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ABSTRACT

We present a Kinetic Lattice Monte Carlo (KLMC)
model, which describes deposition, surface self-diffusion,
nucleation, and film growth on fcc metal substrates. The
activation energies for diffusion are calculated using
embedded-atom method (EAM). Using this model, we
determine the relative growth rates of (100), (110) and
(111) facets as a function of substrate temperature,
deposition rate and facet size.
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INTRODUCTION

As devices are scaled down to deep submicron
dimensions, the switching speed and power consumption
are becoming increasingly dependent on interconnection
performance. The requirements in metallization are
becoming increasingly strict in terms of performance and
reliability. Thus, the need to gain control over the
microstructures of interconnect materials, which affect
properties and performance, is becoming more important.
Currently, the semiconductor industry is moving towards
using copper interconnect lines due to their decreased
resistivity and increased resistance to electromigration. The
crystallographic texture of Cu thin films has been
examined and was found to have a more complex behavior
than that of Al-Cu. (111), (100), and (110) oriented grains
are frequently observed [1]. Experiments by Ryu et. al.
have shown that the electromigration lifetime of (111)
textured Cu films is about 4 times longer than that of (100)
textured Cu films [2]. Also, texture transformation and
abnormal grain growth occur during annealing of Cu
films[3,4]. In addition, as the aspect ratio increases, side-

walls play an important role in determining the grain
orientations and thus increases the complexity of texturing.
Therefore, the semiconductor industry is interested in
methods to control interconnect microstructures. It would
be extremely useful to be able to predict the microstructure
of polycrystalline thin films as a function of their
deposition conditions.

In this paper we present an atomic Kinetic Lattice
Monte Carlo (KLMC) model, which describes deposition,
surface self-diffusion, nucleation, and film growth on fcc
metal substrates. The inputs of the KLMC model, namely
the activation energies for diffusion, are calculated by
using the simple embedded-atom method (EAM). Using
this model, we determine the relative growth rates of Cu
(100), (110) and (111) facets as a function of substrate
temperature, deposition rate and facet size.

EMBEDDED-ATOM METHOD

The activation energies calculated by using EAM are in
reasonable agreement with experimental data [5]. It is clear
that the preferred diffusion mechanism for single adatoms
on Cu (100) surface is by simple hopping, not exchange
mechanism, which is in agreement with the DFT
calculations [6]. The activation energy of a ledge adatom
diffusing along the <110> ledge is 0.26eV, which is much
less than that of single adatoms on terrace (0.5eV). For an
adatom jumping down a descending <110> step, the
exchange mechanism has an activation energy of 0.53eV,
which is about 0.3eV less than the activation energy for
simple hopping. This indicates that the Ehrlich-Schwoebel
barrier is small. The activation energy for a dimer to diffuse
on a terrace is 0.47eV, which is comparable to that of single
adatom. The calculated diffusion activation energies for
these diffusion events are listed in Table I.

Table I Diffusion activation energies (eV) for Cu on Cu
EAM Cu (100) DFT[6] Cu (100) EAM Cu (110)

Diffusion Process
Hopping Exchange Hopping Exchange  ⊥

EAM Cu
(111)

Adatom 0.50 0.75 0.52 0.96 0.23 0.30 0.026
Dimer 0.47 0.74 0.49 0.79 - - 0.1

Along <110> ledge 0.26 - - - - - -
E-S barrier 0.80 0.53 - - - - -

Ledge → terrace 0.84 - - - - - -



The calculated activation energies for single adatom
diffusion between facets are illustrated in Figure 1. An
exchange mechanism is preferred for all inter-facet
diffusions. The Cu(111) surface has the weakest binding for
an adatom because there are only 3 nearest neighbors in the
plane below the adatom, while there are 5 for a (110)
adatom and 4 for a (100) adatom. So, the atoms that land on
a higher energy facet will tend to diffuse toward lower
energy facets. This process is energetically favored, but
need to overcome an energy barrier kinetically, as shown in
Figure 1.

