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Measurements of diffusion and electromigration have been carried out for !'°"Ag and
%Ni in lead-tin solders in the a-solubility range which runs from 0 to 12 at. % tin, 150°C
< T <300°C. For silver the diffusivity is somewhat enhanced by the addition of the tin,
the effect being more marked at the lower temperatures. The increase amounts to a fac-
tor of 2.25 for a 12 at. % tin alloy at T=150°C. The electromigration Z* decreases in
magnitude with the addition of the tin and actually changes sign from plus to minus
around 11 at. % tin. On the other hand, the behavior of the nickel is marked by very
strong trapping, as the addition of only 500 ppm of tin can greatly decrease the nickel
mobility. The application of the standard trapping analysis leads to a binding energy of
the order of 1 eV and a surprisingly large negative entropy. Insofar as it has been possi-
ble to observe, the presence of the tin does not seem to alter the electromigration Z* for

the nickel.

I. INTRODUCTION

The behavior of the so-called “fast diffuser” sys-
tem has been a topic of continuing interest! in the
field of condensed-matter physics. Many of these
systems involve a multivalent solvent, such as Pb,
Sn, In, or Tl, with monovalent, divalent, or transi-
tion-metal impurities of low solubility.

The high mobility of these solutes strongly ar-
gues against a vacancy mechanism for diffusion
such as almost certainly operates for the much
slower solvent self-diffusion. In some cases there
is good quantitative evidence against the vacancy
mechanism based on the small impurity enhance-
ments that have been observed.>~* Yet the rapid
diffusion does not proceed by the simple interstitial
mechanism, apparently, judging from the isotope-
effect numbers that have been found®~’ for those
systems that have been investigated. If not a sim-
ple interstitial mechanism, then there is the possi-
bility for an interstitialcy-type mechanism. For
impurity diffusion this would involve “mixed
dumbbell” motion, a typical “two-step mechan-
ism,”® for which one step would be the usual
translation rotation motion of the inhomogeneous
dipole and the second step might be a pure dum-
bell rotation which computer simulation indicated
would be quite energy demanding.’ A more likely
candidate for the second step is the so-called
“looping” mechanism first proposed by Johnson
and Lam,!® wherein the mixed dumbbell partially
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dissociates into an impurity and a regular dumbbell
which then circulates around in the lattice to rejoin
the impurity in the reverse orientation. For such a
mechanism the isotopic mass of the moving impur-
ity could only play a role (at that, a reduced one)
in step one and hence the low isotope effect num-
ber appears reasonable.

Another interesting effect in these systems is the
frequently observed strong, usually negative,
enhancement effects resulting from high impurity
concentrations'! or the presence of another impuri-
ty.!? For this reason it seemed inviting to study
the motion of various impurities in a well-defined
series of alloys. The lead-tin solders in the a-
solubility range were particularly attractive because
of their technological interest,'* especially in the
field of integrated circuitry.

In the field of integrated circuitry there has al-
ways been concern about the effect of electromi-
gration, that is, mass flow of the more mobile con-
stituents under the influence of high current densi-
ties. In the past there have been several studies of
electromigration in fast diffuser systems'*~!® so it
seemed natural to embark on a program of dif-
fusion and electromigration of fast diffusing ele-
ments in the lead-tin solders. In this paper we re-
port on investigations of silver and nickel in these
systems.

The only prior work in this area, that we are
aware of, is that of Godkhindi et al.'® They re-
port that the addition of 1.34 at. % Sn reduced the
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diffusivity of silver in lead by a factor of 45. As
will be seen in what follows, results run quite
counter to this study. In fact we find that the ad-
dition of tin enhances the diffusion of silver. We
surmise that the difficulty can be attributed to too
shallow sectioning confined to the surface regions
where considerable “hold-up” may occur.

II. EXPERIMENTAL PROCEDURE
A. Diffusion

The samples used in this work were composed of
Cominco 99.999% pure Pb and Sn. The samples
were prepared in Pyrex tubes under % atm of He.
The proper weight of Pb and Sn were melted in a
rocking furnace and solidified by quenching in air
for a few seconds and then in an ice-water bath.
The solidified rods had a grain size about 0.2 mm
and a large shrinkage cavity about 1 cm in length
in the top part of the casting so that the top por-
tion of the rods was not used for samples. Some-
times very small pores were found inside the sam-
ples. However, the experimental results showed
that the diffusion of these fast diffusers was not
detectably influenced by the pores and also was
about the same in as-quenched and well-annealed
samples.

