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Abstract

The membrane de8ection experiment developed by Espinosa and co-workers was used to ex-
amine size e'ects on mechanical properties of free-standing polycrystalline FCC thin -lms. We
present stress–strain curves obtained on -lms 0.2, 0.3, 0.5 and 1:0 �m thick including speci-
men widths of 2.5, 5.0, 10.0 and 20:0 �m for each thickness. Elastic modulus was consistently
measured in the range of 53–55 GPa for Au, 125–129 GPa for Cu and 65–70 GPa for Al. Sev-
eral size e'ects were observed including yield stress variations with membrane width and -lm
thickness in pure tension. The yield stress of the membranes was found to increase as mem-
brane width and thickness decreased. It was also observed that thickness plays a major role in
deformation behavior and fracture of polycrystalline FCC metals. A strengthening size scale of
one over -lm thickness was identi-ed. In the case of Au free-standing -lms, a major transition
in the material inelastic response occurs when thickness is changed from 1 to 0:5 �m. In this
transition, the yield stress more than doubled when -lm thickness was decreased, with the 0:5 �m
thick specimen exhibiting a more brittle-like failure and the 1 �m thick specimen exhibiting a
strain softening behavior. Similar plasticity size e'ects were observed in Cu and Al. Scanning
electron microscopy performed on Au -lms revealed that the number of grains through the thick-
ness essentially halved, from approximately 5 to 2, as thickness decreased. It is postulated that
this feature a'ects the number of dislocations sources, active slip systems, and dislocation
motion paths leading to the observed strengthening. This statistical e'ect is corroborated by the
stress–strain data in the sense that data scatter increases with increase in thickness, i.e., plasticity
activity.

The size e'ects here reported are the -rst of their kind in the sense that the measure-
ments were performed on free-standing polycrystalline FCC thin -lms subjected to macroscopic
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homogeneous axial deformation, i.e., in the absence of deformation gradients, in contrast to
nanoindentation, beam de8ection, and torsion, where deformation gradients occur. To the best of
our understanding, continuum plasticity models in their current form cannot capture the observed
size scale e'ects.
? 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Knowledge of a material’s mechanical properties has long been essential to the
design and development of structures and systems. At the millimeter or larger size
scale, these properties are well known for most materials and well-established testing
procedures and constitutive models are available. Specimens at this size scale typically
have dimensions far exceeding the scale of the underlying material microstructure.
Hence, homogenization and averaging schemes are used to interpret experiments and
formulate constitutive models.

Over the past decade, there has been a substantial thrust to reduce the size of many
electronic and electromechanical systems to the micron and sub-micron scale by fab-
ricating devices out of thin -lm materials. In these applications, successful device
development requires a thorough understanding of thin -lm mechanical properties. At
this scale, device geometry and dimensions are similar in size to the material mi-
crostructural features. Therefore, tests capable of accurately measuring the e'ect of
microstructure on mechanical properties need to be used (Espinosa et al., 2001a, b,
2003). In this article, we report unique -ndings in this regard.

1.1. Size e6ects

The mechanical response of thin -lms depends on many factors. Of main relevance
is the existence of -lm thickness e'ects that arise because of geometrical constraints
on dislocation motion. Size e'ects on mechanical properties begin to play a dominant
role when one or more of the structure’s dimensions begin to approach the scale of the
material microstructural features. For thin -lms and MEMS materials this characteristic
dimension is on the order of 0.1–10:0 �m. At this size scale, there is no signi-cant e'ect
on the material elastic properties since they depend on the bonding nature between the
constituent atoms. By contrast, the onset of plastic deformation depends strongly on
the ability of dislocations to move under an induced stress (Nix, 1989; Weertman and
Weertman, 1992; Hull and Bacon, 1984; Arzt, 1998). The ease of their movement can
be hindered by any number of obstacles such as grain boundaries, precipitates, twins,
forest dislocation, and interfaces. Specimen size then begins to govern plastic behavior
by creating geometrical constraints and surface e'ects, which force dislocations to
move only in preferred directions. Other e'ects that specimen size can have on plastic
deformation involve microstructural features. This includes grain size, morphology, and
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crystallographic texture. Preferential grain orientations during -lm growth result from
minimization of surface energies (Borodkina and Orekhova, 1982; Lejeck and Sima,
1983). Likewise, the average grain size scales with the -lm thickness due to an e'ect
called the “specimen thickness e'ect,” which depends upon grain boundaries being
pinned by their surface grooves, occurring when the mean equivalent grain diameter is
on the order of the -lm thickness (Beck et al., 1948; Mullins, 1958).

