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Effect of anisotropic diffusion coefficient on the evolution of the interface
void in copper metallization for integrated circuits
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Abstract The shape evolution of the interface void of copper metallization for intergrated circuits under electromigration
stress is modeled. A 2-dimensional finite-difference numerical method is employed for computing time evolution of the
void shape driven by surface diffusion, and the electrostatic problem is solved by boundary element method. When the
diffusion coefficient is isotropic, the numerical results agree well with the known case of wedge-shape void evolution. The
numerical results for the anisotropic diffusion coefficient show that the initially circular void evolves to become at-fatal sli
like shape when the electron wind force is large, while the shape becomes non-fatal and circular as the electron wind force
decreases. The results indicate that the open circuit failure caused by slit-like void shape is far less probable tote observe
for copper metallization under a normal electromigration stress condition.
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1. Introduction Table 1
Activation energies (eV) for diffusion along the major pathways

Modern integrated circuit (IC) technology scales theMaterial ~ Grain boundary  Interface  Lattice  Surface
minimum feature size down to O.[i& for the commer-  ajcy 0.7 0.9~1.0 12 -
cial chips. In accordance with the aggressive scalingcu 1.2 0.7-1.0 2.3 0.7
there has been high demand for electrically lower resis-
tive interconnecting material, and for the insulator with
lower dielectric constant (low-k), in order to reduceture becomes near-bamboo, in which the grain bound-
resistance-capacitance (RC) time delay of the circuitaries align perpendicular to the length direction in order
Copper (Cu) has already been adopted as the intercoid reduce the energy associated with them. Even in this
necting material due to its lower electrical resistivity case, however, experimental studies report short lifetime
compared to aluminum (Al) metallization (by 40%). In against electromigration stress by the development of a
addition, Cu is known to have higher activation energytransgrannular void [6-9]. It is now well known that a
for atomic diffusion through grain boundaries and lat-void may develop its shape into a slit-like shape across
tice, and offers the improved resistance against eledhe metal cross section, and cause open circuit failure
tromigration compared to that of Al metallization [1]. within a short time since it does not require a large vol-
Being one of the major reliability issues of the IC metal-ume. Modeling studies were performed to simulate the
lization, electromigration is the atomic transport inducedfailure mechanism in bamboo Al metallization, and con-
by the momentum transfer from electron “wind” to atomscluded that a relatively large size void may change its
when a relatively large current density flows along theshape into a slit-like void by surface diffusion when the
interconnects [1, 2]. Table 1 lists the activation energiesliffusion coefficient is anisotropic [10-14].
for atomic diffusion of Cu and Al-base metallization For Cu metallization system, however, the failure caused
along major paths [1, 3-5]. As shown in Table 1, grainby slit-like void has not been observed even though the
boundary diffusion offers the fast diffusion path for Al line width and thickness becomes smaller than those of
metallization. As the line width shrinks, the number of Al metallization. Instead, voids forming and growing
such fast diffusion paths decreases since the microstruelong the Cu/SN, interface and grain boundaries are
frequently observed [15, 16]. The problem with the less
'Corresponding author adherent Cu/Q\, interface is well known as the inter-
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Fig. 2. A 2-dimensional model of a copper metallization with a
void located at the Cu/dielectric interface.

lem [12, 14].

A 2-dimensional model of a copper wire is illustrates
in Fig. 2, with an interface void located on the copper/
5keV tilt=52° dielectric interface. The shape evolution of the void with

