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Local Plasticity of Al Thin Films as Revealed by X-Ray Microdiffraction
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Grain-to-grain interactions dominate the plasticity of Al thin films and establish effective length
scales smaller than the grain size. We have measured large strain distributions and their changes under
plastic strain in 1.5-um-thick Al 0.5% Cu films using a 0.8-um-diameter white x-ray probe at the
Advanced Light Source. Strain distributions arise not only from the distribution of grain sizes and
orientation, but also from the differences in grain shape and from stress environment. Multiple active
glide plane domains have been found within single grains. Large grains behave like multiple smaller
grains even before a dislocation substructure can evolve.
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Polycrystalline plasticity on the macroscale is strongly
dependent on the behavior of single grains on the micro-
scale as has been demonstrated by several groups experi-
mentally [1-3] as well as theoretically [1,2,4]. In bulk
polycrystalline samples inhomogeneous deformation oc-
curs at large plastic strains due to the organization
of dislocations and grain rotation. In thin films attached
to single crystalline substrates, where the maximum total
strain is in principal determined by the difference
in CTEs (coefficients of thermal expansion), large differ-
ences in stress after cooldown from deposition tempera-
tures are not to be expected. Macroscopic effects such as
strain hardening and the so called ‘“Bauschinger” effect
[5], usually interpreted as due to a dislocation pileup at
obstacles leading to an asymmetry in the yield stress in
compression and tension, can be explained by phenomena
on a local (grain size) scale. So far thin film models that
have tried to explain those effects have failed to incorpo-
rate the grain-grain interactions on a local level. In this
Letter we demonstrate that stress variations on a length
scale even smaller than micron sized single grains play an
important role. There are many technological implica-
tions of the mechanical properties of thin metal films,
including the undesirable presence of creep in MEMS
(micro-electro-mechanical systems) devices, but this
Letter is confined to discussion of the new insight on
plasticity provided by strain measurements with high
spatial resolution.
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We probe thin film Al 0.5 wt % Cu with a white x-ray
beam that has been focused to less than 0.8 um laterally
[6—11]. The grain structure of the films is columnar and
the third dimension of the volume accessed by the probe
is given by the film thickness which is 1.5 um. By acquir-
ing white light Laue images at an array of different x-y
positions on the sample, we are able to map the local
orientation as well as the local deviatoric strain state
within each grain [11-14]. Since our experiment is per-
formed at room temperature and plasticity in this tem-
perature range is dislocation mediated, the dilatational
component of the strain tensor is of secondary impor-
tance. The dilatation can also be obtained from measure-
ments of the energy of the Laue reflections utilizing a
scanned monochromatic beam [10], but it is not included
in the present measurements. The deviatoric strain tensor
is converted into a deviatoric stress tensor by the appli-
cation of the elastic compliance tensor [10] using litera-
ture values.

The Al(Cu) film was deposited at 400 °C on a 200-nm-
thick Si-rich (compared to stoichiometric Si3N,) SiN,
membrane on a Si frame. This allows stresses to be
applied to the metal by differential pressure bulging of
the membrane. The membrane is a 2 X 12 mm? rectangle
whose 1:6 aspect ratio ensures a macroscopically uniaxial
stress change across the narrow dimension when the
membrane is bulged. The stress state at room temperature
is primarily a result of the cooldown from the 400 °C
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deposition temperature due to the difference in thermal
expansion coefficients between the film and the substrate.
The room temperature stress is limited by the plastic
deformation of the Al-Cu film during cooldown and the
stress relaxation (creep) at room temperature that has
occurred over several weeks between cooldown and these
measurements. By bulging, macroscopic total uniaxial
strains of up to 0.2% are achieved in addition to the
already-present thermal strain. This is sufficient to cause
plastic deformation because the Al-Cu film is already
close to its yield stress. The stress state before bulging is
macroscopically biaxial. However, the stress map in the x
direction (across the narrow dimension of the membrane)
at room temperature, Fig. 1 [(07,) and (o7,)], shows that
the stress state is already strongly nonbiaxial on a local
scale. This observation can now be introduced into mac-
roscopic modeling of thin films, where so far only biaxial
stresses have been considered. The “ruling out” of grain
boundary sliding as a mechanism responsible for anelas-
tic processes, as could be deduced from a macroscopically
biaxial stress state, is also not justified since we observe
local shear stresses acting on grain boundaries, for ex-
ample, at the bottom right in Fig. 1 (g%,). In the out-of-
plane stress map [Fig. 1 (o7,) top right] one can also see
negative (compressive) stress values in the deviatoric
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FIG. 1 (color).

