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Molecular-Dynamics Analysis of Grain-Boundary Grooving in Interconnect Films
with Underlayers

T. Iwasaki1 and H. Miura1

Abstract: We have developed a molecular-dynamics
technique for investigating migration-induced failures in
interconnect films for ULSIs. This technique was used
to simulate grain-boundary grooving in Al and Cu films.
The simulations showed that the grain-boundary grooves
are formed by atomic diffusion at the grain boundary. To
clarify what kind of underlay material is effective in sup-
pressing this diffusion, we calculated the dependence of
groove depth on the kind of underlay material. The cal-
culation showed that the groove depth of the Al film de-
creases in the order: Al/Ta, Al/W, and Al/TiN while that
of the Cu film decreases in the order: Cu/TiN, Cu/Ta, and
Cu/W. The adhesion strength of interface between the in-
terconnect film and the underlay material increases in the
same order as the groove depth decreases. It is thus con-
cluded that underlayer materials with strong adhesion to
the interconnect films are effective in suppressing diffu-
sion and grain-boundary grooving.

keyword: molecular dynamics, migration, adhesion.

1 Introduction

Migration-induced failure in thin-film interconnects is
one of the major problems to be solved in order to im-
prove device reliability of ULSIs. Such migration is usu-
ally classified as electromigration, stress migration, or
thermal migration. In this study, we focused on ther-
mal migration. Grain-boundary grooving due to diffu-
sion (shown in Fig. 1) is a typical kind of thermal migra-
tion [Kitamura, Ohtani, and Yamanaka (1993)]. Conven-
tionally, titanium nitride and titanium are known to be
commonly used as underlayer materials for preventing
the migration of Al interconnects [for example, Onoda,
Kageyama, and Hashimoto (1995), and Etsabil, Rathore,
and Levine (1991)]. However, such an effective under-
lay material has only been found by experimental trial
and error; there has been no theoretical explanation of
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how the underlayer reduces the diffusion that causes the
groove formation at grain boundaries in thin films. The
authors have therefore developed a molecular-dynamics
technique [Nishimura and Miyazaki (2001), and Li and
Yip (2002)] that simulates grain-boundary grooving and
diffusion in thin films. This technique was used to an-
alyze the effect of underlayers on groove formation and
diffusion. Accordingly, an appropriate underlayer mate-
rial for reducing grain-boundary grooving and diffusion
in interconnect films (Al and Cu) with underlayers (TiN,
W, and Ta) could be found. The relationship between ad-
hesion strength and groove formation was also clarified.

10 nm
underlayer 

interconnect 

film

grain boundary 
Si substrate

grain-boundary grooves 

Figure 1 : Grain-boundary grooves formed at 700 K

2 Model and method of analysis

2.1 Analysis model

A bicrystal interconnect film on a bicrystal underlayer
(Fig. 2) was used to study grain-boundary grooving and
diffusion. Two interconnect materials (Al and Cu) and
three underlayer materials (TiN, W, and Ta) were used.
Both interconnect materials (Al and Cu) have the face-
centered cubic (fcc) structure. Among the three kinds of
underlay materials used, W and Ta have the bcc struc-
ture, and TiN has the NaCl structure. The bicrystal inter-
connect films with the fcc structure contain [001](310)
∑=5 tilt grain boundaries. The bicrystal underlayers
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Figure 2 : Analysis model

with the NaCl structure contain [001](310)∑=5 tilt grain
boundaries while those with the bcc structure contain
[001](210)∑=5 tilt grain boundaries. The top layer of
atoms were free to move while the bottom layer of atoms
were fixed. The periodic boundary conditions were ap-
plied in the x and z directions. The computation cell
has four atomic layers in the z direction. Before we
connected the interconnect film with the underlayer, the
atoms of the interconnect film and the underlayer were
positioned at the bulk lattice points of their bicrystal
phases. The author simulated the rearrangement of the
atoms by connecting the interconnect film with the un-
derlayer.

2.2 Method for analyzing grain-boundary grooving
and diffusion

The basic equation used in the developed simulation
technique is Newton’s equation of motion,

mid2ri/dt2 = ∂UT /∂ri, (1)

wheremi andri are the atomic mass and atomic position
of the i-th atom. Total potential energyUT is given by

UT = ∑i< j u i j +∑ iφi , (2)

whereu i j is the interatomic potential between the i-th
and j-th atoms andφi is the potential energy of the i-th
atom itself. The simulation technique uses the extended
Tersoff-type potential [Yasukawa (1996)]. This poten-
tial function is shown in the Appendix. Equation (1) was
numerically solved by using the Verlet algorithm [Heer-
mann (1989)] with a time-step incrementh of 1.0×10−15

s. The temperature was kept constant by using a scaling
method [Woodcock (1971)].

