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

T. Iwasakil and H. Miural

Abstract:  We have developed a molecular-dynamid¢sow the underlayer reduces the diffusion that causes the
technique for investigating migration-induced failures igroove formation at grain boundaries in thin films. The
interconnect films for ULSIs. This technique was usealthors have therefore developed a molecular-dynamics
to simulate grain-boundary grooving in Al and Cu filmstechnique [Nishimura and Miyazaki (2001), and Li and
The simulations showed that the grain-boundary grooveém (2002)] that simulates grain-boundary grooving and
are formed by atomic diffusion at the grain boundary. Tiffusion in thin films. This technique was used to an-
clarify what kind of underlay material is effective in supalyze the effect of underlayers on groove formation and
pressing this diffusion, we calculated the dependencediffusion. Accordingly, an appropriate underlayer mate-
groove depth on the kind of underlay material. The caial for reducing grain-boundary grooving and diffusion
culation showed that the groove depth of the Al film dan interconnect films (Al and Cu) with underlayers (TiN,
creases in the order: Al/Ta, Al/W, and Al/TiN while thaW, and Ta) could be found. The relationship between ad-
of the Cu film decreases in the order: Cu/TiN, Cu/Ta, ahesion strength and groove formation was also clarified.
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- ginhoundacaaonyes

cluded that underlayer materials with strong adhesion to ;

) . o : : N ~— N interconnect
the interconnect films are effective in suppressing dlfful-o am ‘ - . film
sion and grain-boundary grooving. I V | underlayer

keyword: molecular dynamics, migration, adhesion. —  §i substrate

grain boundary
1 Introduction

Migration-induced failure in thin-film interconnects is Figure1: Grain-boundary grooves formed at 700 K
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, Sr
thermal migration. In this study, we focused on thei-
mal migration. Grain-boundary grooving due to diffu2.1  Analysis model

sion (shown in Fig. 1) is a typical kind of thermal migra- _ . )

tion [Kitamura, Ohtani, and Yamanaka (1993)]. Conveﬁ__blcrystal interconnect film on a bicrystal unde_rlayer
tionally, titanium nitride and titanium are known to bdFig- 2) was used to study grain-boundary grooving and
commonly used as underlayer materials for preventifffusion. Two interconnect materials (Al and Cu) and
the migration of Al interconnects [for example, Onoddfrée underlayer materials (TiN, W, and Ta) were used.
Kageyama, and Hashimoto (1995), and Etsabil, Ratho?@,th mtercon_nect materials (Al and Cu) have thg face-
and Levine (1991)]. However, such an effective unddentered cubic _(fcc) structure. Among the three kinds of
lay material has only been found by experimental trigfderlay materials used, W and Ta have the bcc struc-

and error; there has been no theoretical explanationtéfé; and TiN has the NaCl structure. The bicrystal inter-
connect films with the fcc structure contain [001](310)

LHitachi, Ltd., Tsuchiura, Ibaraki, Japan >=5 tilt grain boundaries. The bicrystal underlayers
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grain boundary Ur=3icjuij+yia, 2

whereu j; is the interatomic potential between the i-th
and j-th atoms angy 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 increméndf 1.0x1071°

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 coefficierd for the interconnect film
was calculated by using the following Einstein relation:

interconnect film

grain boundary  ynderlayer

equilibrium state

D = lim_«D (t), €))

1 2
Figure 2 : Analysis model D) =<TIri(t+t) ~ri(to)]” >/6t “)