Several pioneering studies have experimentally identi-ed the existence of size ef-
fects on plasticity of polycrystalline metals. Fleck et al. (1994) investigated plasticity
size e'ects by applying a torque to copper rods of varying diameter in the range of
12–170 �m. An increase in strength by a factor of three was observed for the smallest
diameter wire over the largest. Ma and Clark (1995), obtained experimental nanoinden-
tation data showing a strong size e'ect on material hardness. They found that hardness
decreases as indentation depth increases. Their results were veri-ed and extended in
subsequent studies (Atkinson, 1995; Poole et al., 1996; Nix, 1997; Nix and Gao, 1998;
McElhaney et al., 1998; Begley and Hutchinson, 1998; Goken et al., 1999; StKolken
and Evans, 1998) identi-ed plasticity size e'ects in the bending of strips, of varying
thickness between 12 and 50 �m, around a rigid rod. The experimental results showed
a strength increase for the thinner -lms over the thicker -lms. These studies motivated
the investigation of the nature of size e'ects at this scale.

In these pioneering studies, the size dependence of the mechanical properties has
been considered to be a result of non-uniform straining (Fleck and Hutchinson, 1993;
Fleck et al., 1994; Nix and Gao, 1998). It was shown that classical continuum plas-
ticity could not predict the size dependence in this regime. The generally accepted
size limit for accurate description of plasticity by the classical theory is systems with
dimensions larger than 100 �m. At the other end of the spectrum, molecular mechanics
can accurately describe material behavior. Due to limitations on performing atomistic
simulations for more than 1 million atoms, the maximum size regime computation-
ally approachable is systems with dimensions smaller than 0:1 �m in size (Hutchinson,
2000). This leaves an intermediate region where strain gradient plasticity theory has
been proposed to describe material behavior (Aifantis, 1992; Fleck and Hutchinson,
1993, 1997; Fleck et al., 1994; Gao et al., 1999a, b; Huang et al., 2000; Hutchinson,
2000; Bazant and Guo, 2001). In the aforementioned work of Fleck et al. (1994),
direct tensile tests were also performed on identically sized copper wires. The authors
concluded that for the most part, no size e'ects existed for this case. It should be noted
that the smallest rod diameter investigated by this group was 12 �m. The homogeneous
manner in which the uni-axial tests were conducted appears to have hindered gradients
in plasticity from occurring. The question can be raised then whether size e'ects exist
in polycrystalline metal -lms possessing constant grain size, in the absence of strain
gradients.

Doerner et al. (1986), Nix (1989), Venkatraman et al. (1990) and Venkatraman and
Bravman (1992) examined strengthening size e'ects in pure Al and Al alloys thin -lms
by means of wafer curvature measurements. Thin -lms were grown on passivated Si
substrates and biaxial strength measured as a function of -lm thickness and temperature.
Doerner et al. (1986) deposited -lms with various thicknesses, which resulted in an
average grain size of about 1.3 times the -lm thickness. Venkatraman and Bravman
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Fig. 1. Side view of the MDE test showing vertical load being applied by a nanoindenter, PV, the membrane
in-plane load, PM, and the position of the Mirau microscope objective.

(1992) varied the -lm thickness by repeated growth and dissolution of an anodic
oxide barrier. An approximately constant grain size of about 1�m was obtained by
this approach. By separating grain size, based on the Hall-Petch relation, and thickness
strengthening e'ects, these studies revealed a thickness strengthening e'ect of one over
the -lm thickness. Nix (1989) explained this dependence by a mis-t dislocation model
in which work done by the applied stress must be enough to bow a dislocation and leave
two dislocations at the -lm–substrate and -lm–oxide interfaces. Even when this simple
model does not account for obstacles to dislocation motion such as grain boundaries,
precipitates and other dislocations, it captures the main trends observed in experiments.
The limitations of the model in the interpretation of size e'ects in polycrystalline thin
-lms were evidenced by the measurements reported by Venkatraman and Bravman
(1992). They characterized the strengthening e'ect as a function of temperature and
observed an asymmetry between variations in strength with temperature in tension and
compression. They concluded that in tension there is a strengthening mechanism, also
scaling as one over the -lm thickness, in addition to the mis-t dislocation mechanism.
It should be noted that mechanical characterization of free-standing unpassivated thin
-lms in the submicron regime remained elusive until recently due to the lack of a simple
and robust experimental technique. Such characterization providing direct evidence of
the existence of strengthening mechanisms other than the one arising from the mis-t
dislocation mechanism is here addressed. The membrane de8ection experiment (MDE)
developed by Espinosa and Prorok (2001a, b) and Espinosa et al. (2001a, b, 2003)
are here employed to investigate this matter. The technique involves the stretching
of a free-standing thin -lm membrane in a -xed–-xed con-guration. The membrane
is attached at both ends and spans a micromachined window beneath (see Fig. 1).
A nanoindenter applies a line-load at the center of the span to achieve de8ection.
The geometry of the membranes is such that it contains tapered regions to eliminate
boundary failure e'ects. The result is direct tension, in the absence of strain gradients,
of a gauge region. Further details are given in Espinosa et al. (2003).

Preliminary data from MDE tests performed on thin gold membranes have indeed
shown that size e'ects exist in the absence of strain gradients and interfaces (dislocation



H.D. Espinosa et al. / J. Mech. Phys. Solids 52 (2004) 667–689 671

barriers) (Espinosa and Prorok, 2001a, b). This paper presents MDE experimental
results that systematically examine thickness and width plasticity size e'ects on gold,
copper and aluminum free-standing thin -lm specimens. We report on a comprehensive
examination of size e'ects in the absence of macroscopically applied strain gradients.