By simulating the rearrangement of atoms after connect-
ing the interconnect film with the underlayer, we inves-
tigated the groove formation at grain boundaries. The
grain-boundary diffusion coefficient was calculated in
order to investigate the relationship between the diffu-
sion coefficient and the groove formation. The grain-
boundary diffusion coefficientD for the interconnect film
was calculated by using the following Einstein relation:

D = limt→∞D (t), (3)

D(t) =< [r i(t + t0) − r i(t0)]2 >/6t. (4)

Here,ri(t +t0)− ri(t0) represents the displacement of the
i-th atom from timet0 to t + t0. In this study the bracket
<> in Eq. (4) indicates the average over two layers of
atoms near the grain boundary in the interconnect film.
Before we connected the interconnect film with the un-
derlayer, the atoms of the interconnect film and the un-
derlayer were positioned at the bulk lattice points of their
bicrystal phases. After we connected the interconnect
film with the underlayer at Step 1, the potential energy of
the interconnect film varied widely over the earlier time
steps (Fig. 3). To calculate the grain-boundary diffu-
sion coefficient,t0 should be set at some time in equilib-
rium, in which the variation of the potential energy is
small. The system reached equilibrium by step 1,500, as
shown in Fig. 3. We thus sett0 in Eq. (4) to 1,500. Ex-
amples of time evolution ofD(t) in Eq. (4) with this
value oft0 are shown in Fig. 4. Figure 4 shows that
D(t) for the Al/underlayer structure converged by step
8,000. The value ofD(t) at step 8,000 was therefore used
as the grain-boundary diffusion coefficientD. Because
D(t) consists of the mean-square displacement [Eq. (4)],
D describes how easy it is for atoms to move and how
easy it is for grooves to form. Accordingly, the author
investigated what kind of underlay material is effective
for makingD small.
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Figure 3 : Examples of time evolution of potential en-
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Figure 4 : Examples of time evolution of functionD(t)
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Figure 5 : Analysis model of adhesion strength

2.3 Method of adhesion analysis

To clarify the relationship between adhesion strength
and groove formation, we calculated the adhesive frac-
ture energy. We defined the adhesive fracture energy
as the difference between the total potential energy of
the material-connected state and that of the material-
separated state (Fig. 5). The system at Step 8,000, which
was in equilibrium, was used as the material-connected
state. The material-separated state was obtained by elim-
inating the interatomic potentials between the intercon-
nect film and the underlayer in the material-connected
state and by equilibrating each film. Adhesive fracture
energyV is defined as the difference between the total po-
tential energy of the material-connected state and that of
the material-separated state as follows:

V = Σ i< j ui j |separated −Σ i< j ui j |connected

+Σ iφi|separated −Σ iφi|connected . (5)

The first term on the right-hand side of Eq. (5) is the
sum ofui j over all pairs of atoms. On the other hand, the
second term on the right-hand side of Eq. (5) does not in-
clude the sum over pairs of interconnect and underlayer
atoms because the intermaterial interaction between the
interconnect and the underlay materials is not included in
the material-separated state. We calculated the adhesive
fracture energiesV of the interfaces between the intercon-
nect films (Al and Cu) and the underlayers (TiN, W, and
Ta).

3 Analysis results

3.1 Results on grain-boundary grooving and diffu-
sion

The atomic configurations at step 8,000 obtained atT
=700 K are shown in Figs. 6 and 7, which show the
profiles of grain-boundary grooves in Al and Cu films on
underlayers, respectively. The depth of the grooves in the
Al film decreases in the order: Al/Ta, Al/W, and Al/TiN,
while that in the Cu film decreases in the order: Cu/TiN,
Cu/Ta, and Cu/W. The depth for the Al/TiN structure is
the smallest of all. This result is consistent with the fact
that TiN and Ti are commonly used as underlay materi-
als to prevent the migration of Al interconnects [for ex-
ample, Onoda, Kageyama, and Hashimoto (1995), and
Etsabil, Rathore, and Levine (1991)].

