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ABSTRACT

Strength and shear modulus of several polycrystalline
copper systems were calculated with the molecular dy-
namics method and e�ective-medium potential. Grain
size varied between 2{10nm and systems were sheared
beyond the yield point at room temperature. An inverse
Hall-Petch behavior was seen: the strength decreased
with decreasing grain size. Similar behavior was seen
for the shear modulus. These were caused by the grain
boundaries, which allow sliding and have low elastic con-
stants. Comparison with tensile strength from another
simulation shows that the Von Mises failure criterion
holds quite well even at these length scales.

To further study the properties of interconnections,
copper-tantalum interface was studied with an embed-
ded atom alloy model. Preliminary results show that
the properties of the interface are very sensitive to its
microstructure and failure may occur there.
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1 INTRODUCTION

Properties and processing of copper have received a
lot of interest among electronics community mainly be-
cause of its low electrical resistance. Packages used in
electronic devices consist of materials that have di�er-
ent coeÆcients of thermal expansion (CTE) and thermal
stress is induced in them when temperature changes,
as depicted in Fig. 1(a). As packages become smaller,
stress and failure mechanisms can not be accurately an-
alyzed with continuum models, and atomistic molecu-
lar dynamics (MD) methods must be used instead, even
though the time and size scales that can be studied with
MD are very limited. The accuracy of such a simu-
lation crucially depends on the potential. Large scale
simulations can not be performed with ab initio type
potentials, and one must rely on semi-empirical poten-
tials. For many metals, e.g. copper, potentials based on
the embedded atom method (EAM) [1] or the e�ective
medium theory (EMT) [2] work well.

In this paper we concentrate on two subjects: the
e�ect of grain size on the shear strength of small scale
copper at room temperature (300K) and the strength
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Figure 1: (a) When temperature changes shear strain is
induced in an interconnection between two parts with
di�erent CTEs. Polycrystalline copper system with pe-
riodic (b) and free (c) boundaries. Crystal orientations
for each grain are randomly selected.

of a copper-tantalum interface. As a means MD with
either EMT or EAM potential is used.

Nanocrystalline copper under tensile stress has been
studied by Schi�tz et al. [3]{[5]. They studied tensile
strength of polycrystalline copper at a very low tem-
perature and later extended the simulations to higher
temperatures and various strain rates. However, the
loading mode was always tensile even though shear is
much more interesting from the interconnection point of
view. In addition, Van Swygenhoven et al. [6] studied
nanocrystalline copper when they compared its proper-
ties to nickel, but also they studied only tensile loading.

Apart from polycrystalline structure, strength of a
copper connection is a�ected by the interface between
the copper connection and the component. As copper
di�uses easily into silicon, a barrier layer is needed. It
seems that tantalum is used most often, even if many
other metals are also suitable [7]. Often the interfaces
and other disordered parts of the system are the weakest
spots [8] and therefore their role needs to be analyzed.

2 MODEL

In case of polycrystalline copper the interaction be-
tween copper atoms is described by the e�ective-medium
theory (EMT) [2]. This potential was used by Schi�tz
et al. [3]{[5], and therefore the comparison can easily be
made. However, alloys are much more easily described
in context of embedded-atom method, and it is used in
the interface calculations. The many atom nature of
metallic cohesion is crucial in describing the mechanical
properties of metals, which is a point where these many
atom potentials have a clear advantage over the classi-



cal pair potentials. The central idea in both potentials
is to embed the positive ion into electron gas, which is
formed by the free electrons of the metal atoms.

These potentials work best near equilibrium, but far
from equilibrium problems may rise due to the �nite
range and the way the potentials are cut [9]. Here we
cut the potentials smoothly between third and fourth
nearest neighbors of ideal copper. The EMT model
can accurately reproduce many properties of copper,
such as the staking-fault energy and elastic constants,
cf. [9] and references therein for details. In case of
EAM, the potential is cut quite rapidly, since the cut-
o� distance must be less than 3rd neighbor distance in
ideal tantalum. For the EAM potentials we refer to
[10] and [11]. However, both the potentials were cut
as proposed in [11]. Thus, some of the properties of the
model copper are slightly di�erent from [10]. The elastic
constants (T=0K and T=300K), intrinsic stacking-fault
energy, CTE, and minimum energy con�guration were
compared with available experimental data, and the re-
sults were very good.

3 RESULTS AND DISCUSSION

The shear strength was studied by shearing the sys-
tem beyond the yield point. This was done by �xing
the locations of the atoms at the topmost and bottom-
most boundaries and by moving them in the x direction
with a slow strain rate, about 100%/ns unless otherwise
speci�ed. This strain rate is in between the limits pro-
posed for copper in [12] and in a previous study [13] this
was found to be suÆciently low a rate to study system
strength.