2. Experimental procedure

2.1. Samples

Specially designed free-standing thin -lm specimens were microfabricated on (1 0 0)
Si wafers. Specimen shape was de-ned on the wafer’s topside by photolithography,
e-beam evaporation and lift o'. All -lms were grown by e-beam evaporation. Anneal-
ing was not pursued in view that the experiments are carried at room temperature. On
the bottom side windows were etched through the wafer, underneath the specimens,
with the purpose of creating free-standing membranes. The geometry of the suspended
thin -lm membranes can be described best as a double dog-bone tensile specimen. A
more detailed description of their fabrication, shape and speci-c dimensions is given
in Espinosa et al. (2003). Fig. 1 shows an optical image and a schematic representa-
tion of three di'erently sized Au membranes. Membrane size was varied in scale to
preserve the aspect ratio (length/width) of the gauge region. The geometry was chosen
to minimize stress concentrations and boundary e'ects. Au membranes 2.5, 5, 10, and
20 �m wide were tested including membranes with thickness of 0.3, 0.5, and 1 �m for
each width. Cu and Al membranes of the same width and 0.2 and 1 �m thick were
also tested.

2.2. Membrane de8ection experiment

The membrane de8ection experiment (MDE) was used to achieve direct tensile
stressing of the specimens (Espinosa et al., 2003). In this procedure, a line-load is
applied with a nanoindenter to the center of the spanning membrane. Simultaneously,
an interferometer focused on the bottom side of the membrane records the de8ection.
The result is direct tension in the gauged regions of the membrane with load and
de8ection measured independently. Stress–strain behavior is then determined from the
independently obtained load and de8ection, details of which are given in Espinosa
et al. (2003).

Another important aspect of the test is the strain rate history for di'erently sized
membranes. The following relation describes the strain rate for the MDE test as related
to the rate of de8ection at time t,

�̇=
d
dt

(
OL(t)
LM

)
=

O(t)

LM

√
O(t)2 + L2

M

(
dO
dt

)
;

where LM is the membrane half length, OL(t) is the change in membrane length, and
(dO=dt) is the vertical displacement rate. The (OL(t)=LM) term is obtained from the
geometrical relationship between LM and the length of the de8ected membrane at time
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t (Fig. 1). From this relation, it is clear that if the vertical displacement rate is constant,
the strain rate is not a constant value but increases with vertical de8ection. A second
observation is that for a constant vertical displacement rate, membranes with di'erent
half-length are subjected to slightly di'erent strain rate histories. These aspects will be
further discussed in the experimental results section.

3. Results and discussion

3.1. Au membrane microstructure characterization

The microstructure of the thin -lm gold membranes is shown in Fig. 2. It consists of
grains with an average size of 250–300 nm with occasional larger grains, approximately
500 nm in size. An aspect of grains in thin -lms, especially for FCC and BCC metals, is
that they can exhibit a preferred texture (Blicharski and Gorczyca, 1978; Nourbakhsh
and Nutting, 1980, 1982; Borodkina and Orekhova, 1982; Lejeck and Sima, 1983).
The standard explanation of this e'ect is the preferential growth of grains oriented in
the lowest surface energy con-guration (Grant et al., 1988; Weiland et al., 1988). In the
case of gold thin -lms, the microstructure exhibits a 〈1 1 1〉 texture (Harris and King,

Fig. 2. SEM image showing the typical grain structure of the gold thin -lm specimens. Approximately
500 nm grains surrounded by smaller grains are observed at various locations along the specimen width.
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Fig. 3. Micro-di'raction results for 1 �m Au -lms showing a preferred 〈1 1 1〉 texture normal to the -lm
surface. The experiment was also performed on 0.5 and 0:3 �m Au -lms. They show even a stronger texture
e'ect.

1994, 1998). This was veri-ed by micro-di'raction experiments (Fig. 3) showing a
signi-cant 〈1 1 1〉 texture in the investigated -lms.

Fig. 4 is SEM images showing the side view of the three studied Au membranes
with di'erent thickness. Note that a 45◦ tilt and di'erent magni-cations were used
during imaging. Each thickness has a characteristic number of grains composing the
thickness with the 0:3 �m thickness having approximately 1–2 grains, the 0:5 �m thick-
ness having 2–3 grains, and the 1:0 �m having 3–5 grains. These observations were
con-rmed by transmission electron microscopy performed on -lm cross sections. Like-
wise, membranes of di'erent widths also have a variable number of grains. Table 1
gives the average number of grains across a corresponding width. They range from
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Fig. 4. SEM image highlighting the number of grains through the -lm thickness. Note the various magni--
cations and 45◦ tilt employed during imaging. Average grain size remains constant.