The grain-boundary diffusion coefficients of the Al and
Cu films calculated atT =700 K are shown in Figs. 8
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Figure 6 : Groove profiles in Al films on underlayers

Cu/TiN Cu/W Cu/Ta

Figure 7 : Groove progiles in Cu films on underlayers

and 9, respectively. The grain-boundary diffusion coeffi-
cient of the Al film decreases in the order: Al/Ta, Al/W,
and Al/TiN, while that of the Cu film decreases in the or-
der: Cu/TiN, Cu/Ta, and Cu/W. Therefore, it can be said
that the grain-boundary diffusion coefficient decreases in
the same order as the depth of the grain-boundary groove
decreases. This result shows that the groove formation is
caused by grain-boundary diffusion.
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Figure 8 : Grain-boundary diffusion coefficient of Al
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Figure 9 : Grain-boundary diffusion coefficient of Cu

3.2 Results for adhesion strength

The adhesion strength of the Al and Cu films calculated
from molecular dynamics are shown in Figs. 10 and 11,
respectively. The adhesion strength of the Al film in-
creases in the order: Al/Ta, Al/W, and Al/TiN while that
of the Cu film increases in the order: Cu/TiN, Cu/Ta, and
Cu/W. Therefore, it can be said that the adhesion strength
increases in the same order as the depth of the grain-
boundary groove decreases. It is thus considered that
the adhesion strength is related to migration resistance
as well as the grain-boundary diffusion and that using un-
derlay materials with good adhesion to interconnect films
is effective in suppressing grain-boundary grooving.
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Figure 10 : Adhesion strength of Al/underlayer structure
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Figure 11 : Adhesion strength of Cu/underlayer structure

4 Discussions

In this study, grain-boundary grooving in interconnect
films was simulated by using only an atomic-scale
method. Therefore, we were able to handle only par-
tial models for analysis (Fig. 2). To get one step fur-
ther towards understanding the mechanism of migration-
induced failure in thin-film interconnects, we are now
trying to handle whole-device models by using a multi-
scale method [for example, Srivastava and Atluri (2002),
and Ghoniem and Cho (2002)]. In addition, the ef-
fects of mechanical stress on fracture patterns are con-
sidered to be important [for example, Abraham (2000),
Nishimura and Miyazaki (2001), and Wei, Srivastava,
and Cho (2002)]. We are studying the effects of mechan-
ical stress on grain-boundary grooving by applying the
stress to the interconnect films. The results of these stud-
ies will appear in future papers.

5 Summary

We have developed a molecular-dynamics technique for
investigating migration-induced failures in interconnect
films. This technique was used to simulate grain-
boundary grooving in Al and Cu films. These simulations
showed that the grain-boundary grooves were formed by
atomic diffusion at the grain boundary. To clarify what
kind of underlay material is effective in suppressing dif-
fusion, we calculated the dependence of grain-boundary
groove depth on the underlay material. The calculation
showed that the groove depth of the Al film decreases in

the order: Al/Ta, Al/W, and Al/TiN while that of the Cu
film decreases in the order: Cu/TiN, Cu/Ta, and Cu/W.
The adhesion strength of the interface between the inter-
connect film and the underlay material increases in the
same order as the groove depth decreases. It is thus con-
sidered that underlay materials with strong adhesion to
interconnect films are effective in suppressing diffusion
and grain-boundary grooving.
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Appendix

The details of the extended Tersoff-type potentials used
in this study are explained in other works [Yasukawa
(1996)]. We therefore describe only an outline of the po-
tentials. The potential functions are written as follows:

UT = ∑i< j ui j +∑i φi , (6)

φi=[(IEi +AEi)/(2e)]qi+[(IEi −AEi)/(2e2)]q2
i , (7)

ui j = uREPi j +uSHTi j +uIONi j +uV DWi j, (8)

uREPi j = fSi jAi jexp(-λi jri j), (9)

uSHTi j= - fSi jbi jBi jexp(-µi jri j), (10)

uIONi j = fLi jηiηŁqiq j/(4πε0ri j), (11)

uV DWi j= - fLi j(CV DWiCV DWŁ)1/2/r6
i j, (12)

bi j= [1+(βiΣζi jk)ni]−1(2ni), (13)

