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Abstract The high current density occurring in integrated circuits induces electromigration (EM) of the
metal lines used for electric wirings. A void is formed by EM in the line material and the growth of void
leads to the line failure. Recently, multilevel interconnection is widely used in electronics devices and
MEMS by connecting upper and lower metal lines through vias. The reservoir structure is often constructed
in the multilevel interconnection. It is known that there is threshold current density of EM damage in
multilevel interconnection with vias. It is important to evaluate the threshold for determination of allowable
electric current in the interconnection. In this study, a numerical simulation technique for analyzing the
atomic density distribution generated by EM in the line is applied to evaluate the EM risks of metal line in
several kinds of the multilevel structures. The thresholds of current density leading to EM change were
calculated through the simulations. We confirmed that the atomic density distribution in the line was
essential to increase the threshold and to prevent EM damage in the line. And we also showed the simulation
technique was useful in the design of safety structure of electric wirings in integrated circuits.
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1. Introduction

The high current density occurring in integrated circuits induces electromigration (EM) of the metal
lines used for electric wirings. EM is a phenomenon that metallic atoms are transported by electron
wind and that void, due to depletion of metallic atoms, is formed in the metal line. As the voids are
growing the current density in the metal line increases and then the excessive Joule heating leads to
metal line failure. Recently, multilevel interconnection is widely used in electronic devices and
MEMS by connecting upper and lower metal lines through vias. The structure of interconnect tree
and reservoir structure are constructed in the multilevel interconnection. Reservoir structures have
an overhang from via connection, and it is usually located at vias on both anode and cathode sides
as shown in Fig. 1. Reservoir structure gives delay of EM failure in multilevel interconnection by
increasing margin of critical void length. The effect is caused by metallic atoms supplied from the
overhanging parts as atom’s reservoir to the metal line. The transportation of atoms is induced by
tensile stress at the connection part on cathode side via as a result of EM. It is known that there is
threshold current density ji;, of EM damage in multilevel interconnection with vias. It is important to
evaluate the threshold for determination of allowable electric current in the interconnection. Some
research groups have developed evaluation method of ji, [1]. The threshold current density is also
evaluated by numerical simulation. The building-up process of atomic density distribution in the
line is simulated. And the simulation is based on a governing parameter for EM damage in
polycrystalline line AFD*gen [2]. The parameter is applicable to two-dimensional line shape.
Sasagawa et al. have evaluated jy, of several kinds of interconnect tree structure [3].

In this study, a numerical simulation technique for analyzing the atomic density distribution
generated by EM in the line is applied to evaluate the EM risks of metal line in several kinds of the
reservoir structures. The threshold ji, of several kinds of straight via-connected line with reservoir
are evaluated by the numerical simulation. From the evaluation results, reservoir effects on the
threshold current density are discussed.
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Figure 1. Multilayer interconnection with reservoir structure

2. Simulation method

The governing parameter for EM damage is used for constructing the numerical simulation [2]. The
parameter is given by formulation of divergence of atomic flux due to EM. The atomic flux vector J
is represented by Eq. (1).
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where N is atomic density, Dy a prefactor, k£ Boltzmann’s constant, 7 the absolute temperature, O,
net activation energy for atomic diffusion, x the constant relating the change in stress with the
change in atomic density under restriction by passivation, N the atomic density under tensile
thermal stress or, Ny the atomic density at a reference condition, Q) the atomic volume, 7 the
effective valence and e the electronic charge. p is the temperature-dependent resistivity. Symbols ;"
and ON/Ol are the components of the current density vector and atomic density gradient in the
direction of J, respectively. In Eq. (1), the back flow of atoms due to the stress gradient and the
effect of the stress generated in the metal line on diffusivity are taken into account.
Grain boundary diffusion is assumed as dominant diffusion mechanism in the simulation, because
wide Cu lines covered with passivation layer were supposed. According to literature [4, 5], in wide
Cu interconnects, grain boundaries become preferential EM paths rather than lattice and interface
diffusions. Sasagawa et al have introduced a grain texture model for calculating atomic flux
divergence [6]. So we used the governing parameter for EM damage based on the model even for
Cu lines.
Considering atoms going in and out at a unit rectangle, atomic flux divergence in polycrystalline
line is formulated as given in Eq. (2).



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

*

N

gb ﬁdz

<\/§A¢?{(jx cos 0 + j, sin H)Z*ep —Nﬁ(a_]vcos 0+ %—Nsin HJ}

AFD ,, =C

] 0, +KQ(N-N;)/Ny—0,Q
—eX — X
T kT

o\ Ox y
. of X 2 2
—iA(p 9 Yy Z ep cos 20—£ 0 ]¥c0s9+a ]jsiné cos 260
2 Oox Oy N, \ ox oy
. oj . 2
+ aJ—"+L Z epsin 23_2£6 N sin 26
oy  0x N, 0x0y
N3 KR[N O'N ) KQ/N,
4 N, ox* oy’ kT
3. (.oN . oN) xQ(oN &N  oN oN
x| —dJZ ep| j. +J - +
4 Yox 7V oy N, ox ox 0oy oy
—iA(p Zep anN+j,aN _2KQGN8N sin 20
2 oy 77 ox N, ox 0oy
+\/5611 ng+KQ(N—NT)/N0—O'TQ_1
AT kT
. . ON . ON )| Q0N ON ON ON
X< Z ep| J. +]y - + , (2)
oy ox N,\ O0x Ox 0Oy Oy

where C*gb represents the product Dyo /k denoting the effective width of the grain boundary by J, d
the average grain size, and Ag a constant related to the relative angle between grain boundaries as
shown in Fig. 2. The quantities j, and j, are components of the current density vector J in Cartesian
coordinates, x and y. 0 is angle between microstructure unit shown as rectangular in the figure and x

axis.
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Figure 2. A model of polycrystalline structure