Table 1
Number of grains across membranes of di'erent width

Width (�m) 2.5 5.0 10.0 20.0
LM (�m) 134 209 382 362
Number of grains across the width 8–10 16–20 32–40 66–80

8 to 10 for a width of 2:5 �m to 66–80 for a width of 20 �m. These features do have
an e'ect on the mechanical response of the membranes in the context of statistical
distributions of dislocation sources, grain boundary types, and slip systems.

3.2. E6ects of membrane width

Figs. 5(a)–(c) show the stress–strain curves for gold -lms 0.3, 0.5, and 1:0 �m thick,
respectively. Each plot shows the e'ect of membrane width on mechanical response
for widths of 2.5, 5, 10, and 20 �m. The 0:3 �m thick specimens have a well-de-ned
elastic regime with a Young’s modulus of 53–55 GPa. The specimens of widths 5, 10,
and 20 �m exhibit nearly identical behavior with some variability in failure strain. The
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Fig. 5. Stress–strain plots comparing membrane width (2.5, 5.0, 10.0, and 20:0 �m) for a Au -lms 0.3 (a)
0.5 (b) and 1:0 �m (c) thick. The slope of the dashed line in each plot is between 53 and 55 GPa.

yield stress for these three widths was found to be 170 MPa. Here yield stress is de-ned
as the stress level corresponding to departure from the linear elastic line. The 2:5 �m
wide membrane shows an extended elastic zone and a larger yield stress of 220 MPa.
An explanation of this behavior may arise from considering that the number of grains
across the width is more or less halved each time the width is decreased. Hence an
increase in geometrical constraints on deformation processes as well as statistical e'ects
on number of dislocation sources, due to the limited number of grains across the width,
can be expected. Moreover, it is known that yield stress of polycrystalline thin -lms can
separately depend on grain size, -lm thickness, and crystallographic texture (Sanchez
and Arzt, 1992; Thompson, 1993). Due to their small thickness and growth process,
the tested gold membranes exhibit texturing with the majority of grains oriented in the
〈1 1 1〉 direction (see Fig. 3).
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Table 2
Yield stresses for each combination of thickness and width with corresponding strain rate at onset of yielding

Thickness (�m) Width (�m) 2.5 5 10 20

0.3 �y (MPa) 220 170 170 170
�̇ (1 × 10−5 s−1) 5.8 3.5 1.7 0.8

0.5 �y (MPa) 220 170 170 140
�̇ (1 × 10−5 s−1) 5.8 3.5 1.5 0.7

1.0 �y (MPa) 90 65 55 55
�̇ (1 × 10−5 s−1) 4.5 2.2 0.9 0.3

Increasing the -lm thickness to 0:5 �m resulted in a similar behavior (Fig. 5(b)). As
with the 0:3 �m thick membranes, all 0:5 �m thick specimens show a clearly de-ned
elastic region with a Young’s modulus of 53–55 GPa. Membrane widths of 2.5, 5, and
10 �m exhibit nearly identical behavior as in the case of 0:3 �m thick specimens. Yield
stress also matched the values of the thinner specimens with 220 MPa for 2:5 �m wide
membrane and 170 MPa for 5 and 10 �m wide membranes. The 20 �m wide membrane
showed a marked decrease in the onset of plastic 8ow. Its stress–strain signature falls
below the others exhibiting a lower yield stress of 140 MPa.

The 1 �m thick thin -lm specimens exhibited distinctly di'erent deformation and
failure behavior while preserving the feature of a decrease in yield stress with in-
crease in specimen width. Fig. 5(c) shows the stress–strain curves for this thickness.
A signi-cant change in mechanical behavior occurs as the membranes begin to deform
plastically. The failure is not a sharp and abrupt loss in load carrying capacity, but
rather a gradual decrease in nominal stress with increase in deformation. The gold -lm
ultimately fails with a sharp drop in load carrying capacity but after signi-cant drop
in the nominal stress. Also present are the appearance of sharp undulations in stress
that resemble L:uders band e'ects observed in the deformation of some bulk materials,
indicative of plastic yielding occurring in a discrete manner. This post-peak plastic
behavior signi-cantly di'ers from that observed in the thinner membranes, which ex-
hibited strain hardening followed by sharp brittle-like rupture. It should be noted that
in all cases the failure strain is below 1%.

Young’s modulus for the 1 �m thick specimens was found to be 53–55 GPa, con-
sistent with the 0.3 and 0:5 �m thick specimens. However, values of yield stress were
signi-cantly lower than in the thinner -lms and varied to some extent with width,
although, not as signi-cantly as in the case of thinner -lms. At a width of 2:5 �m the
yield stress was only 90 MPa and decreased to 65 MPa for the 5 �m wide specimens
and then to 55 MPa for 10 and 20 �m wide specimens.

An issue to be considered when interpreting these results is the experimentally
applied strain rate. As previously mentioned, strain rate is a function of membrane
half-length, which is slightly di'erent for membranes of di'erent width; thus, the cor-
responding applied strain rate is di'erent for each membrane width. The summary of
yield stress data reported in Table 2 includes the strain rate at the onset of plasticity. It
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is seen that yield stress changes little with strain rate, case in point being the 0:3 �m
thick specimens. Therefore, the moderate di'erence in strain rate between specimens
of di'erent width is not considered to greatly a'ect the yielding behavior.