ζi jk = fSi j exp [µmi
i j (ri j − rik)mi]{1+c2

i /d2
i −c2

i /
[d2

i +(hI-cosθi jk)2]}, (14)

fSi j = fc(ri j, (RSiRS j)1/2 , (SSiSS j)1/2), (15)

fLi j = fc(ri j, (RLiRL j)1/2 , (SsLiSL j)1/2), (16)

fc (r, R , S) =1 (in the case ofR ≥ r), (17)

fc (r, R , S) =1/2+(1/2)cos[π(r−R) /(S−R)]

(in the case ofR<r<S), (18)

fc (r, R , S) =0 (in the case ofr ≥ S), (19)

λi j=(λi +λ j)/2, (20)

µi j=(µi +µ j)/2, (21)

Ai j= (ASiAS j)1/2, (22)

Bi j= (BSiBS j)1/2, (23)

ASi = Aiexp(λiDi), (24)

BSi = Bi[exp(µiDi)][aBi - |bBi(qI −QOi)nBi], (25)

Di = DUi +|bDi(QUi − qi) |nDi, (26)

bDi= (DLi − DUi )1/nDi /(QUi − QLi), (27)

nDi={ln[DUi/((DUi-DLi)]}/{ln[QUi /((QUi-QLi)]}, (28)

bBi =|aBi |1/nBi/∆Qi, (29)

aBi= 1/(1 - |QOi/∆Qi | nBi), (30)

QOi=(QUi +QLi )/2, (31)

and

∆Qi=(QUi −QLi )/2, (32)

whereUT is total potential energy,ui j is the interatomic
potential between the i-th and j-th atoms, andφi is the
potential energy of the i-th atom itself.∑i< j is the sum-
mation over all pairs of atoms,∑i is the summation over
all atoms i, and∑k is the summation over all atoms
k except atoms i and j. The functionsuREPi j, uSHTi j,
uIONi j, anduVDWi j are repulsive energy, short-range en-
ergy, ionic bond energy, and van der Waals energy, re-
spectively. When there is no charge transfer, the terms
uREPi j + uSHTi j in Eq. (8) coincide with the original
Tersoff potential [Tersoff (1989)]. Ande is elementary
charge,π is circular constant,ε0 is the permittivity of the
vacuum,ri j is the distance between atoms i and j,θi jk is
the angle between bonds ij and ik, andq i is the charge of
atom i. Parameter values for Cu, Al, N, Ti, W, and Ta are
listed in Tables 1 and 2. The chargeqi must be redeter-
mined at every time step so thatUT is minimized.
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Cu Al N
A (10−18 J) 128.5 49 584.0
B (10−18 J) 6.92 4.22 60.8
λ (1010/m) 2.83 2.2 5.38
µ (1010/m) 1.412 1.099 2.69
β 0 0 2
n 1 1 1
m 1 1 1
c 0 0 0
d 1 1 1
h 0 0 0
RS (10−10 m) 2.82 3.15 1.537
SS (10−10 m) 3.33 3.72 1.976
RL (10−10 m) 1.1 1.1 1.1
SL (10−10 m) 5.0 5.0 5.0
IE /e (J/C) 7.72 5.98 14.53
AE/e (J/C) 0.90 0.52 0
QL/e -6 -5 -3
QU /e 2 3 5
DL (10−10 m) 1.49 1.61 2.14
DU (10−10 m) -1.12 -1.5 -1.08
nB 10 10 10
η 1 1 1
CV DW (Jm6) 0 0 0

Table 1 : Parameters for low-melting-point materials

Ti W Ta
A (10−18 J) 90.4 740.0 252.0
B (10−18 J) 6.86 26.5 14.8
λ (1010/m) 2.26 2.94 2.468
µ (1010/m) 1.127 1.467 1.234
β 0 0 0
n 1 1 1
m 1 1 1
c 0 0 0
d 1 1 1
h 0 0 0
RS (10−10 m) 3.16 3.56 3.72
SS (10−10 m) 3.74 4.11 4.29
RL (10−10 m) 1.1 1.1 1.1
SL (10−10 m) 5.0 5.0 5.0
IE/e (J/C) 6.82 7.98 7.88
AE/e (J/C) 1.24 0 0
QL/e -4 -2 -3
QU /e 4 6 5
DL (10−10 m) 1.58 1.59 1.60
DU (10−10 m) -1.44 -1.46 -1.47
nB 10 10 10
η 1 1 1
CVDW (Jm6) 0 0 0

Table 2 : Parameters for high-melting-point materials




