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Study of Cu diffusion in Be using ion backscattering*
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The diffusion of Cu in single-crystal Be has been studied as a function of temperature, crystal
orientation, and method of Cu introduction. Concentration-versus-depth profiles were obtained from the
energy spectra of backscattered 2-MeV He* and 2-MeV protons. The Cu was introduced by ion
implantation at 100 keV or by vapor deposition. Reliable values of the dilute diffusion coefficient D
were obtained from the implanted samples when the Cu had diffused more than a factor of 2 beyond
the initial implanted range (~900 1:\), whereas anomalous diffusion rates were found over shorter
distances. The vapor-deposited Cu films were not used to determine D values, primarily because of
substantial surface oxidation. However, the qualitative behavior of the three-component system Be-Cu-O
was interpreted in terms of intermetallic compound formation and the heats of formation of the
respective metal oxides. For example, whenever Be and Cu are present together, getterimg of oxygen by
Be is observed, and a surface layer of BeO is formed from which Cu is excluded. Also, the solubility
of Cu in hcp Be at 750 °C was measured to be 5.5 4 1.0 at.%, in good agreement with the published
phase diagram. The coefficient D was measured for Cu diffusion along both the ¢ and a
crystallographic axes of the hcp Be lattice, between 420 and 640 °C. There is a significant anisotropy,
with D /D, = 0.5 4 0.1 at 600 °C. These results merge smoothly with those obtained by Dupouy,
Mathie, and Adda over the range 700-1000°C, by the radioactive-tracer method. The combined data
represent a variation in D of a factor of ~5 X 10° and permit an accurate determination of the .
activation energies. These are 2.00 4 0.10 eV for the a axis and 2.05 4 0.10 eV for the ¢ axis. The
LeClaire theory of heterovalent impurity diffusion was used to compare the Cu results with Be
self-diffusion data of Dupouy, Mathie, and Adda. This theory was found to be inconsistent with the
observed overall difference in activation energies between Cu and self-diffusion, and also with the
observed anisotropy for Cu diffusion. In order to determine the sensitivity of the diffusion rate to
radiation damage, a sample was bombarded with a flux of ~3 X 10'* Ne*/cm’sec during a 30-min
anneal at 500 °C. The resulting rate of atomic displacement, ~0.01 dpa/sec for depths <5000 A, was

not sufficient to produce an observable change in the diffusion rate.

1. INTRODUCTION

The diffusion of Cu in single-crystal Be has been
studied using ion backscattering to determine the
Cu concentration versus depth. Preliminary re-
sults for implanted Cu were given previously.!
Here detailed findings are reported for Cu intro-
duction by ion implanation and also by thin-film
deposition. Diffusion measurements by others
have employed the radioactive tracer method, and
have been made for temperatures above 700 °C.2
The present results provide not only a comparison
between complementary experimental techniques,
but also extend to considerably lower temperatures
the range over which the diffusion coefficient D is
known. In addition, we have examined in some de-
tail both the anneal behavior of Cu films on Be and
effects unique to Cu implantation.

The coefficient D for dilute Cu in Be is also of
theoretical interest. Be has the hep crystal struc-
ture, with the smallest value of ¢/a of all the hex-
agonal metals, 1.567. This means that nearest
neighbors in adjacent basal planes are closer than
those in the same basal planes by a factor of 0.973.
One consequence of the noncubic symmetry is that
the diffusion rate is expected in general to vary
with direction. This anisotropy permits a doubly

2

sensitive test of any proposed theoretical picture,
because it increases the observable information

to be accounted for without expanding the list of
input parameters. The particular case of group

I B impurities in Be warrants special attention be-
cause Cu and Ag, both in this group, have been
reported to behave quite differently. For example,
at 700 °C one has D,./D, =0.5 for Cu in Be? and
D,/D,=1.8 for Ag in Be.® Furthermore, by com-
bining the heterovalent diffusion theory of LeClaire*
with measured Be self-diffusion results,’® as will
be discussed below, one predicts D, /D,=0.13.
This differs strongly from the experimental ratios,
especially that for Ag in Be.

The ion-backscattering technique has been wide-
ly employed recently in the study of near-surface
phenomena.® In several cases it has been applied
to intermetallic diffusion.””'! In Be, the depth
resolution is ~0.03 um to a total depth of ~2 um
using 2-MeV He* and is ~0.3 um to a depth of ~10
um using 2-MeV protons. This relatively high
resolution combined with a nondestructive charac-
ter allows comparative measurements as a func-
tion of time and temperature on the sample, and
makes the technique suitable for measuring small
diffusion constants. It is also a convenient probe
for examining in detail the frequently encountered
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problem of surface trapping of the impurity. Lim-
itations are an inability to distinguish between ele-
ments of similar mass, and a low sensitivity to
light impurities in heavy hosts. Maximum sensi-
tivity is achieved for a heavy impurity contained in
a light host, a situation realized for the present
studies of Cu in Be.