These results clearly indicate that specimen width does have a mild in8uence on
-lm strength. As it will be shown later, the measured variation in yield stress with
specimen width is slightly larger than the data scatter identi-ed by repeating the test
on -ve identically sized specimens. In the case of decreasing membrane width, it is
clear that the number of grains contained in that width, especially when it falls below
about 10 grains, directly a'ect the onset of plastic yielding. The more grains, the lower
the yield stress. This could result from geometric constraints in deformation mecha-
nisms and from strong statistical e'ects associated to the small number of grains, i.e.,
fewer dislocation sources. Membrane thickness also plays a major role in deformation
behavior. In the plots presented thus far, it is a little cumbersome to directly observe
thickness e'ects. The next section re-examines the data by plotting thickness data for
membranes of equal width.

3.3. Thickness e6ects

Figs. 6(a), (b), (c), and (d) are the stress–strain curves for the widths of 2.5, 5, 10,
and 20 �m, respectively, showing the -lm mechanical response as a function of thick-
ness, i.e., 0.3, 0.5, and 1:0 �m. Vertical bars on each signature represent data scatter
over -ve identically sized specimens. For a membrane width of 2:5 �m, the curves
for membranes 0.3 and 0:5 �m thick show nearly identical elastic and plastic behav-
ior with the exception that the 0:5 �m thick membrane exhibits a larger failure strain.
Both possessed a Young’s modulus of 53–55 GPa and a yield stress of 220 MPa. In
both cases, plastic deformation likely occurred by the same mechanisms. As thickness
was increased to 1:0 �m, deformation behavior signi-cantly changed. Young’s modulus
continued to be measured at 53–55 GPa, however, yield stress decreased considerably
to 90 MPa and plastic deformation occurred mostly in discrete events with an over-
all continual decrease in nominal stress to failure. In comparing the grain morphology
through the width of the -lms, (Fig. 4) it can be seen that the 1 �m thick -lm contains
3–5 grains whereas the thinner -lms contain considerably less grains. We will come
back to this point and its implication in the discussion section.

Stress–strain plots for a membrane width of 5 �m are shown in Fig. 6(b). As mem-
brane width was increased, the yield stress decreased to 170 MPa for the 0.3 and
0:5 �m thick specimens and 65 MPa for the 1 �m thick. It is clear, as mentioned ear-
lier, that the increased number of grains across the width a'ects deformation behavior.
In the 1 �m thick membrane there appears to be a combined e'ect between an increase
in the number of grains across the width and through the thickness to further relax
statistical and geometrical constraints on deformation mechanisms.

A similar behavior is observed as membrane width is increased to 10 and 20 �m
(Figs. 6(c) and (d)). The increase in both width and thickness further reduced the onset
of plastic deformation as compared to the smaller specimens. Table 2 lists the yield
stresses for each combination of thickness and width. A strengthening e'ect dominated
by -lm thickness following a one over -lm thickness relationship is identi-ed. The data
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Fig. 6. Stress–strain plots comparing -lm thickness (0.3, 0.5, and 1:0 �m thick) for Au membrane widths
of 2.5 (a), 5.0 (b), 10.0 (c), and 20:0 �m (d). The slope of the dashed line in each plot is approximately
53–55 GPa. The vertical bars on each signature represent the data scatter over -ve identically sized mem-
branes. Also note the limited -lm ductility with values of failure strain below 1%.

indicate the existence of two behavioral regimes with thickness or width e'ects acting
independently or in combination. The -rst regime is where membrane dimensions are
their smallest, width=2:5 �m and thickness=0:3 �m. Here, the onset of plastic yielding
is the highest with the grain morphology across the membrane’s width consisting of
8–10 grains and 1–2 grains through the thickness (Fig. 4). It is clear that such small
numbers of grains restrict the number of dislocation sources and number of dislocation
motion paths available as well as the probability for intragranular deformation processes
to occur. Because so few grains span the thickness and width, the sources of plastic
deformation are reduced resulting in -lm strengthening.

The second behavioral regime exists at the upper end of the membrane dimensions,
width = 20 �m and thickness = 1:0 �m. Here, the onset of plastic yielding is the lowest
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with the grain structure consisting of approximately 66–80 grains across the width
and 4–5 grains through the thickness (Fig. 4). This assemblage of grains is beginning
to approach the dimensions of a representative volume element for a polycrystalline
material; hence, the reduced yield point is the result of the availability of more degrees
of freedom for deformation mechanisms to occur. Of the two-dimensional changes,
increasing the thickness above 0:5 �m appears to have the greatest e'ect in reducing
yield strength, although, both appear to be acting simultaneously by their respective
mechanisms. It is not clear if the lowest yield stress in this regime describes the bulk
polycrystalline behavior or is merely still within the transitional regime. Thicker -lms
need to be examined to elucidate this point.