T an externally applied electric potential along the wire of

Fig. 1. SEM observation of the IMD (inter-metal dielectric) length, L, is simulated, assuming that diffusion along

delamination at Cu/low-k dielectric interface. The sample imagethe void surface dominates the atomic transport. The

is tited 52. Focused |onseb§%rp. is used to make the Crosssurface atomic flux takes the form [2, 11-14];
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nology moves on to adopt low-k dielectric, the problemwhere the first term is the capillary force, and the sec-
is likely to persist. Figure 1 shows, as an example, thend term is the electron wind force. M refers to the sur-
sample failed by delamination after cyclic thermal stresface atomic mobility and is given by &[QkT], where
of 100C. The sample employs the dual damascene CD, is the surface diffusivityd, is the thickness of the
metallization with low-k inter-metal dielectric. The cross surface layerQ is the atomic volume, k is Boltzmann
section image of the failed site was prepared by focusedonstant, and T is temperatuyeis the specific Cu sur-
ion beam and scanning electron microscope. The arrofiace free energy is the surface curvature of the void,
in the photo indicates the delamination occurred at CuZ is the effective charge number, e = 1.6%1fbules,
low-k dielectric interface. There are, however, the experand E is the tangential component of the electric field
iments reporting the improvements on the interfacealong the void surface. The surface normal growth rate,
adherence, where the Cu/barrier metal interface becomes is expressed by equation (2),
the dominant diffusion path for electromigration void- _
ing [20, 21]. Therefore, it is also instructive to predict Vi = ~0(04/05) 2)
whether the fatal slit-like void will be formed for Equation (2) is solved for the time evolution of the sur-
Cu metallization or not. In the present study, we will face profile, y(x), using a finite-difference method. The
employ the 2 dimensional finite difference numerical void shape is assumed to have 2-fold symmetry (with
method for void shape evolution under a conserved voidCu/dielectric interface as the mirror plane), in order to
volume. keep consistency with the earlier studies for Al metalli-
zation [11-14].
In the electrostatic problem, the, B obtained by

2. Modeling Method solving the Laplace equation:

2 2 _ —

The numerical scheme is divided into 2 parts. The I'@ox" =0, & = -0qios, 3)
first part treats the time evolution of the void shape bywhere ¢ refers to the electric potential. The boundary
solving the forth-order partial differential equation for conditions are given by,

surface .dlfoSIOI’l usmg flr.nte-dlfferen(.:e method. The ®0) = Vi, @L) = V,, and,

method is well described in the previous shape evolu- d@an = 0 along the surface and interface @
tion studies [22,23]. The second part is essential to
obtain the electrostatic potential along the Cu/void surWhere \{, and V| are constants, and,\&> V,. n refers
face. The boundary element method has been shown to the unit surface normal. The boundary element
be quite efficient for this type of the electrostatic prob-method solves equation (3) by discretizing the surface
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Tf;l]ble 2I dAL 5 d e vl A where O is a constant, A refers to the strength of the
Physical properties of Cu and Al. + denotes the values at high . ; : : .
temperature, 600 K for Cu, and 500 K for Al, respectively [11] kémsotrgpy, m is the g_ram_symmetry' ahds local Su_r
| face orientation, and is given by, Gar dy/dx. In this

ftem cu A study, the specific case of A = 10, and m = 1, in which

z 5 10-20 case the evolution of a void is known to lead to a slit-

3\ + 29 29
;)(j(on:ﬂ)es/n"ff ﬁgxlo 11'66X10 like void, and cause open circuit failure for Al metalli-
p(Q-m) 1.67x10° 2 74x10° zation, will be employed.

alone. The computation length, L must be large enougl3. Results and Discussion
to ensure that at x = 0, and x = L, @pproaches Jthe
average electric field far from the void which is given The case for an isotropic diffusion coefficient is ana-
by E, = -Ag@L, whereAp = V, - V,,. Following the lyzed first. Figure 3 displays the evolution of a wedge
study of Gungor and Maroudas [12], L is taken to be awoid wheny = 150. The electric field direction is from
least 40 times as large as the void size. left to right, where the electron flow, and thus the
In the present study, physical parameters appropriatatomic flux takes the opposite direction. The evolution
for a quarter micron copper wire at 600 K are adoptedtime, T is expressed in the unit of T0As the stress
Table 2 shows the parameters for Cu and Al, where théme increases, the wedge void bends toward the elec-
high temperature measurements are for 600 K for Cutric field direction. The void translation in the direction
and 500 K for Al, respectively [11, 12]. The results will parallel to the electric field is also observed. After a
be described with some important dimensionless paranieng time evolution1 = 8.1x10%, the shape of the void
eters. The electron wind intensity, refers to the rela- becomes non-fatal compared to the initial wedge shape
tive strength of the electron wind force with respect toas the void dimension across the cross section decreases.