Above procedure resulted in a uniform distribu-
tion of tin in lead as shown by incorporating a
trace of radioactive !!3Sn in the melt. The result-
ing specific activity of the tin was uniformly distri-
buted as a function of position—constant within
3% along the length and diameter of the rods.
The tin concentrations for some specimens were
also confirmed by Arnold Greene Testing Labora-
tories, Inc.

Prior to plating, samples were polished by using
an etch-polishing procedure. The radioactive
10mA o source was either electroplated from a
cyanide solution or chemideposited from a nitrate
solution on to a just etched fresh face of specimen.
The radioactive **Ni was plated from a plating
solution which was prepared by a radioactive
nickel-chloride in 10 ml of distilled water and 150
mg of boric acid.?® The source strength deposited
on the samples was about 1—10 uCi.

After plating, the samples were reduced in diam-
eter on a lathe by about 0.01 cm to eliminate any
possibility of contamination on the lateral surface.
’I]'he samples were then sealed in the Pyrex tubes at
5 atm of He and transferred to a preheated fur-
nace. The furnace temperature was stabilized to
+0.2°C. At the end of the anneals, the samples
were quenched in ice water and were again reduced
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in diameter on the lathe by ~0.9 mm. The sec-
tions were obtained by using a Bausch and Lomb
microtome. The typical weight of a section was
about 50 mg and the uncertainty of these measure-
ments was less than 0.04 mg.

Prior to counting ''°Ag, all the sections were
dissolved in 1 ml of 65 vol % acetic acid and 35
vol % hydrogen peroxide. Although tin could not
be dissolved by this solution, the variation of
counting rate of the '°"Ag’s 0.66-MeV y rays was
negligible. In the case of ®*Ni in Pb(Sn) specimens,
a 150-u1 mixture of three parts glacial acetic acid,
four parts nitric acid, and four parts of water was
used to dissolve the samples in each vial. This
change in dissolving solution was forced by the
need to dissolve the tin which absorbed the 8 rays
from the nickel strongly. It was also important to
avoid the hydrogen peroxide decreasing the count-
ing efficiency of Aquasol-2, of which 10 ml were
added in the final step.

A Nal(T1) well type scintillation counter was
used to measure the activity of 1%"Ag, while a
liquid scintillation spectrometer (Beckman LS150)
determined the amount of ®*Ni in each section.
Specific activities of each section were calculated
from the measured total activity, the background,
and the weight of each section.

The thickness of each section was determined
from its weight, its area, and its density. The den
sities of Pb(Sn) alloys measured by Goebel?' were
rather dependent on the pretreatment. The values
of his measurement obtained from quench cast al-
loys were used.

B. Electromigration

Radioactive ''"""Ag was electroplated on cleaned
rods of Pb(Sn) solders to give a solute concentra-
tion of Ag about 4— 10 ppm; this concentration is
far below the lowest limit, namely 1.5 at. % Ag, to
give precipitation of Ag;Sn.?? The radioactive **Ni
was electroplated to give concentrations of Ni at
about 0.01 at.ppm. The samples were melted in
the upper part of a Pyrex tube under a vacuum of
10~3 Torr. This part of the tube was separated by
a fritted quartz filter from a lower part with a 0.7
cm diameter. The liquid alloys were cast into the
lower part of the tube through the filter by apply-
ing pressure from a 95 wt. % Ar—5 wt. % H, gas
mixture. Then the solidified rod was sealed off
under % atm of He in a Pyrex tube about 0.8 cm
in diameter. The samples were then melted again
in a rocking furnace and solidified by quenching in
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FIG. 1. Diffusion runs in silver in Pb(Sn) solders.

ice water. The rods were reduced in diameter from
0.8 to 0.7 cm and cut into disks of about 1—2 mm
in thickness. The samples were prepared from
these disks by use of a microtome. Aquadag was
painted on the side of the specimens to provide a
well-known and reproducible emissivity for a tem-
perature reading by the optical pyrometer (IRCON
300 CH). The temperature calibration was ob-
tained by melting a specimen of pure lead. The
sample was surrounded by a precision bored quartz
ring to prevent plastic deformation and was placed
between two stainless-steel electrodes. All the mea-
surements were made in a vacuum ~ 10~° Torr.
The detailed description of electromigration ap-
paratus has been given in Ref. 18.