In most cases we have used ion implantation to
introduce Cu directly into the Be host, with a re-
sulting local concentration peak of 4-8
at.%. In this way we have avoided the problem of
near-surface trapping of the impurity which often
arises when surface deposition is used. Such
trapping may result, for example, from a surface
oxide on the host, oxidation of the impurity layer
during annealing, or intermetallic compound for-
mation. It is especially important that such ef-
fects be absent when the diffusion distances of in-
terest are as small as those measured by ion
backscattering. In some cases, however, the dif-
fusant may be tied up even when implanted. Im-
plantation has previously been used to introduce
the diffusants Fe, Mn, In, and Zn into A1!%:12-14
and for Fe and Zn significant trapping was re-
ported. In the case of Zn a careful study of the
problem indicated that Al,0; was being formed to
a depth sufficient to encompass the implanted
atoms.!® Work presently underway on Au in Bel®
and Sb in A1'® indicates that when the implanted
concentration is significantly above the solubility
limit, normal thermal diffusion is inhibited. Such
behavior, for example, can be due to precipitation
or to damage trapping. Thus implantation does
not necessarily produce simple source boundary
conditions for the diffusion equation, and conse-
quently each case must be considered individually.
In the present work the implanted Cu concentra-
tions were of the order of the solubility limit for
Cu in Be. The implantation proved quite success-
ful in avoiding the trapping problem and at no time
was an anomalous surface peak observed in the dif-
fusion profiles.

Measurements were made on Be samples which
had been vapor deposited with Cu in order to (i)

compare with the implant results and thereby assess

the relative merits of the two methods; (ii) extend
the data to higher temperatures, where practical
numbers of implanted Cu atoms were insufficient
to permit accurate determination of D; and (iii)
study the Be-Cu system at higher Cu concentra-
tions. As will be discussed, oxidation of the Cu
layer during annealing and formation of Be-Cu in-
termetallic compounds prevented the extraction of
accurate dilute diffusion coefficients. However,
the qualitative features of the film behavior during
annealing could be accounted for in a straightfor-
ward manner, and these resulted in several gen-
eral conclusions concerning the Be-Cu-O system.
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In Sec. II the diffusion equation is reviewed as
it applies to the present experiment, and the
LeClaire theory is applied to predict the activation
energies. Experimental procedures are described
in Sec. I, and the results and analysis are pre-
sented in Sec. 1IV.

II. THEORY
A. Diffusion equation

The equations governing diffusion in the dilute
limit, in the presence of a plane at position x=0
through which there is no net flow of Cu atoms,
are

D——,dz Clx, t)=ic(x t) 1)
dx ’ dt ’
and
1im(i Clx, t)) =0 ()
0 dx t] ’

where C is the Cu concentration and ¢ is the time.
The general solution for this case is given by!’

Clx, )= I:Z(’erlf)”z]-l j;w Co( )

- 2 - 2
x(e (y=x)</4Dt +e (y+x) /w:)dy , (3)

where Cy(x) = C(x, 0) is the Cu initial profile. For
the purposes of the present work it will be shown
that accurate values of D can be obtained from
measurements of the profile width when the initial
profile is approximated by

Col%) = K(nDty) /2 g*%40t0 | (4)

where K and ¢, are adjustable constants. Then
Eq. (3) reduces to

Clx, £) = K[nD(t + t,)]"V/2 g52/40Ctrtg) (5)
Defining the profile width W(#) such that

c(w, =3¢, 1) , (6)
one has from Eq. (5)

[W(#)]2=4D¢1n(2) +[W(0)]? . (7)

Thus the slope of a plot of [W(#)]? vs ¢ yields the
diffusion coefficient D. This was our standard
mode of analysis for obtaining D, and was used ex-
cept for two anneal sequences where an analytic

fit was made to Cy(x) and Eq. (3) was applied. By
adjusting the value of D for a best fit to measured
isothermal profiles, consistency with the simpli-
fied analysis of Eq. (7) was demonstrated.

Two features of the solution of Eqs. (1) and (2)
allow a sensitive check on whether these equations
correctly describe the diffusion. First, from the
general solution Eq. (3), the concentration pro-
file should approach a Gaussian shape as annealing
proceeds. If it starts as a Gaussian, then it
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should remain so. By using the analytic fit to
C,(x) together with Eq. (3) to calculate the profile
it is possible to directly check that the shape of
the diffused profiles are in agreement with pre-
diction. Second, after a Gaussian shape is
reached, [W(f)?<t. I, for example, the diffusion
coefficient D were concentration dependent in the
concentration range of the experiment, or if near-
surface trapping of the Cu were present, these
conditions would not be met.

B. Anisotropy

As mentioned previously, the absence of cubic
symmetry in the hep structure permits anisotropy
of the diffusion rate. The analysis of this problem
has been described in some detail,!®!? and here we
simply outline the features relative to the present
work. There are two inequivalent jumps between
near-neighbor lattice sites, one within the same
basal plane (perpendicular to the C axis) and one
to an adjacent basal plane. The former we label
a, the latter B, with the associated characteristic
jump rates being 77! and r;l. The diffusion rates
along the A and C crystalline axes are then given
by

Dy = 3a% oy aT o + 50 34T5" ®)
and
Deo=3c¥etst, 9)

where a and ¢ are the crystalline lattice parame-
ters. The correlation factors f take account of the
presence of the vacancy left behind the jumping
atom, which makes a reversing jump more prob-
able than other jumps. By definition, 0 <f<1. The
exact values depend in a complicated way on 73}
and Tgl, and also on the host atom jump rates. In
general they are temperature dependent.