the capillary force, and is defined in equation (5), The results are in agreement with Gungor and Marou-
- e das [12], but certainly in disagreement with Kraft and
X = Z ewE/[Qv], (3)  Arzt [11], where the evolution of the wedge void results

in open circuit failure. The subsequent modeling studies

where, w is the void-free thickness of the Cu wire. For
upport the result of Gungor and Maroudas [14, 24].

Al metallization, w has been taken as the void-freeS : _ A -
width of the wire as the sidewall surface damages dur- N Fid. 4, the anisotropic diffusion coefficient,/D, =
ing reactive ion etching are considered to offer sites fort +.Af:o§e where A = 10, is employed in the evolution
void nucleation. For copper wires, the typical electrom-Of initially semi-circular voids with radius, = 0.6w.
gration stress condition with an applied current density©" €aCh case, the intensity of the electron wind force is
J = 3x16A/cm’ and T = 600 K giveg~4. Numerical ime ~ 9Ven by (a)x = 20, ()x =12, (©)x =5, (d)x = 2,
1 is defined ag = SDJQYJ/R'KT], wheredt is in real  and (€)x = 1, respectively. Wheg is large such as (a)
time unit. For a copper wire with thickness ird and and (b), the slit-like void tip quickly de\./elo_ps. across the
D, = 3.3x10% m/s at 600 K is approximately 10 hours. Cross §ect|on, and Ie;ads to the open circuit in re-latlvely a
According to the data of Cu listed in Table 2, theShOrt ime,1=7.5x10". When decreases to 5 in (c),
electrical resistivity is smaller by a factor 2, the effec-t€ Slitlike shape still develops and leads to the open

tive charge is smaller by a factor 2~4, and the surfac&irwit' but time to reach the failure is delayed consider-

energy is larger by 70%, compared to those of Al case:

All these factors contribute to an order of magnitude 1.0
smallerx for Cu relative to that of Al when the wire
dimension w, and the stress condition are identical fo E 0.5}
both cases. Obviously, the role of anisotropy in surface >

diffusivity for Cu metallization may be investigated by 0.0 \

decreasing( from its typical value of Al metallization. 45 5.0

The anisotropic surface diffusion coefficient may take

the following form [11, 12]: Fig. 3. Evolution of a wedge void. Isotropic diffusion coeffi-

cient andy = 150 are used in the computation. The evolution
D, = D[ 1 + Aco$ (m@)] (6) time, T is in the unit of 10.
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Fig. 4. Evolution of semi-circular voids with radius,= 0.6w
and an anisotropic diffusion coefficient with two-fold crystal
symmetry (m = 1). The normalized diffusion coefficient is
given by /D, = 1 + Aco$, where A = 10, and is local
surface orientation. The intensity of the electron wind force
is given by (a)x = 20, (b)x = 12, (c)x = 5, (d)x = 2, and

(e) x = 1. The evolution timet is in the unit of 10.

ably at,T = 52x10". For (d) and (e), wherg = 2, and

the interface void in copper metallization for integratiesl ciréil

4. Conclusions

A 2-dimensional finite-difference numerical method
combined with a boundary element method is employed
to study the effect of anisotropic surface duffision coeffi-
cient on the shape evolution of the interface void of
copper metallization under electromigration stress. The
numerical results show that the initially circular void
evolves to become a fatal slit-like shape when the elec-
tron wind force is large, while the shape becomes non-
fatal and circular as the electron wind force decreases.
Therefore, under a normal electromigration stress condi-
tion of Cu wherex smaller by an order of magnitude
compared to that of Al metallization, the open circuit
failure induced by slit-like void shape is far less proba-
ble to be observed.
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