During the first day or two of a run the current
was gradually increased. The sample temperature
T and the contact resistance between electrodes and
sample were monitored carefully. The contact
resistance usually decreased by 2 orders of magni-
tude from the beginning of the run to stabilization
at a value <10~* Q. Once the stable condition
was reached, the sample temperature was main-
tained constant within 3 °C for the time ¢ > ¢
=4.612/7>D which was the time sufficient to
reach the steady-state condition. Here / is the
length of the sample and D is the diffusivity of the
“fast-diffusers.” The sample temperature, contact

TABLE 1. Measured diffusivities of silver in lead
and lead-tin alloys at various annealing temperatures.
The uncertainties of these measurements are about 3%
of their quantities. :

T Alloys D
(°C) (at. % Sn) (10~% cm?/sec)
150
0.0 0.150
0.0 0.161
0.0 0.171
1.0 0.152
5.0 0.173
8.4 0.265
12.0 0.361
230 0.0 2.30
1.0 2.72
5.0 2.86
5.0 2.66
8.4 3.04
12.0 4.53
251 0.0 4.87
1.0 5.18
1.8 4,77
5.0 5.09
8.4 5.71
12.0 7.15
277 0.5 7.79
1.0 8.22
5.0 8.40
5.0 9.40
300 0.0 15.3
0.0 15.4
0.5 14.2
5.0 15.6
5.0 15.1
8.4 17.5

resistance, and current were recorded on a chart
recorder. The current density was of the order of
800 A/cm?,

After electromigration, the specimens which
were run at T < 260°C usually could be separated
easily from the electrodes. The sample and a piece
of pure Pb were stuck together with a commerical
glue where this pure Pb was first mounted on the
microtome and was cut to a smooth, flat surface.
For T > 260°C the sample was usually sintered
quite tightly to the anode electrode and no gluing
was necessary. Then the sample was cut into 3-um
thick slices which were collected in groups of 15
for weighing and counting. The counting pro-
cedure was essentially as described for the dif-
fusion measurements.
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FIG. 2. Diffusion enhancement for silver as a func-

tion of solder composition at two different temperatures.

III. EXPERIMENTAL RESULTS
A. Diffusion (Ag)

The tracer concentration profiles were found to
be Gaussian distributions except for a few points
near the surface and so the tracer concentration
C(x,t) of """ Ag could be expressed as a function
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FIG. 3. Arrhenius plots of D at three compositions.

of penetration x and annealing time ¢ by the stand-
ard thin-film solution

C(x,t)=(So/V'wDt )exp(—x2/4Dt) , (1)

where S, is the total silver deposited per unit area
and D is the diffusion coefficient. Sample runs are
shown in Fig. 1. These show increased diffusivi-
ties of Ag in these alloys with added tin.

The marked drop in the diffusion of Ag in
Pb—1.34 at. % Sn reported by Godkhindi et al.'®
is not observed, as mentioned in the Introduction.
The diffusion coefficients, as a function of tin con-
centration at various temperatures, are shown in
Table I. Figure 2 shows the ratio D, /D as a func-
tion of tin composition for two different tempera-
tures, where D, and D are the diffusivity of Ag in
x at. % Sn and pure Pb, respectively. As can be
seen in Fig. 2, the addition of the tin enhanced the
diffusion moderately. The enhancement effect in-
creased rapidly with Sn concentration larger than 5
at. % and was greater at low temperature. The Ar-
rhenius plot of diffusion coefficients versus 1/T is
shown in Fig. 3. The activation energies Q and
pre-exponential factors D, are given in Table II.
The values of Q and D, in pure Pb are in a good
agreement with those by Dyson et al.?} The ac-
tivation energies in Pb(Sn) alloy slightly decrease
with the tin concentration from a value of 0.63 eV
in pure Pb to 0.57 eV in Pb—12 at. % Sn. As can
be seen in Fig. 3, the D values for Pb—12 at. % Sn
are higher than for Pb—8 at. % Sn, even though
the diffusion parameters Q and D, show overlap-
ping probable error spreads. This is not an uncom-
mon situation since the uncertainties in slope and
intercept of a least-square linear fit are correlated
and reflect only indirectly the precision of the data
points.