During the shear test temperature was controlled
with a Nos�e-Hoover thermostat that was smoothly in
connection with the boundaries of the system as dis-
cussed in [14]. Thus the dynamics in the middle part
of the system were purely Newtonian and based on the
potential.

3.1 Polycrystals

Both periodic and free boundary conditions were used,
as shown in Figs. 1(b) and (c), respectively. The height
of the system was 13nm and the cross sectional area
(circular or square with free or periodic boundaries, re-
spectively) was 13nm2, which totals in approximately
210 000 atoms.

The polycrystalline microstructure was generated by
performing the Voronoi partition, as in [3] and [6]. The
location and crystal orientation for each grain was se-
lected randomly, though such that two grains were lo-
cated at least �ve lattice constants from each other. For
each grain, the space closer to that grain than to any
other grain was �lled with an FCC structure. Initially
the system was thermalized to equilibrium at tempera-
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Figure 2: Strength of polycrystalline copper as func-
tion of inverse square root of grain size. The vertical
lines indicate the minimum, maximum and average val-
ues taken from six simulations. The lines pointing to
left (right) correspond to free (periodic) boundaries.

ture T = 300K to allow unfavorable con�gurations near
grain boundaries to relax.

The volume of the system was about 
 =2 300(nm)3

and it was divided into NG=1, 10, 25, 50, 100, or 200
grains. This corresponds to grain sizes lG=13, 6.1, 4.5,
3.6, 2.8, 2.3, and 1.8nm, respectively, where lG=(
=NG)

1=3

is a measure of average grain size. In practice copper
systems with grain size down to 4nm can be produced
by means of inert gas condensation [15]. Other methods
to produce �ne grained metals are discussed e.g. in [16].

The shear modulus and strength of the systems were
studied. As a measure of strength, the maximum stress
is used. In addition to maximum stress, Schi�tz et al.

[3] calculated the yield stress from the point where the
stress as function of strain deviated from linearity. How-
ever, the stress behavior of room temperature EMT cop-
per is nonlinear already before any plastic deformation
takes place and deviations due to �nite temperature
make this approach very complicated. Therefore the
maximum stress is used to characterize strength. For
a given grain size, six systems were studied (locations
and orientations of grains were selected randomly) with
both periodic and free boundaries.

Fig. 2 shows the strength of the system as function
of inverse square root of grain size. It is seen that the
strength decreases almost linearly as function of lG

�1=2.
Thus the strength of copper under shear behaves in a
similar way to the strength under tension [3]. In ad-
dition, the quantitative results are quite close after the
application of the Von Mises failure criterion [17]. As
an example, Schi�tz et al. [4], [5] obtained the tensile
strength 1.9GPa for the grain size lG=5.2nm. In our
systems this would correspond to about 20 grains, and
thus the value they obtained is about one quarter lower
than what might be expected (

p
3�1.6GPa=2.7GPa, cf.

Fig. 3). However, their strain rate was only 50% in ns.
To �nd out whether the above discrepancy is due to dif-
ferent strain rate we tested the dependence of strength
on strain rate and studied systems with NG=10, 25, and



20 40 60 80 100 120
1

1.2

1.4

1.6

1.8

2

Strain rate (%/ns)

S
tr

en
gt

h 
(G

P
a)

Figure 3: Strength of polycrystalline copper as function
of strain rate and grain size. The system with periodic
(solid line) or free (dotted line) boundaries consist of 10
(o), 25 (+) or 50 (x) grains.

50. Shown in Fig. 3 is the strength as function of grain
size and strain rate. It is seen that the strength is not
heavily dependent on strain rate, and the strain rate can
not explain the di�erence of the results. Thus it is seen
that above failure criterion can be used only approxi-
mately to relate the tensile and shear strengths of the
systems. However, it is important to realize the weaken-
ing of the system with decreasing grain size, even under
shear deformation.

In addition to strength, the modulus of the system
decreases when the grain size decreases. The depen-
dence was nearly linear as function of lG

�1 and the shear
modulus of systems with lG=1.8{6.1nm, ranged between
18{38GPa or 25{45GPa with free and periodic bound-
aries, respectively. A low value for the Young's modulus
of nanocrystalline copper has been experimentally mea-
sured [15], 36{45GPa for grain sizes 50nm or 25nm as
compared to 130GPa for large grained copper. Follow-
ing linear elasticity this would imply a shear modulus of
13{17GPa for nanocrystalline copper. Thus the values
of the shear moduli are in good agreement.