For Cu diffusion in Be over the temperature
range of the experiment, 77! and 7;! are smaller
than the host-atom jump rates by a factor of order
1072, It may be argued qualitatively that under
these conditions all of the correlation factors are
very nearly unity, since the vacancy left in the
wake of the impurity will be fully randomized be-
fore a reversing jump can occur. This is readily
confirmed by applying the equations for f given in
Ref. 19. For Be self-diffusion the factors f differ
substantially from unity, and cannot be neglected.
However, their temperature dependence is small
-in comparison to that of the factor 77,

C. LeClaire theory

In this paper we shall use the LeClaire theory**®
to relate the activation energies for diffusion of
Cu in Be to those for Be self-diffusion. This ap-
proach has met with some success, for example,

with group-1B hosts containing impurities to the
right of the I B column in the Periodic Table, !
However, it has proved less satisfactory in cer-
tain other cases, such as impurity diffusion in Al.%
The weakness seems to lie in the assumed effective
impurity-vacancy potential, which is not generally
realistic. However, in the current absence of a
better theory for diffusion in Be, we proceed while
keeping in mind the problems.

In the LeClaire model, a substitutional impurity
is assumed to differ from a host atom only in that
its valence Z; is different from the host valence
Z,. A vacancy which moves into the vicinity of
the impurity will be subjected to a change in elec-
trostatic potential AV which is proportional to
(z,-2z,). The form of this potential is taken to be

AV(r)=HAe/rNZ; - Z,) e, (10)
where
g% = (4me?/n)(3ny/mY3, (11)

m is the electron mass, e is its charge, n, is the
number density of conduction electrons, and vy is

a dimensionless factor of order 1. The exponen-
tial factor results from the Thomas-Fermi screen-
ing by the conduction electrons. The vacancy is
assumed to have an effective charge of - Z,e, so
that the energy of interaction is — Z,eAV(r).

To evaluate the difference in activation energy
AQ from that of self-diffusion, the impurity is
considered to be located at the saddle point between
the two lattice sites involved in the jump of inter-
est. It is then flanked by two half-vacancies,
whose charges are assumed to be located at the
centroids of the respective hemispheres. Then

AQ=-Z,eAV(r=42), (12)

where X is the distance between the two lattice
sites. This activation energy is for the impurity
jump rates 77! of Egs. (8) and (9), and hence does
not involve the temperature dependence of the cor-
relation factors f. Applying this result to the dif-
fusion of Cu in Be, for which Z;=1, Z,=2, 2,
=2.287 A and ) =2.225 A, we obtain AQ,=+0.80
eV and AQ; =+0.90 eV, respectively, for the two
kinds of jump.

III. EXPERIMENTAL PROCEDURES

Beryllium single crystals approximately 10x10
X3 mm were obtained from the Franklin Institute.
The large faces had been spark cut and then elec~
tropolished to remove the damage. X-ray mea-
surements on one of the samples indicated a mo-
saic spread of ~0.6° full width at half-maximum
(FWHM) over the 1-cm? face. This spread should
have a negligible effect on the diffusion results,
but it precluded lattice location of the Cu by the
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channeling technique. The implantations were per-
formed at room temperature using 100-keV Cu*.
During implantation the crystal faces, which had
been cut perpendicular to either the ¢ or a crys-
talline axis, were tilted 8° from the normal to the
beam to avoid channeling effects. One sample was
implanted to 7X10' Cu/cm? at 0.3 pA/cm? the
remainder to (4-8)x10'® Cu/cm? at ~1 pA/cm?.
The Cu films, vapor deposited onto the Be under
<5%107® Torr background pressure, were brought
to nominal thicknesses of either 300 or 3000 A.
The backscattering measurements were made
with 2-MeV He' and 2-MeV protons from a Van de
Graaf accelerator. Particles backscattered at an
angle of 170° were energy analyzed with a surface
barrier Si detector whose resolution was ~13 keV
FWHM, corresponding to =~300-A depth resolution
for o’s and ~3000 A resolution for protons. Most
of the anneals were done in a tubular furnace under
flowing dry nitrogen. For some of the samples
with vapor-deposited films, flowing forming gas
(10-at. % H,, 90-at.% N,) was used. The sample
was held on a movable quartz support, which had
a Chromel-Alumel thermocouple junction in close
proximity to the sample. Rapid thermal equilibra-
tion (usually within 20 °C of final temperature in
less than 3 min) was achieved by inserting the hold-
er after the furnace had been brought to tempera-
ture, and removing it to stop the anneal. The
temperature of the furnace was regulated to better
than + 5 °C. We estimate that additional errors,
from causes such as imperfections in the thermo-
couple wire and temperature differentials between
sample and junction, add no more than + 3 °C to the
total uncertainty in the absolute temperature. The
260-keV Ne bombardment at 500 °C, as well as one
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750 °C anneal sequence on a vapor-deposited sam-
ple, were performed at a pressure of <10°® Torr.

