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Abstract

Grain-boundary grooving in an Al thin film was analyzed by molecular-dynamics
simulation. The simulation result showed that the groove was formed by atom
transport due to diffusion at the intersection of the grain-boundary and free surface.
The effect of impurity on groove formation was analyzed in terms of atomic radius
and bond energy. It was found that when the atomic radius of an impurity is
smaller than that of Al and when Alimpurity bond energy is close to AVAl bond
energy, groove formation is prevented due to the suppression of the diffusion. This
diffusion suppression is caused by large cohesive energy and small interatomic
distance.

1. Introduction

The problem of migration-induced open failures in thin-film interconnects is one of
the major problems to be solved in order to improve product reliability of ULSIs. The
migration is caused not only by an electrical field but also by the gradient of a
mechanical-stress field. Grain-boundary grooving due to diffusion is a dominant
factor in the migration [1], [2]. Conventionally, impurity doping, such as Cu doping
into Al films [3], [4], is known to be an effective method for preventing the diffusion
of the principal-element atoms of thin films (Al atoms, for example). However, such
an effective impurity element has been found only by experimental trial and error.
There has been no theoretical explanation of how the impurity reduces the diffusion
that causes the transport of the principal-element atoms of thin films. The authors
have therefore developed a molecular-dynamics simulation technique that analyzes
grain-boundary grooving and diffusion in thin films. The effect of impurity on groove
formation and diffusion was investigated using this simulation technique.

2. Analysis Method

The basic equations used in our simulation technique are Newton’s well known
equation of motion, given as
md2ri/de2=—8 S u(lr.i—ril)/9r, ceocrerrieenens (1)
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where m; is the atomic mass of the i-th atom and u(| r,— rj|) is interatomic potential
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between the i-th and j-th atoms located at ry and r;, respectively. In this paper, this
potential is written as the Morse type potential:

u(ry)=— tmn {exp[—2b (ry—2 ro)] —2exp[—b (ry=2rm)]}. *****" (2)

Here, umm, a, and b are listed in reference (5. (e.g., for Al, umi =— 19.1149X 10 21 d,
rm =0.143247 nm, and b=23.53643 nm !; for Cu, &mn =—928.8382X10 2 J, rm
=0.128532 nm, and b =23.27429 nm ). The equations were numerically solved by
using the Verlet algorithm [6] with the time step increment h=3.0X10 ¥s.

An Al thin film with a grain boundary was used as a computation model (Fig. 1). In
the simulation, atoms at the top surface were free to move while those in the bottom
layer were fixed. By heating the Al thin film to 600 K, we simulated grain-boundary
grooving,.

To investigate the relationship between diffusion and grain-boundary grooving, we
divided the computation model into Regions B, G, 5, and C (Fig. 2), and calculated
the corresponding diffusion coefficients Ds, D, Ds, and De. Regions B, G, and S
represent bulk, the grain boundary, and free surface, respectively. Region C
represents the intersection of the grain boundary and surface. When there are no
impurity atoms, we obtained the following diffusion coefficients: Dp=0.0028X10719
m2/s, Dg=0.024 X 1071° m%s, Ds=0.32X107'® m?s, and Dc=4.6X10" 19 m?/s. Because
diffusion in Region C was dominant, we focused on Dc and positioned an impurity
atom at the center of Region C.

3. Analysis Results

Typical simulation results are shown for three conditions: with no impurity, with a
Cu atom, and with a Cr atom. For each condition the system reached equilibrium at
about Step 200,000. We show the atomic configurations at Step 210,000 in Figs. 3 (a),
(), and (c). When there were no impurity atoms, atom transport occurred at the
intersection of the grain boundary and the free surface, and a groove about 1 nm
deep was formed as shown in Fig. 3 (2). When a Cu atom was present, the groove
formation was prevented (Fig. 3 (b)). On the other hand, when a Cr atom was
present, groove formation was activated (Iig. 3 (c)).

To clarify what kind of impurity is useful for preventing the grain-boundary groove
formation, we used another four kinds of impurities (Mg, Au, Zn, and Zr) as well as
virtual impurities whose atomic radius and bond energy can be varied. The
interatomic potential between a virtual impurity atom and an Al atom was assumed
to be represented by the Morse-type potential (i.e., eqn. (1)). By varying atomic
radius (rm /2) and bond energy (| umnl|), we investigated how the groove depth
depends on the atomic radius and bond energy. The result is shown in Fig. 4. This
figure shows that when the atomic radius of an impurity is smaller than that of Al
and when the Al/impurity bond energy is close to the AIVAl bond energy, the groove
depth is reduced. The dark area shows the region of impurity that reduces the groove
depth by 50%. Copper is the most useful impurity in preventing groove formation in
Al films, and this result is consistent with the published experimental resuits (3], [4].
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Figure 1: Computation model. Figure 2: Regions C, S, G and B.
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(b) With a Cu atom
Figure 3: Grain-boundary groove in an Al film.
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Figure 4: Impurity effect on the groove Figure 5: Impurity cffect on the difqu}on
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Thus our simulation technique is useful for finding effective impurities which
prevent the grain-boundary groove formation, i.e., migration-induced failure.

To investigate the relationship between groove formation and diffusion, we
caleulated the dominant diffusion coefficient, Dc. The result for the impurity effect
on Dc is shown in Fig. 5. The pattern of contour lines for Dc, shown in Fig. 5, fits
that for the groove depth (Fig. 4). So it was found that the suppression of diffusion in
Region C is the key to preventing groove formation. The dark areas in Figs. 4 and 5
show that to reduce the groove depth by 50%, we must also reduce Dc by 50%. The
dominant factors of diffusion in Region C are considered to be the averaged cohesive
energy (U ), which describes the energy needed to break a bond between Al atoms in
Region C, and the averaged interatomic distance (d), which shows how easily Al
atoms move. So we investigated the impurity effect on these factors. The effect of
impurity on Uis shown in Fig. 6. When Al/impurity bond energy is close to AVAI
bond energy, U is large, which means that bonds between Al atoms are not easily
broken. The effect of impurity on dis shown in Fig. 7. When the atomic radius of an
impurity is smaller than that of Al, dis small, which means that it is difficult for Al
atoms to move. The dark areas in Figs. 5, 6, and 7 show that to reduce Dc by 50%,
the cohesive energy and the interatomic distance must satisfy U/Ua>0.6 and
d/da<0.98, where Un and da are values in the absence of impurity.

4. Summary

We developed a molecular-dynamics simulation technique that analyzes grain
boundary grooving and diffusion in a thin film, and we applied this technique to an
Al thin film. The simulation results showed that a groove was formed due to
diffusion at the intersection of the grain boundary and the free surface. The effect of
impurity on groove formation and diffusion was analyzed in terms of atomic radius
and bond energy. It was found that when the atomic radius of an impurity is smaller
than that of Al and Alimpurity bond energy is close to AVAl bond energy, groove
formation is prevented due to the suppression of the diffusion. This diffusion
suppression is caused by large cohesive energy and small interatomic distance.
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