B. Electromigration (Ag)

It is customary to express the strength of the
electromigration driving force as F,= | e | Z*E,
where |e | is the absolute value of the electron
charge, E stands for the electric field, and Z* is
the effective charge number, a quantity which

TABLE II. Activation energies Q and pre-
exponential factors Dy for pure Pb and Pb(Sn) alloys.

Q (V) Dy (cm?/sec)

Pb 0.63+0.02 (4.6+2.2)x 1072
Pb—5 at.% Sn 0.62+0.02 (4.8+2.2)x 1072
Pb—8.4 at. % Sn 0.58+0.02 (2.0+1.1)x 1072
Pb—12 at.% Sn 0.57+0.02 (2.241.1)x 1072
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FIG. 4. Z for silver as a function of composition at
T =250°C.

measures the strength of electromigration driving
force.

The relatively high diffusion coefficients of
tracer impurities make practical measurements by
the steady-state method, which yields results for
the electromigration drive of higher precision and
reproducibility than other methods.?*

Before the electric field was applied across the
sample, the concentration of tracer was a uniform
distribution in the sample. After annealing time
t >ty concentration profile changes to exponential
distribution due to the electric field. The apparent
effective charge number (Z})=(Z*/f) is given by

dlnC _
ox

_Z:jpe/kT , (2)

where f is the correlation coefficient, C is the im-
purity tracer concentration, x is the distance in the
sample, j is current density, p is specific resistivity
of the sample at temperature T, and k is the Boltz-
mann constant. The values of p were calculated
from po+ Ap, using for p, that obtained from pure
Pb,% and for Ap that obtained from the atomic
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FIG. 5. Z} for silver as a composition for several
temperatures.

percent of tin times 0.26 pQ cm/at. %.%°

The electromigration studies for radio silver in
the lead-tin alloy showed a marked decrease in Z
with the addition of tin. As seen in Fig. 4, the Z)
values at 250°C start at +0.8; for 1 at. % Sn and
decrease parabolically to —0.0¢ at 12 at. % Sn,
changing sign at about 11 at. % Sn. It is seen
from Fig. 5 that this concentration behavior is only
weakly temperature dependent although the scatter
in the data is more noticeable at the higher concen-
tration.

To fit the temperature dependence of Z* one
employs a commonly used expression for Z, (Ref.
24),

Z¥=Z,—x/p, 3)

where Z; is the effective charge number due to the
electrostatic field on the moving ions and « is a
constant which depends on electron and/or hole
scattering. The Z_ values for Ag in Pb(Sn) alloys
using Eq. (3) show, within the appreciable scatter
of the data, that the values of Z, are about the
same in all Pb(Sn) alloys. The values of k are in-
creased with increasing Sn concentration. This
suggests that the reduction of electromigration
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FIG. 6. Deenhancement of the diffusivity of nickel in
lead-tin alloys. The solid line is a fit of data D in pure
Pb to Do exp( —Qo/kT); Qo=0.47+0.02 €V and
Dy=(1.1+0.05) X 10~2 cm?/sec in good agreement with
Ref. 20.
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driving force of Ag in Pb(Sn) is primarily from the
electron wind drive rather than from the electro-
static force.

C. Diffusion (Ni)

The addition of only 0.05 at. % Sn has a drastic
effect on the diffusivity of nickel in the alloy,
reducing it by nearly a factor of 100 around
212°C. A complete picture of the deenhancement
is shown in Fig. 6 as a function of composition
and temperature. One can only conclude that the
tin acts as very active trapping centers for the
nickel and that their effectiveness increases with
lower temperatures. The situation can be simply
modeled.

Let N be the concentration of the tracer impuri-
ty and x that of tin. If N; and N, are, respective-
ly, the concentration of free and trapped tracer, the
total concentration of tracer is

N=N;¢+N, . (4)

For the postulated reaction: free tracer +tin
=trapped tracer, the application of mass action
leads to

N, =Nyxze ~8/kT (5)

(assume x >>N). Here g is the free energy of trap-
ping and the z is the number of equivalent trap-

In (63n; concentration)

ping sites for tin ions (presumably 6). The k and T
have their usual meanings of Boltzmann’s constant
and absolute temperature. The effective tracer dif-
fusivity D, can then be written

D,=(N¢D +N,D,)/N , (6)

where D and D, are, respectively, the diffusivity of
the free and trapped tracer atoms. Let us assume
that the mobility of trapped atoms is negligible
(D;~0). From Egs. (4)—(6) one then derives

(D/Dy—1)/x =ze ~8/¥T @

The plot of In(D/D, —1)/x is shown in Fig. 7 vs
1/T. 1t appears that within the rather large scatter
of the data a linear fit can be applied in support of
the trapping model.