stress. At high enough values this stress state will lead
to plastic deformation causing the film to shrink in plane.
Upon heating which makes these stress values more
negative or less positive these highly stressed areas will
yield first and lead to a deviation from the expected linear
thermoelastic behavior of stress versus temperature even
before the film becomes macroscopically compressive.
This behavior can certainly be responsible for the
Bauschinger effect in thin films. Our finding of a wide
distribution of stresses implies that there is a wide distri-
bution of yield stresses. Such a strong variation in yield
stresses is surprising in an elastically fairly isotropic
material like aluminum.

In contrast to Cu [15], since the grain orientation [the
film is weakly (111) textured] and the small elastic an-
isotropy of Al have only a minor influence on the yield
stress, other factors must be considered. The remaining
factors usually influencing the yield stress are precipita-
tion hardening, film thickness constraint [16,17],
and grain size constraint [18]. The first two factors are
unlikely to be responsible for the wide distribution in
yield stresses because they do not vary as a function of
location in the film. Thus we concentrate on the grain size
effect and introduce the concept of an “‘effective’” grain
size, which we define as the length scale over which
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Deviatoric stress maps of a 15 X 15-um? area in the center of a 1.5-um-thick

A10.5 wt % Cu layer on a 200-nm-thick SiN, membrane: top left (rss;,,,): resolved shear stress
on the glide system experiencing the highest shear stress, top right (o?,): out-of-plane
deviatoric stress in Z, bottom left (o},): in-plane deviatoric stress in X, bottom right (o7,):
in-plane deviatoric shear stress in XY; the area of interest is outlined with a white border, and

grains of interest are labeled alphbetically.
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dislocations are constrained. What matters in this case is
not only the physical grain size, but the region within a
grain over which the 3D stress state of the grain is such
that the active glide system (the glide system with the
highest resolved shear stress) does not change.

This can be demonstrated by looking at examples of
single grains in the polycrystalline ensemble. Figure 1
shows that the stress state within one grain is strongly
influenced by its neighbors. For example, in the area
outlined by the white oval one sees that differences in
stress within one grain are strongly correlated with grain
boundaries. The stress gradient in grain a, for instance, is
caused by the differences in stress in grains b and c versus
grain d. Figure 2 is a simplified schematic, which illus-
trates a scenario that would lead to such a stress state. A
force that is introduced through two grains that are con-
nected to each other by two grains in parallel (b,c and d)
which have different yield stresses will have two effects
(i) a shear stress will be induced along the horizontal
grain boundary (between b,c and d) and (ii) gradients in
stress will arise along the vertical axis in the grains to the
right and the left (e.g., grain a). The stress maps in Fig. 1
show both effects. The difference in stress between the
top (b,c) and the bottom grains (d) in the area of interest
causes a gradient in stress in the grain to the farthest left
(grain a) [Fig. 1 (¢,) bottom left] and a shear stress on
the boundary between the two grains (b,c and d) [Fig. 1
(o7,) bottom right].