The uncertainties in temperature were +10 °C for
the former, and + 20 °C for the latter.

IV. RESULTS AND DISCUSSION
A. Implanted Cu

Two representative spectra for 2-MeV He* back-
scattered from Cu-implanted Be are shown in Fig.
1. The locations of the higher energy edges of the
various peaks are determined by the recoil energy
loss of the probe particle during the nuclear back-
scattering event: The lighter the target nucleus,
the greater the energy loss. « particles scattered
from nuclei beneath the surface suffer an additional
energy loss to electronic excitations while passing
through the solid. Hence the energy distribution
of backscattered particles can be directly related
to the concentration-versus-depth profile.? In the
present experiment, the depth scale was obtained
by performing a numerical integration of energy
loss rate S over the particle path, using published
experimental results for S in Be as a function of
energy.? The effect of the implanted Cu on the
energy loss rate was small in comparison to the
experimental resolution, and was therefore ne-
glected.

The as-implanted spectrum in Fig. 1 (solid line)
shows the implanted Cu (4%10'® Cu/cm?), a thin
surface layer of BeO (6x10!¢ O/ cm?), and some
surface C (5x10'%C/cm?). The carbon is probably
introduced by the breakdown of residual hydrocar-
bon gases by the implantation beam. The energy
corresponding to Cu at the surface (arrow in Fig.
1) was determined from a separate backscattering

1000/ T I

40

SCATTERING YIELD (COUNTS / keV)

Cu

FIG. 1. Energy spec-
trum of 2-MeV He* back-
] scattered at 170° from Cu
implanted Be. Solid line:
no anneal. Dashed line:
after 36 min at 595°C.

— Peak areas correspond to
areal concentrations of
4%10-16 Cu/cm? for the im-
plant, and surface impuri-
] ties of 6x10'® O/cm?before
annealing and 2 x10'7 O/cm?
y afterward, and 5x 101
C/cm?.

E (MeV)

1 ST 2.0
Cu AT SURFACE
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profile taken on a Cu foil for the same incident en-
ergy. After a 36-min anneal at 595 °C the spec-
trum in Fig. 1 (dashed line) indicates that the Cu
has diffused deeper into the Be host, with the half-
amplitude concentration point falling at 5000 A.
There is also an increase in surface oxide during
the anneal to 2x10'" O/cm?. Close inspection of
the Cu profile shows that it does not extend to the
surface following the anneal. This is due to the
presence of the BeO layer. Indeed, as will be
discussed in Sec. IV B, we found that whenever a
mixture of Cu and Be was oxidized, BeO formed
and the Cu was excluded.

The as~-implanted Cu profile deduced from the
energy spectrum of Fig. 1 is shown in Fig. 2,
along with that for the lowest-fluence implant. The
similarity of the shapes would seem to rule out
any strong dependence of the profile on flux and
fluence for the range of values used. Both these
profiles are for c-axis samples, but the g-axis
results were the same to within the experimental
uncertainty. This experimental distribution, with
a peak position of (900 +100) A and a width of (850
+100) A FWHM, may be compared with predictions
of the LSS theory.?® Brice® has applied this theory
to the case of 100-keV Cu in Be, and has obtained
680 A for the projected range and (165 A)? for the
second moment about the projected range. The
values of these theoretical parameters are differ-
ent from those given in Ref. 1 because of an error
in the previous calculation. The solid curve in
Fig. 2 was constructed from these numbers by
assuming a Gaussian shape, by adding the second
moment of the detector resolution function to the
theoretical second moment to take account of the
associated broadening of the experimental profile,
and by normalizing the peak amplitude to that of

the data. There is fair agreement between theory
and experiment. The peak in the experimental pro-
file is shifted to greater depth by ~200 A. We

note that any sputtering during implantation would
increase this discrepancy. However, for these
implantation fluences the correction is small. For
example, using the sputtering ratio of 2.0 for 60-
keV Kr incident on Be,?® and assuming that approxi-
mately the same ratio holds for 100-keV Cu inci-
dent on Be, one estimates that ~80 A would be
removed at the higher fluence of Fig. 2. There is
also an extended tail toward greater depths in the
experimental profile. Such tails have often been
observed for implantation in Si.?® The effect may
be due to damage-enhanced diffusion during the
room-temperature implantation, or to partial chan-
neling of the Cu* beam.

In order to interpret the thermal diffusion of the
Cu we begin with the general solution to the dif-
fusion equation with boundary condition Eq. (2), as
given by Eq. (3). The choice for the starting con-
centration profile Cy(x) is represented by the
dashed line in Fig. 2, and is the sum of two
Gaussians with parameters adjusted to fit the data.
The x=0 plane, i.e., the plane across which no
net flow of Cu occurs, is located at a depth of
~400 A. This was done because of the formation
upon heating of a layer of BeO from which the Cu
was excluded. Thus the reflecting barrier for
diffusion lies at the BeO-Be interface rather than
the surface, and x=0 in the calculation has been
chosen to correspond to the apparent edge of this
interface barrier following annealing. The size
of the shift is small compared to the thermal dif-
fusion distances of interest, and therefore the
details of the handling of this shift should not sig-
nificantly alter the D values obtained.