Strain rate is not considered an issue when comparing membranes of di'erent thick-
ness since the specimens being compared have identical shape, i.e., same membrane
half-length and width, and, therefore, identical straining history. Although the results
reported in Table 2 for specimens of identical thickness indicate that the onset of plas-
ticity occurred at slightly di'erent strain rates, they should only be interpreted as the
strain rate at which �y is being measured. The strain rate di'erences are not large
enough for strain rate e'ects to be identi-ed. This is a topic that is left for future
investigation.

Given that all membranes of varying size and shape behave identically in the elastic
region it is clear that the specimen size has a major e'ect only on -lm plasticity and
strengthening. It is interesting to note that Young’s modulus was consistently mea-
sured at 53–55 GPa regardless of membrane dimension and for more than 100 tested
membranes. This value is signi-cantly lower than the value of 78 GPa for bulk Au;
however, values reported for thin -lm Au varied from 30 to 78 GPa (Nix, 1989). Since
the -lms exhibit a strong 〈1 1 1〉 texture a low modulus may result from di'erences in
moduli along di'erent directions. For instance, E〈1 1 1〉 = 117 GPa and E〈1 0 0〉 = 43 GPa,
which shows the wide degree of elastic anisotropy in Au (Courtney, 1990). Thus,
with 〈1 1 1〉 primarily normal to the -lm surface, the measured 53–55 GPa modulus
seems realistic. Given the 〈1 1 1〉 texture, one would expect that the measured Young’s
modulus would be consistent with calculations of the lower bound estimate (Reuss) in
this plane, which yields an average modulus of 81 GPa (Corcoran, 2002). However,
this estimate is signi-cantly larger than the experimental value. The di'raction data in
Fig. 3 shows a strong 〈1 1 1〉 texture, but with a fair mix of other orientations. Clearly,
the lower modulus measured in the experiments is an indication of the importance of
grain orientation distribution.

3.4. Results from other FCC metals

The MDE methodology was applied to test other FCC metals, namely Cu and Al.
The main feature that separates these two metals from Au, is that each possesses a
native oxide surface -lm under ambient conditions. Work by Saif et al. (2002) has
shown that for submicron thick Al -lms this layer has no e'ect on the elastic properties.
However, it is expected to play a role in plastic deformation by acting as a barrier to
dislocations reaching the surface (Nix, 1989).
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Fig. 7. Stress–strain plots for Cu and Al membranes showing e'ects of specimen width (a) and thick-
ness (b).

Fig. 7(a) shows stress–strain curves for both Al and Cu that exhibit mild width
e'ects similar to those seen in the Au membranes (Figs. 5(a)–(c)). The Cu and Al
membranes have an elastic modulus of 125–129 and 65–70 GPa, respectively. For
both, these values are close to that of their bulk polycrystalline forms, 121 GPa for
Cu and 70 GPa for Al (Courtney, 1990). This is signi-cantly di'erent from the elastic
behavior exhibited by the Au thin -lms where elastic modulus was considerably lower
than the bulk polycrystalline value.

The stress–strain curves for 5, 10 and 20 �m wide specimens are compared in
Fig. 7(a) for a Cu -lm 0:2 �m thick and an Al -lm 1 �m thick. The behavior for the 5
and 10 �m wide Cu membranes are nearly identical and both exhibit a yield stress of
380 MPa. As width is increased to 20 �m the yield stress decreases to approximately
345 MPa. All three specimens exhibit strain hardening until failure. A similar behavior
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is observed in the Al membranes having the same width but a thickness of 1 �m. Here,
the yield stress is about 205 MPa for all membranes. Small variations in yield stress
are observed but they fall within the data scatter. The post-yield behavior exhibited by
the Al membranes is quite di'erent (see Fig. 7(a) right).

The yield stress in Cu and Al membranes also exhibits strong thickness e'ects.
Fig. 7(b) shows stress–strain curves for Cu and Al membranes 0.2 and 1:0 �m thick.
For Cu, the yield stress more than doubles from about 160 MPa to approximately
345 MPa when thickness is decreased from 1 to 0:2 �m. Al also exhibits a similar be-
havior, however the 0:2 �m membranes show no evidence of plastic deformation and
fail in a completely brittle manner. The yield stress of 1 �m membranes was approx-
imately 150 MPa and the failure stress of the 0:2 �m membranes was approximately
375 MPa. Since the native oxide layer composes a larger portion of the cross-sectional
area in the thinner membrane, the observed brittle behavior may be the result of brit-
tle failure of the SiO2 layer, which in turn may trigger inhomogeneous deformation
and failure in the Al -lm. Prorok and Espinosa (2002) performed experiments on Au
membranes intentionally passivated by nanometer layers of SiO2. Their work shows
that passivation may have the e'ect of reducing the ductility and strength of the -lm
due to deposition induced residual stress and cracking of the passivation layer followed
by localized plastic deformation of the -lm.