Figure 3 shows grain a in more detail. The upper part
experiences a lower maximum resolved shear stress than
the lower part [vector diagram in Fig. 3(d)]. This is
correlated with a change of glide systems as shown by
the vector diagram. The degree of plastic deformation that
this grain has experienced during cooldown can be seen
by the plot of the average peak width of the diffraction
spots, a measure of the defect density within the illumi-
nated volume at each data point, as well as the orientation
of the grain. In this white light measurement technique
peak broadening is mostly due to line defects (giving rise
to changes in orientation) rather than to strain gradients.
The average peak width is higher in the upper part (where
there is a lower resolved shear stress) of the grain indicat-
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FIG. 2. Schematic of the scenario seen in thin film. Two
grains of different yield stresses lead to shear stresses at the
grain boundary and gradients in their neighbors.
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ing that this portion has experienced more plastic strain
than the lower half. This is in agreement with the rotation
of the (111) axis away from the sample normal from the
top to the bottom. The change in stress coincides with the
boundary between the two grains to the right (b and d) of
grain a indicating that pushes and pulls from these two
grains are responsible for the stress variation in grain a by
a mechanism such as that shown in Fig. 2.

When the membrane is bulged and uniaxial stress is
superimposed on the stress state just described the con-
cept of an effective grain size becomes even more appar-
ent. Figure 4 shows the evolution in maximum resolved
shear stress as well as the evolution of the active glide
planes as the film is brought to a uniaxial total strain of
0.2% and back. Note that as the vectors are a projection of
the glide direction into the x-y plane the angle between
the two glide systems is not conserved. The magnitude of
the resolved shear stress does not change as the film is
bulged. This grain was already at its yield stress at the
beginning of the test and no local strain hardening is
observed. In terms of glide systems, however, one can
observe major changes. The upper part of the grain ex-
periences a change in glide system, whereas the lower half
of the grain remains unchanged. The Burger’s vector is
pointed to the left at high strains allowing for a deforma-
tion that elongates the film in the x direction. Hence, this
grain actually behaves as two grains, rather than as one as
would be anticipated from its physical size. As already
mentioned this is caused by the presence of a grain
boundary between the two grains on the right side
(Fig. 1) of the selected grain a, with a highly stressed
grain on the top (grain b) and lower stressed grain on the
bottom (grain d). The magnitude of shear stresses after
the plastic deformation is hardly changed in comparison
to the original state as the plastic strain was small.
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FIG. 3 (color). Single grain analysis: (a) in-plane orientation:
angle between the (100) vector and the X axis, (b) out-of-plane
orientation: angle between surface normal and the (111) direc-
tion, (c) average peak width, (d) vector plot of projection of
glide directions experiencing the highest resolved shear stress;
the color code corresponds to magnitude.
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FIG. 4. Evolution of maximum resolved shear stress as a
function of macroscopic strain in a bulge test (same grain as
in Fig. 2) up to 0.2% total strain; vector plots of the projection
of glide directions experiencing the highest resolved shear
stress. Grey level corresponds to magnitude (white: 0 MPa;
black: 140 MPa).

However, the division of the grain into two regimes has
become more obvious.

Our results of probing thin film plasticity with submi-
cron (and sub-grain-size) resolution reveal new aspects of
deformation that have not previously been addressed in
macroscopic thin film models [16—19]. Interactions be-
tween neighboring grains lead to highly nonuniform
stresses in an individual grain and have led us to identify
an effective grain size that is often much smaller than the
physical size of a single grain. The surprising finding in
this work is that grains that are much bigger than the film
thickness, which would be expected to deform homoge-
neously, actually deform in a highly inhomogeneous
fashion. This discovery can account for the wide distri-
bution of yield stresses which in turn provides a basis for
understanding macroscopic phenomena such as the
Bauschinger effect. We anticipate that micro-Laue dif-
fraction measurements of this kind will provide an under-
standing of the development of the room temperature
stress distribution as it is established during cooldown
from high temperature and will answer plasticity ques-
tions in even more complex materials with greater
anisotropy, viz., copper. In general one can expect micro-
diffraction to have a strong impact on the measurement of
3D microcrystalline structures [20] as well as bulk poly-
crystalline samples [3], where local stress measurement is
the key.
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