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Grain boundary sliding in thin substrate-bonded Al films™*
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Abstract

A systematic investigation of the anelastic relaxation of thin Al films on Si substrates has been carried out. It
was found that the relaxation in both bulk and thin film materials can be explained by a model involving the
glide of grain boundaries (GBs). The mass transport necessary for the glide occurs via GB diffusion in thin films
and via lattice diffusion in bulk material, the different behaviour being due to the smaller (by more than two
orders of magnitude) grains in the films. Internal friction thus provides a technique to measure diffusional

parameters of GB diffusion in thin films.

1. Introduction

In his pioneering work on the internal friction (IF)
of polycrystalline Al, K& observed a strong relaxation
peak which is not present in Al single crystals [1]. This
peak was attributed to the viscous sliding of grain
boundaries where the restoring force driving the 're-
laxation is built up by elastic back stresses at triple-
grain junctions. There remained, however, the puzzling
question of why the activation energy derived from IF
measurements is as high as 1.4 eV, thus being close
to that of lattice self-diffusion in Al [2], whereas one
might expect that the GB viscosity should be controlled
by GB diffusion where the activation energy is about
0.6 eV [3]. Interestingly enough, from IF experiments
on thin Al films adhering to silica substrates an activation
energy of 0.55 eV has been derived [4]. Thus a systematic
investigation of the mechanical relaxation of substrate-
bonded thin Al films may contribute to resolve the
long-standing controversy about the origin of the IF
peak in polycrystalline Al

On the other hand, IF has already been employed
to characterize various properties of thin Al and Al
alloy films. In particular, it was used to determine
activation energies in several Al alloys [5], to study the
influence of impurities on the GB diffusion at con-
centration levels as low as 300 ppm and to demonstrate
the potential to be a non-destructive test on the adhesion
strength between film and substrate [6]. Most of these
results were based on qualitative arguments. A better
understanding clearly requires a microscopic under-
standing of the underlying relaxation mechanism.
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In this paper we report on a study of the mechanical
relaxation in thin Al films on Si substrates, where the
film thickness, grain size and film-substrate interface
were varied. Also, the mechanical deformation state
was varied by employing both bending and torsional
vibrations.

2. Experimental details

2.1. Sample preparation

The Al films were evaporated from 5N and 6N Al
respectively on to oxidized Si wafers. The thickness of
the thermal oxide was varied between 0.3 and 1 um.
Some substrates were additionally coated with a 0.34
um MoSi,, layer in order to further modify the
film—substrate interface. The base pressure of the evap-
orating system was below 10~7 Pa. After deposition
the grain structure of the films was stabilized by an-
nealing for 30 min at 450 °C in a vacuum below 10~°
Pa. This procedure resulted in columnar grains with
an average size essentially equal to the film thickness
and a high degree of (111) fibre texture. Exceptionally
large grain sizes (e.g. 30 pum for a film 5 pum thick)
could be obtained by deposition on substrates heated
to 550 °C.

2.2. Internal friction measurement

The IF was measured by means of a highly sensitive
apparatus specially designed to study the damping of
thin films adhering to thick substrates [7, 8]. T-shaped
samples were employed which allowed measurements
to be made in both bending and torsional modes of
vibration [9].
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The measured total damping Q. ' of such a composite
system is given by [4]
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where O 'denotes the contribution from the substrate,
t, and ¢, are the thicknesses of the film and substrate
respectively and M; and M, are the corresponding elastic
moduli. There will be either the Young moduli for a
pure bending vibration or the shear moduli for a pure
torsional vibration. Q7 'is the damping of the film, which
measures the elastic energy dissipation in the film. This
has been shown to consist of a superposition of a
temperature-dependent background and a relaxation
peak [5, 7]. In the IF spectra shown in the following
this background and the contribution from the substrate
have been subtracted, so only the relaxation peak part
of Q¢ 'will be plotted.

3. Experimental results

3.1. Origin of the IF peak in thin Al films

From peak shift experiments, i.e. measuring IF spectra
at various frequencies, it was found that the activation
energy of the underlying relaxation mechanism is
0.6+0.05 eV [4, 10]. This value is close to that of GB
diffusion in Al [3]. For AlSi;0,Cug g0, and AlSig o, Vo oos
values of 0.9 eV were reported, which are equal to
those derived from electromigration lifetime tests on
the same alloys [7, 11]. It was also found that controlled
addition of Cu to AlSi, g, suppresses the IF peak, when
most of the GBs are decorated by AlLL,Cu 6 phase
precipitates [11]. From these findings it was concluded
that the microscopic mechanism driving the anelastic
relaxation must be related to GB processes.