KLMC MODEL

In our KLMC model [7], only a specific set of events is
allowed to occur, and the rate of each of those events is
carefully chosen. The diffusion rate of a diffusion event is

given by an Arrhenius expression, TkE BAeR /
0

−Γ= ,

where, Γ0 is a prefactor related to the vibrational frequency,
typically of the order of 1012 Hz, EA is the diffusion
activation enthalpy, kB is Bolzmann constant, T is the
absolute temperature. We use EAM results (EA) as input to
calculate the diffusion rates of the events allowed in our
model. We determine the possible diffusion events by
including low-diffusion-barrier events and ignoring high-
diffusion-barrier events [7]. Based on our EAM
calculations of the Cu(100) surface, the adatom diffusion
along ledge, single adatom diffusion on flat terrace, dimer
diffusion on flat terrace and single adatom diffusion across
descending <110> steps are allowed explicitly in our
simulation.

To quantify how important facet-to-facet diffusion is,
we carried out a series of simulations for Cu deposition

onto a Cu (100) surface by removing the boundary
conditions at the edge of the conventional simulation lattice
and allowing the adatoms to diffuse across the edge to
“other facets”. Once an adatom diffuses across the edge, it
is removed from the simulation and counted as an atom on
the other facet. We also partially include the effect of
correlation, in that for every atom that attempts to jump to
an adjacent facet, we determine the probability that on its
next jump it will jump back.

We carried out these simulations for a variety of
conditions, including variations in the temperature,
deposition rate, facet orientation, and facet size. A typical
simulated film morphology is shown in Figure 2. Figure 3
shows the effect of facet size on the net percentage (flux) of
atoms landing on (100) facet that diffuse to (110) facet,
which yields the relative facet growth rate [7]. Clearly the
effect of diffusion from one facet to another is important for
small islands, which makes sense since more of the atoms
are closer to the other facets. Similar behavior is also
observed for diffusion from (100) facets to (111) facets, as
shown in Figure 4, but the absolute value is much smaller
due to the higher activation energies. Figure 4 also shows
an example of the temperature dependence of the net
percentage. The atom flux from (100) to (111) facet
increases as temperature increases. Similar trends have
been observed for atom flux from (100) to (110) facet as
shown in Figure 5. The deposition rate also has some effect.
As shown in Figure 6, the atom fluxes decrease when the
deposition rate increases. Increasing the deposition rate
increases the number of adatoms on the facet. Therefore,
the adatoms are more likely to collide with each other, stick
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Figure 1. Activation energy for an adatom to diffuse on
a flat facet and between facets.

Figure 2. A typical Cu (100) surface



together and become immobile, thus reducing the
probability of diffusing across the facets. From the KLMC
simulation, we can get the facet growth rates semi-
quantitatively, and coupling that with an idiomorphic and
geometric analysis [7], we can give a reasonable prediction
of the microstructural evolution of Cu films.

CONCLUSIONS

In present work, we use the EAM method to calculate
the activation energies of some important diffusion events
on Cu surfaces in a system with thousands of atoms, and
then input the activation energies into our KLMC model to
simulate facet growth rate on a submicron scale.
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Figure 5.  Percentage of atoms landing on
(100) facet that diffuse to adjacent (110)
facets as a function of temperature, the
deposition rate is 200monolayer/sec, facet size
is 12.8nm.0.0
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Figure 3.  Percentage of atoms landing on
(100) facet that diffuse to adjacent (110)
facets as a function of facet size.
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Figure 4.  Percentage of atoms landing on
(100) facet that diffuse to adjacent (110)
facets as a function of facet size at
different temperatures.
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Figure 6.  Percentage of atoms landing on
(100) facet that diffuse to adjacent (110) and
(111) facets as a function of deposition rate,
the temperature is 300K, facet size is 12.8nm.
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