D. Electromigration (Ni)

The study of electromigration of nickel in the
lead-tin alloys has been complicated by certain ar-
tifacts which have made difficult the determination
of Z; for high tin concentrations and low tempera-
ture. The situation is illustrated in Fig. 8, which
shows the results of three recent attempts to use
the steady-state method. For specimens containing

Pb 500 Ppm Sn
¢ T= 204°C
A& T=243°C
Pb 50 ppm Sn
° T =204°C

i 1 1 1 1 L
o 4 9 8 12
X (1o "em)

FIG. 8. Attempted steady-state electromigration runs
for Ni in lead-tin solders.
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500-ppm tin, very large concentrations of nickel
isotope appear at the surfaces, at 294 °C only on
the anode side and at 243 °C at both surfaces. On
the other hand, for only 50-ppm tin a quite satis-
factory linear profile was obtained which yielded a
Z} value of —4.8+0.2 in good agreement with
values obtained earlier!” for Ni in pure lead. Fu-
ture plans call for a return to this investigation, ex-
ploring intermediate compositions such as 100, 200
ppm, etc. It appears that the high surface concen-
tration may perhaps be reduced by shortening the
run time of the electromigration anneal.

IV. DISCUSSION

These initial investigations of atom movements
of the fast diffusers in the lead-tin solders have
shown, interestingly enough, two quite different
behaviors for the silver and nickel as dilute impuri-
ties. In the case of the silver, the addition of the
tin increases the diffusivity moderately, but causes
the electromigration to decrease and eventually
change direction. On the other hand, the diffusivi-
ty of the nickel is very drastically decreased by the
presence of only a small amount of tin, but the
electromigration, insofar as it has been observed,
appears to be unaffected by the trapping with the
tin atoms. This suggests that the presence of the
tin enhances the diffusion of the silver and at the
same time changes the electron distribution which
influences the wind force of electromigration for
these more mobile silver atoms. With the nickel,
however, the trapping is so strong that the trapped
atoms make no contribution to the electromigra-
tion current which is sustained solely by the un-
trapped atoms. In order that no decrease in elec-
tromigration be observed (which may be the case)
the trapping-untrapping reaction must be fast
enough to maintain local equilibrium and the num-
ber of trapping atoms must greatly exceed the
number of tracer atoms.

It is not clear how the tin atom increases the
mobility of the silver. Heuristically, one might
point to the lowered melting point of the alloys as
compared to the pure lead. Somewhat more satis-
factory is the suggestion by Turnbull?’ that the
smaller size of the tin ion enhances the jumping
probability for interstitial silver atoms in its neigh-
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borhood. If one explores this possibility in some-
what more detail, it would appear clear that the
change in the activation free energy for jumping
includes a considerable negative entropy, since the
Arrhenius lines in Fig. 3, when extrapolated back,
appear to cross well before reaching the 1/T =0
axis. An alternate point of view is that the lines
are actually curves and coalesce on extrapolation
with the pure lead curve at higher temperatures
(unfortunately above the melting point).

The matter of curvature also enters into the in-
terpretation of Fig. 7 where one can deduce rather
different parameters for g =h — Ty, the free energy
of the trapping process, according to whether one
attempts to fit a straight line through all the data
or only for the lower two thirds, as there appears
to be a significant curvature to the plot. For a line
through all the data 4 turned out to be approxi-
mately 1.25 eV and s about —21k. Fitting only
the lower points yields 4 more nearly 1 eV and s
about —16k. These entropy values are indeed so
large as to throw the trapping concept, as here ap-
plied, into question.

The segregation of the diffusing isotope to the
end surfaces is an annoying, but not completely
new phenomenon. Its explanation presents a chal-
lenge in its own right. From prior work we know
that it does not appear for Ni in pure lead!” and is
greatly reduced for alloy specimens annealed in
vacuum or an inactive atmosphere.”® It would
seem that oxygen at the surface can penetrate the
metal when tin is present and that this oxygen has
a strong affinity for the Ni drawing it out of the
bulk to the end surfaces. Somewhat similar
behavior is also shown by Cu and Au in the sold-
ers,” but there are important differences that
remain to be explored.
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