The modulus decreases because the modulus of the
grain boundaries has been shown to be much smaller
than that of bulk copper [3], [14], [18], particularly the
shear modulus parallel to grain boundaries seems to de-
crease very much [19]. Furthermore, in a system with
small grains, the grain boundaries occupy a large frac-
tion of the total volume and thus have a strong con-
tribution to the properties of the whole system. The
di�erence of the modulus of the grain boundary as com-
pared to the modulus of the bulk may rise from nonlin-
ear elastic behavior and the fact, that the grain bound-
aries themselves are strained as compared to bulk [18],
[20].

After the yield point most plastic deformation is ac-
cumulated at the grain boundaries. One way to char-
acterize the deformation is to study the rotation of the
grains as a function of external strain [5]. This is shown
in Fig. 4. For each grain the rotation of the basis vec-
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Figure 4: Average rotation of grains around z-axis
(dashed), its numerical slope (dash-dot), relative er-
ror (standard deviation per average, dotted), and shear
stress (solid line) as function of shear strain in a system
with free boundaries. Initially there is almost a one to
one correspondence between the angle and strain. When
the system yields, further deformation results in smaller
grain rotations than in the elastic case.

tors of the lattice, around z and x-axis, is calculated as
function of external strain, and the rotation around z
axis is shown. Initially the average rotation equals the
strain, as in the elastic case should be. The slope is very
close to one for strains less than about 2%, as seen from
Fig. 4. Later when the system starts to plastically de-
form, the slope decreases to about one third, i.e. some
of the total deformation takes place without grain rota-
tion. This bears evidence of grain boundary sliding in
the systems.

3.2 Interface

The copper-tantalum interface was generated by de-
positing copper atoms on an ideal BCC tantalum block
at T=300K, as depicted in Fig. 5(a). The initial tanta-
lum system consisted of 40000 atoms, and 60000 copper
atoms were deposited on it in 40ps. The system formed
in this way is a cube with an edge of about 110�A. Af-
ter the system was generated, it was thermalized closer
to equilibrium for another 40ps. Di�usion of Ta into
Cu or vice versa was minimal, even though the heat of
formation of the binary alloy is negative. Three di�er-
ent systems were generated: The plane of the interface
corresponded to the (100), (110), or (111) plane of the
tantalum system. The systems were sheared, as shown
in Fig. 5(b) to �nd out where the failure starts, and is
the system signi�cantly weaker than a pure Cu system.

As the elastic constants of Ta are much larger than
those of Cu, the strain in Ta is much smaller than in Cu.
Furthermore, since the yield stress of ideal BCC tanta-
lum with the above crystal orientations and at T=300K
ranges between 3.6{16GPa, failure did not occur in Ta.
The location of failure depended on the system. It oc-
cured in pure copper in two of the systems (the plane of
the interface was (100) and (111), stress about 500MPa),
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Figure 5: (a) Deposition of copper atoms on a tantalum
sheet at room temperature, with periodic boundaries.
(b) Shear test of the interface.

and at the interface in one (interface (110), stress about
250MPa). Cohesion at the interface seems to explain
these di�erences. In the system that failed at the inter-
face the electron density for copper atoms next to the
interface was signi�cantly lower than in other systems.
Thus the cohesive forces were smaller, and sliding along
the interface took place. Di�erent cohesive forces are
due to di�erent microstructures. Thus it is seen that
the crystal orientations at the boundaries have signi�-
cant e�ect on the strength of the interface.

4 SUMMARY

We have studied the e�ects of polycrystalline mi-
crostructure on the strength of nanoscale copper sys-
tems under shear deformation. The results are very sim-
ilar to those observed by Schi�tz et al. despite the di�er-
ent loading mode. The strength decreased as the grain
size decreased. This is qualitatively in agreement with
tensile simulations. Furthermore the value of strength
was in quite good agreement when the factor

p
3 due

to the Von Mises failure criterion was applied. Most
of plastic deformation took place in the form of grain
boundary sliding. The interface between copper and
tantalum may be the weakest spot in the system. How-
ever, the strength of the interface depends heavily on the
cohesive forces which further depend on the microstruc-
ture of the interface.

It seems that the mechanical properties, particularly
the strength, of a nanoscale copper connection depend
crucially on the microstructure and interface. While the
interface can be the weakest spot, the strength of the
connection itself decreases as the grain size decreases.
However, when optimizing the strength of such nanoscale
copper systems, one has to bear in mind that the proper-
ties of crystals that consist of only a few crystallites are
heavily dependent on the crystal orientations of the crys-
tallites and loading. These issues a�ect also the strength
of a copper-tantalum interface and need therefore to be
studied in more detail in the future.
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