Cu CONCENTRATION (at.%)

FWHM DETECTOR -
RESOLUTION

FIG. 2. Depth profiles
for Cu implanted into Be
at 100 keV, Circles: 4
._ x10'® Cu/cm?. Squares:
7%10'° Cu/cm?.  Solid line:
prediction of LSS theory,
assuming a Gaussian shape.
Dashed line: starting pro-

0 500 1000 R 1500
DEPTH (A)

— file Cy(x) used in Eq. (3).
N
0\0 ° .
0 gl
2000
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FIG. 3. Depth profile
for the higher concentration
sample of Fig. 2, follow-
ing annealing at 595°C.
Open circles: 17 min total
anneal, Closed circles:

75 min. The curves are
calculated from Eq. (3) us-
ing the function shown in
Fig. 2 for Cy(x), and ad-
justing D to agree with the
data, Depth is measured
from the BeO-Be interface,

Cu CONCENTRATION (at.%)

DEPTH (R)

Two of the Cu concentration profiles for the
sample of Fig. 2, taken during a series of isother-
mal anneals at 595 °C, are shown in Fig. 3. The
solid lines are the calculated profiles using Cy(x)
as shown in Fig. 2. The area under the calculated
profile was not allowed to change that of Cy(x).
Only one parameter, D, was adjusted in each case
to produce a best least-squares fit to the data.

The area under the experimental profiles is thus
seen to be conserved, which confirms that no Cu
is being lost from the region of observation. The
experimental and theoretical shapes are in good
agreement, indicating that no significant trapping
of the Cu is present. Both profiles are nearly
Gaussian, a necessary condition for the simplified

0.2 0.4

analysis via Eq. (7) where D is calculated from
the slope of W2 vs t. The fitted values of D are
4.4%107'% cm?/sec for the 17-min anneal and 5.2
%1018 cm?/sec for the 75-min anneal. By com-
parison, the slope of W2 vs ¢ gives D=4.8X1073,
Thus the data exhibit a high degree of internal
consistency. However, this consistency is main-
tained only when the Cu has diffused beyond about
twice its initial range of 900 A. The diffusion rate
for shorter distances is found to be anomalous.

In Fig. 4 we show a plot of W2 vs anneal time ¢
for diffusion along the g axis at 420 °C. These
particular data, taken at the lowest temperature
of the experiment, were selected because they
most clearly exhibit the initial behavior of the Cu.

I I

w2 und)

FIG. 4. Plot of W2 vs ¢
for a Cu implanted a-axis
sample at 420°C. The
crosses and dashed line
correspond to the same data
on an expanded scale. The
slope of the straight line
yields D=8.5x10"!¢ cm?/
sec,

t(10% min)




9 STUDY OF Cu DIFFUSION IN Be USING ION BACKSCATTERING 3959

_The parameter W is seen to increase initially at
a relatively high rate to about 2000 A, to then
briefly come to an almost complete stop, and fi-
nally to vary as expected from Eq. (7). A de-

tailed analysis using Eq. (3) confirms the anomaly.

For example, the fitted value of D at a total anneal
time of 412 min is larger by a factor of ~2 than
that obtained from the slope of the linear region of
W2vs t. This anomalous behavior for Ws2000 A
was consistently observed for 75500 °C, but its
detailed characterization became more difficult
with increasing temperature because of limitations
on the accuracy of our measurement at short an-
neal times. It should be noted here that the dif-
fusion anomalies reported in Ref. 1 for the lower
anneal temperatures are consistent with these ob-
servations, since the former were found for small
values of W. As in Ref. 1, we tentatively suggest
that damage introduced during implantation does
not completely anneal out at room temperature,
and that an associated enhancement of the diffu-
sion occurs during the initial stages of annealing.
Fortunately, the linear region of the w2 vs t plot
predicted by Eq. (7) always predominated, and it
was from the slope of this region that we calcu-
lated D.

B. Vapor-deposited Cu

We have annealed a number of Be samples which
had been vapor deposited with Cu to a nominal
thickness of either 300 or 3000 A. Most were
isochronally heated: 30-min anneals at 50 °C in-
tervals between 400 and 800 °C. However, two
3000-A samples were subjected to an isothermal
series at 750 °C. Both flowing nitrogen gas and
flowing forming gas (10 at.% H,, 90 at.% N,) were
used, and one of the isothermal series at 750 °C
was done under a vacuum of <107® Torr. As will
be discussed below, in no case were we able to

extract a value of D which we felt corresponded to
bulk diffusion in the dilute limit. The primary
complicating factor was the substantial oxidation,
which occurred in all cases, even the vacuum an-
neal. However, in all of the film data certain
qualitative features occurred consistently, and
these lead to general conclusions concerning the
Cu-Be-O system.