Here,ri(t+to) — ri(to) represents the displacement of the
i-th atom from timetg to t +tg. In this study the bracket
with the NaCl structure contain [001](31§)=5tiltgrain <> in Eq. (4) indicates the average over two layers of
boundaries while those with the bcc structure contaéiloms near the grain boundary in the interconnect film.
[001](210) y =5 tilt grain boundaries. The top layer ofBefore we connected the interconnect film with the un-
atoms were free to move while the bottom layer of atoragrlayer, the atoms of the interconnect film and the un-
were fixed. The periodic boundary conditions were agerlayer were positioned at the bulk lattice points of their
plied in thex and z directions. The computation cellbicrystal phases. After we connected the interconnect
has four atomic layers in the z direction. Before WEim with the underlayer at Step 1, the potential energy of
connected the interconnect film with the underlayer, tiige interconnect film varied widely over the earlier time
atoms of the interconnect film and the underlayer wesgeps (Fig. 3). To calculate the grain-boundary diffu-
positioned at the bulk lattice points of their bicrystadion coefficienty should be set at some time in equilib-
phases. The author simulated the rearrangement of f§@n, in which the variation of the potential energy is
atoms by connecting the interconnect film with the ugmall. The system reached equilibrium by step 1,500, as
derlayer. shown in Fig. 3. We thus séj in Eq. (4) to 1,500. Ex-
_ , _ amples of time evolution ob(t) in Eq. (4) with this
2.2 Meth(_)d fgr analyzing grain-boundary grooving value ofy are shown in Fig. 4. Figure 4 shows that
and diffusion D(t) for the Al/lunderlayer structure converged by step

The basic equation used in the developed simulati§00. The value @(t) at step 8,000 was therefore used

technique is Newton’s equation of motion, as the grain-boundary diffusion coefficiebt Because
D(t) consists of the mean-square displacement [Eq. (4)],
myd?r; /dt? = 0Ur/ar;, (1) D describes how easy it is for atoms to move and how

easy it is for grooves to form. Accordingly, the author
wherem;, andr; are the atomic mass and atomic positidnvestigated what kind of underlay material is effective
of the i-th atom. Total potential enerdyyr is given by  for makingD small.
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Figure5: 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
energyis 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=23 ijUij |separated —Zi<jUij |connected
+ 2 i@ separated — Z i |connected- (5)

The first term on the right-hand side of Eq. (5) is the
sum ofu;; 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 nhotincluded in
the material-separated state. We calculated the adhesive
fracture energieg of the interfaces between the intercon-
nect films (Al and Cu) and the underlayers (TiN, W, and
Ta).

3 Analysisresults

3.1 Results on grain-boundary grooving and diffu-
sion

The atomic configurations at step 8,000 obtained at
=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 AI/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 aT =700 K are shown in Figs. 8
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Figure9: Grain-boundary diffusion coefficient of Cu

3.2 Resultsfor adhesion strength

Figure 7 : Groove progiles in Cu films on underlayers 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-

and 9, respectively. The grain-boundary diffusion coeffi'eases in the order: Al/Ta, Al/W, and Al/TiN while that
cient of the Al film decreases in the order: Al/Ta, Al/wof the Cu film increases in the order: Cu/TiN, Cu/Ta, and
and Al/TiN, while that of the Cu film decreases in the ofCU/W. Therefore, it can be said that the adhesion strength
der: Cu/TiN, Cu/Ta, and Cu/W. Therefore, it can be saidcreases in the same order as the depth of the grain-
that the grain-boundary diffusion coefficient decreasesigundary groove decreases. It is thus considered that
the same order as the depth of the grain-boundary gro#e adhesion strength is related to migration resistance

decreases. This result shows that the groove formatio@fswell as the grain-boundary diffusion and that using un-
caused by grain-boundary diffusion. derlay materials with good adhesion to interconnect films

is effective in suppressing grain-boundary grooving.
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Figure 8 : Grain-boundary diffusion coefficient of Al

Figure 10 : Adhesion strength of Al/lunderlayer structure
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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-

E

-

~

> 0.4 connect film and the underlay material increases in the
%0 03l same order as the groove depth decreases. It is thus con-
g sidered that underlay materials with strong adhesion to
2 02l interconnect films are effective in suppressing diffusion
g and grain-boundary grooving.
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Appendix .
PP Di = Du; +[boi(Qui — &) |, (26)
The details of the extended Tersoff-type potentials used _
in this study are explained in other works [Yasukaw@pi= (Dui — Dui )¥"™® /(Qui — Qui), (27)