In contrast to the softening behavior observed in Au -lms of identical thickness,
the 1 �m thick membranes of both Cu and Al showed deformation to occur in a
uniform manner until failure occurs. The cause of these di'erences in deformation is
not apparent requiring additional investigation of grain morphology, texture, disloca-
tion structures, etc. A complete characterization of the -lms by X-ray and electron
microscopy will be performed and reported in a future publication.

3.5. Necking and fracture observations

Fig. 8 is an SEM image of a Au membrane, 1:0 �m thick and 20 �m wide, which
was stressed until failure. The image shows that the left half of the membrane slightly
overlaps the right half. Several features are apparent. Multiple striations or deformation
bands are seen near the failure region. They run in a direction perpendicular to the
tensile load. These are regions where discrete permanent deformation has occurred on
the surface of the -lm and may be correlated to the jogs seen in the stress–strain curves.
Bands of this sort are seen in bulk materials during the development of texture with
deformation (Brown, 1972). They are described as regions where grains slightly rotate
to another orientation to accommodate an applied strain. Likewise, shear localization in
single crystals and metallic glasses has lead to similar surface features. The formation
of multiple bands is a clear indication that the membrane was uniformly loaded. The
failure of the membrane can easily be described as ductile in nature. Along the fracture
surface, which is perpendicular to the tensile direction but at an angle through the
thickness, as observed by TEM imaging of cross sections, the gold appears to have
undergone large localized plastic deformation with ductile like -ngers in the stretching
direction. Other observable features are nodules of gold on the -lms surface, which
will be discussed later.
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Fig. 8. SEM image of fracture for a Au -lm with thickness of 1:0 �m. The symbol “n” denotes nodules of
gold that exist as an element of the -lm structure.

Some Au membranes 1 �m thick failed in the manner described above. However,
in other instances, deformation and failure was observed to occur in much the same
manner, but not perpendicular to the direction of tension. Fig. 9 is an SEM image
of such a membrane. Here, the fracture surface is at an angle to the tensile direc-
tion. Multiple deformation bands are seen, some perpendicular to the tensile direction,
denoted by “a”, and others parallel to the fracture surface, denoted by “b”. It is in-
teresting to note the regions of transition between the two directions, denoted by “c”.
Another feature observable on this top-view of the membrane is the reduction in -lm
width, in the neighborhood of the fracture plane, which is consistent with -lm necking.
Failure of this sort is believed to result from maximum plastic dissipation along these
directions due to the plate-like nature of the specimens. The question is then raised
as to why some membranes failed perpendicular to the direction of tension. In such
cases, a similar maximum plastic dissipation plane exists through the thickness. Fig. 8
shows thinning of the membrane thickness consistent with through-thickness necking.
Statistical variations on dislocation sources and associated slip planes may explain the
occurrence of both crack orientations.

Fig. 10 shows the fracture image for a membrane 0:5 �m thick and 20 �m wide.
This image is illustrative of the change in deformation behavior observed in the
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Fig. 9. SEM image of fracture for a Au -lm with thickness of 1:0 �m. Note that the fracture surface is not
perpendicular to the tensile direction. The symbol “a” denotes deformation bands perpendicular to the tensile
direction, “b” denotes those parallel to the fracture surface. And “c” denotes regions of transitions between
the two.

stress–strain analysis as thickness was reduced from 1.0 to 0:5 �m. No deformation
bands were observed for membranes of this thickness or thinner. Although some ductil-
ity occurred the membranes failed in a brittle-like manner. These -ndings are consistent
with the measured stress–strain curves.

Peculiar nodules protruding from the -lm surfaces are seen in Figs. 8–10. These
nodules are not surface contamination, but gold that exists as an actual structural feature
of the -lms. They are positioned such that the -lm appears to have grown around them,
e.g., the nodules denoted by “n” in Fig. 8. They are formed due to a phenomenon called
“source spitting” where large droplets can be ejected from the source during e-beam
deposition (Wood et al., 1981).

The post-yield behavior leading to fracture exhibited the typical statistical varia-
tions associated with plasticity and microcrack initiation. Given that all membranes
of varying size and shape behaved identically in the elastic region it is clear that
the specimen size had an e'ect on mainly the plastic deformation behavior. The
uniqueness of the presented data stems from the testing technique where specimens
were subjected to macroscopic homogeneous axial deformation, i.e., in the absence of
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Fig. 10. SEM image of fracture for a Au -lm with thickness of 0:5 �m. Note the absence of deformation
bands and zig-zag fracture surface.

deformation gradients, as it is the case in nanoindentation, beam de8ection, and torsion
tests.