One consistent feature of the film anneal be-
havior was that, if before the Cu film was oxidized
to its full depth, observable interdiffusion of the
Be and Cu occurred (typically at 72500 °C), then
a layer of BeO would form at the surface. This
layer would tie up the oxygen from any surface
copper oxide layer that had been present and the
Cu would be excluded from the newly formed BeO
surface layer. Continued heating would cause the
BeO layer to grow, and the Cu to diffuse ever
deeper into the host with no apparent surface trap-
ping. This phenomenon is illustrated in Fig. 5,
which shows a 2-MeV He* backscattering spectrum
for one of the samples which before annealing had
been deposited with 3000 A of Cu. The spectrum
was taken after a full isochronal anneal sequence,
ending with 30 min at 800 °C, done under flowing
forming gas. It is immediately evident that the
leading edge of the diffused Cu profile is displaced
from the surface. By contrast, the observed high-
energy edges of O and Be indicate that both these
elements are present at the surface.

A quantitative analysis of the spectrum in Fig.

5 is readily carried out using the published He
energy loss rates S for Be, O, and Cu,?* % by
assuming that in an alloy these rates are additive
(Bragg rule),?® and by comparing the Cu amplitude
with that obtained for a pure Cu reference sam-
ple.?® The nearly flat portion of the Cu spectrum
on the right-hand side of the O peak has an ampli-
tude corresponding to 2, 3-at. % concentration. This

300 | 1 |
E — -
> 200 FIG. 5. Energy spec-
; 0 trum of 2-MeV He* back-
= Cu AT SURFACE scattered from a Be a-axis
s Be sample deposited with 3000
2 X of Cu, following a series
> 100 c of isochronal anneals end-
u ing with 30 min at 800°C.
0 1 ]
0 0.5 1.0 1.5 2.0

E (MeV)
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corresponds to a region extending from the sur-
face to a depth of 1.7 um within the sample, over
which it is evident that no trapping of the Cu oc-
curs. The step in the Be spectrum is associated
with the change from oxide to Be metal, and the
amplitude of this step corresponds within experi-
mental error to the composition Be;O;. The thick-
ness of the BeO layer, obtained from the width of
the O peak, is (1500+200) A. This may be com-
pared with the distance between the surface of the
sample and the onset of the Cu as measured by

the half-amplitude point of the Cu profile, which

is calculated to be (1300+200) A. Thus we are

led to propose the gettering of the O by the Be

and the exclusion of Cu from the oxide layer. This
behavior is consistent with that observed for im-
planted Cu, and is not surprising when one considers
the heats of formation of the respective metal ox-
ides. The value for BeO, - 144 g-kcal/mole, is
much larger than that for CuO, -38, or for Cu,0,
—-41.%° Consequently, the formation of BeO is
energetically favored over the Cu oxides.

When oxidation of the Cu film proceeded through
the full depth of the film prior to observable inter-
diffusion with the Be, then the behavior of that
film during subsequent anneals was quite different
from that described above. In this case a variable
but always large fraction of the Cu was trapped at
the surface, even up to 800 °C. This occurred
consistently for the isochronal anneal sequences
of the thinner (300-3) films, and also for one 3000-
A film when sufficient care was not taken after
anneals to cool the sample fully before exposing
it to air. However, backscattering spectra in these
cases also exhibited some Be at the surface, sug-
gesting lateral nonuniformities. We are not cer-
tain of the origin of this behavior, but suggest that
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it may be due to the breakup of the film during oxi-
dation. This hypothesis is prompted by the fact
that oxidation of Cu to either Cu,0 or CuO involves
a volume expansion of a factor of ~1.7. Such ex-
pansion might result in regions of the Cu film not
being in contact with the Be substrate. These
regions would then remain as an oxide of Cu, while
other regions would react with the Be. Under
such conditions it is obviously impossible to reli-
ably extract diffusion rates.

In Figs. 6 and 7 we show selected He® and pro-
ton backscattering spectra from a Cu film sample
for an isothermal series of anneals at 750 °C, un-
der flowing dry N,. Approximate depth scales may
be specified by observing that an energy width of
0.1 MeV on the Cu spectrum corresponds to about
2000 A for He* and 20000 A for protons. In pass-
ing we note the strong enhancement of the proton
backscattering yield from Be at 2 MeV—a factor
of =~ 14 above that given by the Rutherford cross
section. The step in Fig. 7 located just above that
part of the spectrum corresponding to elastic scat-
tering from Be may be identified by its high-energy
.edge, which is consistent with the Be® (p, d) nu-
clear reaction. The thickness of the Cu film be-
fore annealing is calculated from the width of the
associated peak in Fig. 6 to be 2900 A. The O
peak before annealing is located at an energy cor-
responding to the O being located at the Be-Cu
interface. This oxide was present before the Cu
deposition. After 30 min at 750 °C the Cu had dif-
fused into the Be (dashed line in Fig. 6). The
high-energy edges of the Be and O spectra show
that both these elements are now at the surface.
While the oxide peak is not as wide as that in Fig.
5, the exclusion of the Cu from the surface layer
of BeO is again evident.
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The Cu spectrum in Fig. 6 for the 30-min anneal

shows two distinct regions: a tapering peak at the

higher energies, followed by a plateau as the ener-

gy decreases. Careful observation of this plateau
during annealing shows that it initially increases
relatively rapidly to the amplitude shown in the
figure, then stays nearly constant until the high-
energy peak has dropped to the same amplitude.