Further evidence for a GB effect is obtained from
the dependence of the relaxation spectra on the thick-
ness of the Al films. Figure 1 shows QO '(see eqn. (1))
for an Al film on an Si/MoSi, , substrate. After deposition
and annealing the film thickness was 4.6 um and the
grain size 4.1 um. The thickness of the film was then
reduced by chemical etching while keeping the grain
size fixed. The peak height is slightly reduced for
thicknesses between 4.6 and 1.4 um, while the peak
almost completely vanishes at 0.6 pm. The temperature
position of the peak is unchanged. Inspection of the
film after the etching steps by means of an atomic
force microscope showed that the etching process pri-
marily attacks the GBs, where after the last step almost
all GBs were removed, leaving Al islands on the sub-
strate. All these findings conclusively show that the
relaxation peak in thin Al films on Si substrates is a
GB cffect.
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Fig. 1. IF spectra Q¢ 'of Al on Si/MoSi,, substrates for various
thicknesses of the Al films. The grain size was 4.1 pm and the
spectra were measured in torsion at a frequency of 806 Hz.
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Fig. 2. IF spectra Q¢ 'of Al on Si/MoSi,, substrates for various
thicknesses of the Al films. The grain size was equal to the film
thickness and the spectra were measured in bending at frequencies
around 270 Hz, the slight differences being due to different
thicknesses of the substrates.

3.2. Relaxation times

Figure 2 shows IF spectra of Al films on Si/MoSi,,
substrates for various thicknesses of the deposited films.
The peak position shifts to higher temperature with
increasing film thickness and the peak height is con-
siderably reduced for the 2.0 and 0.48 um films. As
mentioned above, for these films the grain size is
proportional to the film thickness. Taking into account
the results shown in Fig. 1, it must be concluded that
the peak shift reflects the grain size dependence of
the spectra. The reduction in height can be attributed
to the influence of the substrate, which, owing to
adhesion, could hinder relative displacements of neigh-
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Fig. 3. Grain size dependence of the pre-exponential factor 7,
for Al films on Si/MoSi,, substrates. The activation energy was
assumed to be 0.62 eV.

bouring grains near the interface. If this occurs for a
thin layer whose width is independent of the grain size,
the relaxation strength, i.e. the peak height, will be
considerably reduced for very thin films.

The peak position is given by the condition 2ufr=1,
where 7 is the characteristic time of the underlying
relaxation mechanism and f is the vibration frequency
of the sample [12]. If 7 is thermally activated, i.e.
7= 1oexp(H/kT), where H is the activation energy and
o is a pre-exponential factor, the temperature position
of the peak, T,, is obtained from the relation

7,= ~ % in(2nfre) @

It is reasonable to assume that a moderate change in
grain size does not influence the activation energy.
Thus the peak shift shown in Fig. 2 is expected to
result from a change in the pre-exponential factor.
Figure 3 shows a plot of 7, vs. grain size which was
obtained from the data of Fig. 2 using eqn. (2) and
taking H=0.62 eV. One can see that 7, depends linearly
on the grain size L.

4. Discussion

Stress relaxation by GB processes occurs in at least
three distinct steps generally characterized by signifi-
cantly different time scales [13, 14]:

(1) GB sliding and build-up of stress concentrations
at triple-grain junctions;

(2) diffusional relaxation of these stress concentra-
tions;

(3) long-range diffusional relaxation (Coble creep).

The first and fastest process is associated with a
pronounced IF peak [1, 12], the second may result in

a weak additional peak under favourable conditions [4,
15], whereas the third can only lead to a peak in a
compound system containing a restoring component,
eg. in a thin film-substrate system. Here we focus
interest on the most important first process.