(1996)]. We therefore describe only an outline of the po-
tentials. The potential functions are written as follows: Mi={N[Bui/((Dui-Du)I}AIN[Qui /((Qui-Qui)l},  (28)

bei =| i [*/"®/AQ;, (29)
Ur = Jicjuj + i@, ® - | |

agi= 1/(1 - | Qai/AQ; | ™), (30)
@=[(lei + Agi)/(2e)]ai+[(Iei — Aei)/(269)] 67, )

Qoi=(Qui +Qvi )/2, (31)
Uij = Ugrepij + UsHTij -+ Uionij + Uvowij, (8)

and
Urerij = fojAjexp(ijrij), 9 AQi=(Qui — Qi )/2, 32)
UsHTij= -fgjbijBijexp(4;rij), (10) whereUr is total potential energyy;; is the interatomic

potential between the i-th and j-th atoms, apdis the
Uronij = fLijNineaid;/(4merij), (11) potential energy of the i-th atom itself;; is the sum-

mation over all pairs of atomg;; is the summation over
Uy Dwij= -fLij(CVDWiCVDWL)l/Z/Fﬁ, (12) all atoms i, andyy is the summation over all atoms

k except atoms i and j. The functiangpij, UsiTij,
bij= [1+(BiZZijk)ni]_1(2ni), (13) Uionij, andiypwij 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

I S Mip .y )M 2/d2 — ¢
Gijk = Taj exp [} (rij — ra) M{1+c/d? — ¢/ Urepij + UsqTij in EQ. (8) coincide with the original

[d?+(-cosBiji)?] (14) Tersoff potential [Tersoff (1989)]. Ané is elementary
chargejtis circular constang is the permittivity of the

faj = fe(rij, (RaRgj) Y2, (S5S5)Y?), (15) vacuumi;; is the distance between atoms i an@ij is
the angle between bonds ij and ik, ands the charge of

fuij = fe(rij, (RURL)Y?, (Swuisj)Y?), (16) atomi. Parameter values for Cu, Al, N, Ti, W, and Ta are

listed in Tables 1 and 2. The chaggemust be redeter-
fo (r,R,S) =1 (inthe case oR>r), (17) mined at every time step so thht is minimized.
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Cu Al N Ti w Ta
A(10°18)) 128.5 49 584.0 A(10°18)) 90.4 740.0 252.0
B (10-18J) 6.92 4.22 60.8 B (10-18J) 6.86 26.5 14.8
A (10%%m) 2.83 2.2 5.38 A (10%%m) 2.26 2.94 2.468
1 (10%m) 1.412 1.099 2.69 1 (10%m) 1.127 1.467 1.234
B 0 0 2 B 0 0 0
n 1 1 1 n 1 1 1
m 1 1 1 m 1 1 1
c 0 0 0 c 0 0 0
d 1 1 1 d 1 1 1
h 0 0 0 h 0 0 0
Rs (10 1%m) | 2.82 3.15 1.537 Rs(101%m) | 3.16 3.56 3.72
S(10Pm) | 3.33 3.72 1.976 S((10Pm) | 3.74 4.11 4.29
R (10¥°m) [ 1.1 1.1 1.1 R (10°m) [ 1.1 1.1 1.1
S (10%m) [ 5.0 5.0 5.0 S (10%m) [ 5.0 5.0 5.0
Ie/e (J/C) 7.72 5.98 14.53 Ie/e (J/C) 6.82 7.98 7.88
Ag/e (JIC) 0.90 0.52 0 Ag/e (JIC) 1.24 0 0
QL/e -6 -5 -3 QL/e -4 -2 -3
Qule 2 3 5 Qule 4 6 5
D, (10 1%m) | 1.49 1.61 2.14 DL (101%m) | 1.58 1.59 1.60
Dy (10 1%m) | -1.12 -1.5 -1.08 Dy (10019m) | -1.44 -1.46 -1.47
Ng 10 10 10 Ng 10 10 10
n 1 1 1 n 1 1 1
Gvow (InP) |0 0 0 Gvow (InP) |0 0 0

Table 1: Parameters for low-melting-point materials Table 2 : Parameters for high-melting-point materials