In view of these large discrepancies, and because
sufficient depths could not be probed in these ion
backscattering measurements to determine the
full concentration profile, we do not think these D
values are sufficiently reliable to be used. It may
be that once a high concentration of Cu has been
present in a region of the sample, that region is
no longer single-crystal hcp Be. If so, then the

From that point forward the Cu spectrum is almost
flat, as seen for the 250-min anneal shown in Figs.
6 and 7, while continuously decreasing in ampli-

diffusion coefficient would be different near the
surface, and greater probing depths than available
in these measurements would be required in order

tude. This behavior suggests that various Be-Cu
intermetallic compounds are formed in the near-
surface region at first, but that the Cu concentra-
tion in the deeper part of the sample is limited by
the solubility of Cu in hcp Be. From the spectra
this solubility is calculated to be (5.5+1.0)% at
750 °C, which corresponds well to the value of
5.0% taken from the published phase diagram.%

In principle, it would seem possible to determine

diffusion coefficients from film data such as those
shown in Figs. 6 and 7. The total number of Cu
atoms per unit area is known from the preanneal
spectrum, and if one assumes a Gaussian concen-

tration profile after the Cu concentration has every-

where dropped below the solubility limit, then the
parameter W can be deduced from the level of the
near-surface plateau. We have attempted this,

and within the experimental error, W2« ¢ as pre-
dicted by Eq. (7). However, the resulting D val-
ues at 750 °C fell below extrapolations of lower

temperature data from the implanted samples, by
factors of ~2 for the g axis and ~5 for the c axis.

to determine D from the profile widths. Much
greater diffusion depths are typically used in ra-
diotracer-sectioning techniques to measure high-
temperature diffusion.

C. Diffusion rate for dilute Cu in Be

The diffusion coefficient D for dilute Cu in Be,
as determined from the implanted samples, is

TABLE 1. Diffusion coefficient D for dilute Cu in
Be. The experimental uncertainty is +25% except at
640°C, where it is +35%.

D (cm?/sec)

T (°C) a axis ¢ axis
420 8.5x 10-16.

460 3.1x10-15
521 9.8x1014

527 3.6x10"14
595 1.09x10-12 4.8x10"13
640 3.9x10-12
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FIG. 8. Temperature dependence of the diffusion co-
efficient D for dilute Cu and Be. Circles: a axis.
Squares: c axis, Open symbols are taken from the pres-
ent work, the closed symbols from Ref. 2. Straight
lines are given by Eqs. (13) and (14).

tabulated in Table I and plotted in Fig. 8. Also
given in the figure are the higher-temperature
values of Ref. 2. The lines in the figure are given
by

D, =(0.416 cm?%/ sec) ¢ %30 "X/T (13)
and
D, =(0.381 cm?/sec) e #8710 KT | (14)

and the corresponding activation energies are
(2.00+0.10) eV for the ¢ axis and (2.05+0.10) eV
for the ¢ axis. The preexponential factors in these
equations are extremely sensitive to the values
chosen for the activation energies, and consequent-
ly might be in error by as much as a factor of 2.
The observed linear variation of In(D) with 7
constitutes evidence additional to that presented in
Sec. IV A that what we have measured is the bulk
diffusion rate. Furthermore, our data are seen
to be quite consistent with the higher-temperature
values of Ref. 2. The Cu diffusion coefficients are
much smaller than those for Be self-diffusion: a
factor of & 160 at 600 °C.°> However, the anisotro-
py of diffusion is almost the same: D, /D, =0.47
+0.10 for Cu and 0.42 for Be at this temperature.
In order to compare the above data with predic-
tions of the LeClaire model,*!® we first determine
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the jump rates 77! and 7;! by applying Eqs. (8) and
(9) and setting the correlation factors f=1. The
results may be expressed in the form

rl= (et (15)

where (r7!),=0.364x10'® sec™! and (7;!),=0.395
x10% sec™, and the activation energies are Q,
=(1.98+0.10) eV and @, = (2.05+0.10) eV. The
corresponding energies for self-diffusion of Be
which were reported in Ref. 5 are 1.61 and 1.72
eV, respectively, giving AQ,=+0.37 eV and AQ;
=+0.33 eV. These experimental values of AQ may
be compared with the respective theoretical values
of +0.80 and +0.90 eV from Sec. IVB. This large
discrepancy is well outside the experimental un-
certainty, and suggests that a more sophisticated
theory is needed.

It is appropriate at this point to compare the
above results with those reported for diffusion of
dilute Ag in Be.> Ag has the same valence as Cu,
and hence, within the LeClaire model, should have
the same activation energies. However, the acti-
vation energies obtained experimentally for D, and
D, are 1.88 and 1.70 eV, respectively.®® The for-
mer value is intermediate between 1.63 for self-
diffusion and 2.00 for Cu, while the latter is very
close to the self-diffusion activation energy at 1.71
eV. It is not surprising that Ag behaves quite
differently from Cu, in spite of the prediction of a
simple electrostatic model of atomic interactions.
Nevertheless, it does seem remarkable that the a-
axis activation energy changes from that for self-
diffusion while the activation energy for the c axis
does not. Furthermore, the anisotropy of diffu-
sion for Ag at 656 °C, the lowest temperature for
which data were reported in Ref. 3, is D,/D, =2.24.
This is opposite from the anisotropy for Cu, which
is D,/D,=0.5 at this temperature. Results such
as these would seem to warrant further study of
the diffusion of the noble metals in Be.

