detailed calculations are available to make
such assignments. It seems likely, however, that substage
IA interstitials (which have the smallest activation energy)
are located just outside the static recombination volume,
Vo, alang a direction toward (100), while Iz interstitial
would be expected farthest away from their vacancy, in a
direction at or near (110). Interstitials recombining in
substage I~ may be of an intermediate distance. Since not
even the topology of the spontaneous recombination
volume is known in detail, no specific guesses of the pos-
sible Frenkel pair configurations can be made without de-
tailed computer simulations.

It is remarkable, however, that in view of the relatively
large surface area of the spontaneous recombination
volume, the annealing spectrum is quite simple, especially
for (100) recoils. This must be a consequence of the dis-
placement process, which apparently near threshold al-
lows only a very select set of defect configurations to sur-
vive the dynamics of Frenkel pair formation. One should
add, however, that the interstitials annealing in stage ID

must have a range of configurations relative to their va-
cancy. Also, as the irradiation energy is increased, the
multitude of possible defect configurations increases due
to (i) the increased recoil energy, as well as due ta (ii) the
increase in available recoil directions for the same
electron-beam direction.

The populations of substages Iz and IC increase appre-
ciably as the irradiating electron energy is lowered to-
ward the threshold energy. This observation is consistent
with the creation of defects by low-energy recoils along a
close-packed directian. On the other hand, the popula-
tion of substage Iz decreases with decreasing recoil ener-

gy. This suggests that in stage IA close-pair defects are
created at somewhat larger energy than the minimum
threshold and for recoil directions deviating from the two
favored close-packed directions.

Table I shows that even irradiations near threshold
produce large numbers of defects which are not in close-
pair configurations. At sufficiently high temperatures
(-35 K in Cu, in substage ID) these interstitials can un-

dergo long-range migration. For near-threshold irradia-
tions along ( 100) or ( 110),more than 50% of the inter-
stitials produced can freely migrate.

In Fig. 2, it can be seen that the substage ID recovery-
rate peak occurs at a temperature a few degrees higher
for irradiatian along (110) than (100). In fcc materials
the (110) direction is more closely packed than (100)
and therefore more efficient in the mass and energy
transfer by replacement collision sequences, resulting in
larger Frenkel pair separations. For a simple three-
dimensional random-walk model, the probability for
correlated recovery is given by f„=r„lr~, where r~ and
r„are the average interstitial-vacancy separation and the
efFective recombination radius, respectively. " From
Table I, assuming a spherical recombination volume and
three-dimensional difFusion, we have r " /r ' =1.14.
Thus, interstitials produced by recoils along (110) will
require more jumps on the average before they can an-
nihilate with their vacancies, hence, the peak recovery
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rate is shifted to a higher temperature.
In summary, a direct connection between the defect

production process, including its anisotropy, and certain
Frenkel pair configurations has been shown for the first
time by using the thin-film technique of in situ low-
temperature electron irradiation in the HVEM. A sub-
stantial fraction of the defects becomes mobile in stage ID
and the dependence of the spatial separation between va-
cancy and interstitial is reflected in a shift of this anneal-
ing peak, a variation which can be efFected by selectively
choosing suitable recoil directions. Further studies using
this technique hold considerable promise in elucidating
Frenkel pair production and point defect properties,
especially when combined with detailed computer simula-
tions and experimental variations involving studies of en-

ergy and directional dependencies near the displacement
threshold.
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