The microscopic description of stress relaxation by
GB sliding is based on the idea that fast glide processes
are hindered by GB irregularities [13, 14]. Figure 4(a)
shows a schematic sketch of a GB which is not flat on
an atomistic scale but contains steps of length [ and
height &. The average width of the GB is 8. The shear
stress o, is relaxed by fast glide along the horizontal
parts of the GB, leading to normal stresses o, at the
steps (Fig. 4(b)) which are relaxed by dislocation climb.
This is the rate-limiting process; o, is the driving force
for mass transport from steps under compressional
stress to those under tension as indicated in Fig. 4(c).

This transport may occur via bulk or GB diffusion.
Assuming here that GB diffusion is dominant, the sliding
rate # of neighbouring grains is given by

u- — 28(21]0B| (3)

where (2 is the atomic volume and jgg is the particle
current density in the GB, which is proportional to the
GB diffusion constant Dgg, to the difference between
the normal stresses, 2|o,|, and inversely proportional
to the step distance:

) 2|e,|D,

oa|= AoniDee (@
Using /o, =ho,, one obtains for the sliding rate
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Fig. 4. (a) Schematic view of GB dislocation slide and climb
under the action of a shear stress o,. (b) Normal stresses o, at
steps in the GBs. (¢) Stress relaxation by diffusion: left, lattice
diffusion; right, GB diffusion.
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The relaxation time 7 can then be estimated from the
condition u=0,L/2G 7 (G denotes the shear modulus),
which finally gives

oL  kTHL
2Gi ~ 8GQODgpé

T= (6)
Including bulk diffusion with a diffusion constant Dy,
one arrives at an analogous result but where Dgg has
to be replaced by the effective diffusion constant

l
D= EDV +Dgp (7)

A similar result can be found in ref. 13.

This model explains the apparent difference between
the IF spectra in bulk and thin film Al The bulk Al
used typically had grain sizes of 200 um or larger and
I=100 pum is then a reasonable estimate. At 300 °C,
i.e. the temperature where the peak in bulk Al was
found, the diffusion constant for bulk diffusion in Al
is 3X107"7 m* s~ [2]. The diffusion constant for GB
diffusion is not very well known mainly owing to un-
certainties in the determination of the pre-exponential
factor. If one takes H=0.62 eV as the activation energy
for GB diffusion, it turns out that Dy, is the dominating
contribution in eqn. (7) if Dgpo is 3X107® m* s™! or
smaller. This value is within the range reported in the
literature [3]. In thin films the grain size is two orders
of magnitude smaller than in bulk Al and the peak is
near 100 °C. Then the GB contribution dominates in
eqn. (7) in accordance with the experiments.

It should also be noted that eqn. (6) reflects the
measured linear grain size dependence of the relaxation
time. The absolute values 7,=10"'2 s (thin film Al)
and 7,=10"" s (bulk Al) are in agreement with the
experimental results.

Relaxation contribution of diffusional processes which
require mass transport from one grain to another can
be ruled out since their relaxation time would be
proportional to L?, which is in contrast with the ex-
perimental observations. Also, the magnitude of 7, would
be off by orders of magnitude.

An important question concerns the relaxation
strength A. Experimentally it is derived from the mea-
sured peak height by A=5.40Q:2 ., which takes into
account that the peaks are broadened owing to a
distribution of relaxation times which originates from
a distribution of grain boundary structures (see eqn.
(6)). The measured value of 0.15 (see e.g. Fig. 1) is a
factor of 2 smaller than the value of 0.38 calculated
in ref. 13. Qualitatively this can be explained by the

influence of the substrate, which, for perfect adhesion
between film and substrate, would inhibit the sliding
of neighbouring grains near the interface. Thus only
a fraction of the elastic energy can relax in films as
compared with bulk material.

5. Summary

We have shown that the IF spectra observed in both
bulk and thin film Al can be explained by a model
involving grain boundary sliding and dislocation climb
at steps in the grain boundaries. For bulk Al the mass
transport necessary for the climb process occurs by
diffusion through the volume of the material, while for
thin films grain boundary diffusion dominates. The
reason for the different behaviour lies in the different
grain sizes, which are are least two orders of magnitude
smaller for thin films than for bulk Al. The model
quantitatively describes the measured relaxation times
and sufficiently explains the measured relaxation
strength if one takes into account adhesion of the thin
films to the substrate. These results show that internal
friction is a suitable (possibly the only) method to
determine parameters for grain boundary diffusion in
thin films.
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