D. Diffusion during Ne bombardment

We have indicated above that the diffusion of
implanted Cu in Be shows some evidence of en-
hancement for diffusion distances comparable with
the ion range. This is believed to be associated
with the implantation damage, which increases the
vacancy concentration above the thermal equilibri-
um value. However, a quantitative interpretation
is difficult for at least two reasons. First, since
the Cu atom comes to rest at the end of a damage
track, it does not see a random distribution of
vacancies. Second, the damage is introduced at
room temperature before annealing, so that dam-
age may accumulate prior to the anneal.

In a preliminary effort to determine the sensi-
tivity of the Cu diffusion rate to radiation damage
under better-defined conditions, we have performed
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annealing during bombardment by inert-gas ions.
A 30-min anneal at 500 °C was carried out on a c-
axis sample during bombardment by 2.6 10! Ne/
cm? sec at 260 keV. The Cu had previously been
introduced by implantation at room temperature to
a total fluence =~ 5X%10'%/cm? as described in Sec.
II. The depth of Cu diffusion during bombardment
was less than 3000 A, which was sufficiently small
in comparison to the calculated Ne range of 4900 A
to preclude a significant interaction of the two
species. Comparison between Ne-bombarded and
unbombarded sections of the sample was made
after the anneal. The inert-gas bombardment had
no resolvable effect (AD < 30%) on the diffusion rate.
To assess the significance of this negative result
it is useful to estimate the rate of production of
atomic displacements by the Ne. Brice has calcu-
lated the energy deposition into atomic processes
in the present experiment?®* using methods de-
scribed previously,3® and has found it to be ~1.3
x10° eV/Ne. As a first approximation we assume
the distribution to be uniform over the ion range,
4900 A. Then the concentration of atomic displace-
ments introduced per atom (dpa) per unit time in
this region is given by

1 (1.3><1o5 eV/Ne)

R=3\"2.9x10% cm

y (2.6 x10'® Ne/cm? sec)
(25 eV/Be)(1.23x10% Be/cm?®)

=0.011 dpa/sec , (16)

where the energy required for one atomic displace-
ment is taken to be about 25 eV. The factor of 3
is due to the requirement that a displaced Be atom
have more than twice the displacement energy in
order to produce another displacement.*

Enhancement of the diffusion rate is a function of
the vacancy concentration C, relative to its value
C,o in the absence of irradiation. It therefore de-
pends on the vacancy removal rate as well as the
creation rate R. The equilibrium between these
processes has been discussed by Dienes and Da-
mask,% who point out that the removal may occur
via vacancy -interstitial recombination, by diffu-
sion to sinks within the damaged layer, or through
diffusion out of the damaged layer. Only the effect
of the diffusion out of the damage layer can be es-
timated with the information presently available.
Neglecting the other two mechanisms of removal,
one obtains

Cc, . Rx®

—_—Y o~
¢ =, +1, an)

where X is the thickness of the damaged layer and
Dy, is the Be self-diffusion rate in the absence of
irradiation. Under the above irradiation condition,

3963

RXx?
4D3,

Since no enhancement was observed, it seems
probable that one or both of the other two removal
processes must be considered. Experiments at
larger values of R are planned to clarify this situ-
ation.

+1=>2.6.

V. CONCLUSION

We have measured the diffusion coefficient for
dilute Cu in Be between 420 and 640 °C using ion
implantation to introduce the Cu and ion backscat-
tering to determine its depth profile. The data
are consistent with results obtained by the radio-
active tracer method in the range 700-1000 °C,
thus tending to confirm the validity of the two ex-
perimental techniques. The model of LeClaire for
heterovalent impurity diffusion gives poor agree-
ment with the over-all change in activation ener-
gies from those of self diffusion. Hopefully, a
more realistic theoretical calculation, such as
one based on the pseudopotential approach,® will
become available in the future. Also needed is a
theoretical treatment of the anisotropy of the pre-
exponential factor.

Annealing studies of vapor-deposited Cu films
on Be have yielded several conclusions concerning
the Be-Cu-O system. In general, when Be and
Cu are present together gettering of oxygen by Be
is observed, accompanied by the formation of a
surface layer of BeO from which Cu is excluded.
However, full oxidation of a Cu film prior to Be-
Cu alloy formation seemed to partially decouple
that film from the Be host. This is believed to
be due to a breakup of the film because of the vol-
ume expansion associated with Cu oxidation. Also,
annealing of the Cu films on the Be substrate yield~
ed the solubility limit of Cu in Be. The value of
(5.5+1.0) at.% obtained at 750 °C is in good agree-
ment with the published phase diagram.

The effect of radiation damage on the Cu diffu-
sion was studied by annealing at 500 °C under Ne
bombardment, with the experimental conditions
such that the displacement rate R=~0.01 dpa/sec.
No evidence of radiation enhancement was observed
at this level of damage production.
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