3.6. Real-time observation of shear localization and fracture

Shear localization was observed in real time on some of the 1:0 �m thick mem-
branes. Although, it appears to occur in all membranes of this thickness, based upon the
stress–strain signatures, it was only observed in situ whenever the optical interferometer
was imaging that particular side of the membrane. Fig. 11 shows a series of interfer-
ometric images and the corresponding stress–strain curve for a series of time intervals
during MDE testing. At t = 0 the membrane is in the unloaded state. Note the null
-eld obtained by proper alignment of the interferometer. At t = 1 the membrane had
been deformed through its linear elastic region and has just begun to deform plasti-
cally. Uniform plastic deformation continues through t = 2. At t = 3 a discontinuity in
the fringes appears, consistent with shear localization, and a discrete jog in the stress–
strain curve is recorded. A second shear localization and corresponding jog appear at
t = 4. The membrane -nally fractures at frame t = 5. These images are taken from
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Fig. 11. Series of optical interferometric images and the corresponding stress–strain curve for di'erent in-
stances of time during MDE testing.

the bottom side of the membrane, which SEM image is shown in Fig. 9. In addition
to the main shear localization leading to fracture, the SEM image shown in Fig. 9
shows many surface features that are believed to correspond to the smaller discrete
events in the stress–strain signatures. It should be noted that in the t = 5 frame of
Fig. 11, the stress–strain curve does not fall to zero stress after failure because half of
the membrane is still engaged.

4. Conclusions

The membrane de8ection experiment developed by Espinosa and co-workers was
used to investigate size e'ects on the mechanical response of free-standing poly-
crystalline FCC thin -lms. The technique subjects free-standing -lms to macroscopic
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homogeneous axial deformation in a simple con-guration. Measured stress–strain re-
sponses allow identi-cation of -lm Young’s modulus, onset of plastic deformation
and fracture stress. Young’s modulus was consistently measured at 53–55 GPa for Au
specimens, 125–129 GPa for Cu specimens and 65–70 GPa for Al specimens. Measure-
ments revealed that -lm width and thickness have an e'ect on yield stress. Although
both dimensional parameters exhibited size e'ects, thickness, by far, had the greatest
e'ect with a major transition in deformation behavior occurring when thickness was
decreased from 1.0 to 0:5 �m. A strengthening size scale of one over the -lm thickness
is identi-ed. It should be noted that the mis-t dislocation strengthening mechanism is
not present in free-standing unpassivated Au -lms. Therefore, our -ndings constitute
direct evidence of the existence of a strengthening mechanism other than the one aris-
ing from mis-t dislocations. This -nding is consistent with the work by Venkatraman
and Bravman (1992), and reinforces their observations. Another important experimen-
tal result is the limited ductility exhibited by the -lms with strains to failure below
1% for the case of Au. This is attributed to a reduction in the degrees of freedom for
plastic deformation to occur due to -lm texture and the small number of grains through
the thickness, i.e., statistical e'ects associated to the existence of dislocation sources,
associated slip systems, and number of dislocation motion paths. This argument is sup-
ported by the experimental data. In Fig. 6, the stress–strain data for each -lm thickness
and width is plotted as an average of -ve experiments. Vertical bars represent the scat-
ter of the data. Examination of this data reveals that scatter increases with the increase
in thickness, i.e., with increase in plasticity activity within the specimen.

The implication of these -ndings is very important and raises a fundamental ques-
tion, what yield stress should we use in the design of microelectronics and MEMS
devices? Certainly, the importance of -lm deposition technique, substrate and thermal
history has long been recognized to play a key role on -lm mechanical properties.
Here we show that even when substrate and microfabrication processes are maintained
constant, signi-cant size e'ects arise in the absence of macroscopic strain gradients and
passivation layers. We attribute the measured e'ect to material microstructural e'ects,
e.g., texture, grain size, and in particular to the statistics of defects sources. While
the size e'ects here reported are structure dependent, the experimental data captures
the discreteness of plastic events in small volumes of material. It is postulated that
dislocation mechanics in its discrete form can explain the experimental -ndings and
predict the observed structural size scale relationship.

Further investigations on size e'ects should be pursued and a comparison of various
deposition techniques and substrate e'ects on -lm growth identi-ed. In this study, we
have grown gold, copper and aluminum -lms by means of e-beam evaporation on a
Si3N4 -lm. Other possibilities include sputtering, electrodeposition, etc. By varying the
material microstructure systematically, further insight into its e'ects on the size depen-
dent plasticity phenomenon could be obtained. Clearly, extensive -lm microstructure
characterization would be needed to draw meaningful conclusions. Another key feature
that needs further investigation is the e'ect of strain rates. Sakai et al. (1999) found
that at room temperature, nanocrystalline gold with a grain size between 20 and 60 nm
may exhibit creep. All of the tests reported in this work were performed at a strain
rate in the regime of 1:0 × 10−5 s−1 at room temperature.
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The results reported here shed new light on deformation behavior of free-standing
polycrystalline FCC thin -lms in the submicron regime. Analytical and computational
studies are required to better understand the fundamental deformation mechanisms,
particularly the mechanics of dislocation generation, motion, and interactions and the
competition between inter- and intragranular deformation processes. These can be in-
vestigated through (meso) grain simulations including discrete dislocation con-gura-
tions such that the role of lattice-rotation, dislocation-surface, dislocation-dislocation,
dislocation-grain boundary, and dislocation-twin interactions is accounted for. Such
studies will only become meaningful upon availability of a full characterization of the
thin -lm morphology, texture and initial imperfections.
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