The expectation value of the only positive values of AFD*gbe is obtained, and it represents the
parameter governing EM damage, AFD*gen, concerning void formation in a polycrystalline line as

AFD;H=LI2”(AFD* +‘AFD* )d@ (3)
47[ 0 gbb gbb

It means the number of atoms decreasing per unit time and unit volume.

At line ends, boundary condition with respect to atomic flow has to be given for the formulation of
the parameter at line ends. Namely, there is no coming-in at cathode end of the line and no
going-out at anode one. The boundary condition can be expressed by possible zero flux within the
microstructure unit being assigned to each @-range as listed in Table 1 [7].

Table 1. Boundary condition concerning atomic flux

Range-1 Range-I1 Range-III
—21/3+A @t f<O<-n/3-A@tp —/3-A@tp<é<p P<O<T/3+A@tp
S0 Ji=0 J=Ji=0
Range-1V Range-V Range-VI
/3+A @t p<O<2n/3-A@tf 2/3-AptLéntp T+ p<6<4n/3+Apt+f
J=0 J=n=0 Jur=0
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Thus, considering coming and going of atoms within the microstructure unit, the atomic flux
divergence at the line end, AFD*gen|end is expressed by Eq. (4).
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where D=2 epj - kY Ny(ON/ox), Dy=Z*epjy-KQ/No(6N/6y). AFD*genlend expresses the amount of flux
divergence at line end and represents the number of atoms decreasing per unit volume and unit
time.

Using the governing parameter of EM damage, numerical simulation of atomic density distribution
in interconnect is performed under some kinds of input current density, j, at a certain substrate
temperature, 7;. The line to be evaluated is two-dimensionally divided into elements and building
up process of atomic density distribution is simulated by changing the atomic density of each
elements based on the parameter. The boundary condition with respect to temperature is given on
both line ends and that with respect to current density is given on via position. Atomic flow is
insulated around the metal line. The end-parameter AFD*gen|end 1s used in elements at cathode and
anode ends and on via and AFD*gen is used for elements except both line ends.

The computational procedure is shown in Fig. 3. At first, the distributions of current density and
temperature are calculated by two-dimensional FE analysis. The governing parameters are
calculated in each element from the analysis results and the film characteristics. Next, the atomic
density related to 6, N, is calculated based on the value of the governing parameter. The atomic
density in each element N is calculated by averaging N among all &’s value. By the repetitive
calculation, the atomic density distribution in the line grows with time. The iteration is performed
until the atomic density reaches a critical atomic density for damage initiation N i, or holds a
steady state. If atomic density becomes steady state without reaching N i, the input current density
given in the simulation would be less than jy,.

3. Evaluation

We evaluated four line structures as shown in Fig.4. Sample 1 has no reservoir at both ends of line.
Sample 2 has two reservoirs located on both vias. Sample 3 has a reservoir located only on the
cathode via. And Sample 4 has a reservoir located only on the anode via. In each sample, the
reservoir having shorter length was evaluated. After the simulation with current density smaller than
the threshold, a steady state distribution of atomic density should be got without reaching critical
atomic density N min. The smallest value of the atomic density N in all elements at steady state is
plotted against supposed current density j. From an intersection point of the line of the smallest
atomic density N and the critical density, the threshold current density is evaluated.
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Figure 3. Computational procedure for evaluation of the threshold current density
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Figure 4. The dimension and structure of the supposed lines
In this simulation, Cu line is assumed having characteristic constants listed in Table 2 [8]-[12]. We

supposed three values of input current density, 0.2, 0.4 and 0.6 MA/cm®. The operating temperature
is assumed 573K for all samples.
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Table 2. Characteristic constants used in simulation

Dy[um?s]  3.35 (8]

Ogs[eV] 1.1 ]

1) 3.00x 10!

z 1 [10]

£,[Qum] 0.0345at573[K] [11]

K] 0.0043at573[K] [11]

K[GP4] 42.5 [12]

Nolbiw] 840100 p2jpp SR
N, [hnr3]  8.56x 1010 [12]

d [Mm] 0.8

4. Results and discussion

Figure 5 shows the smallest atomic density calculated in the long type reservoir case. The values of
threshold current density ji, were determined in each sample and listed in Table 3. No reservoir and
both reservoirs cases (Sample 1 and 2) were almost the same values. The jy, in the cathode reservoir
case (Sample 3) showed larger value than those of others. On the other hand, anode reservoir case
(Sample 4) showed smaller value than no reservoir case (Sample 1).

According to Eq. (1), if current density is the same, driving force of EM is same. So at steady state,
the slope of atomic density corresponds to each other. On the other hand, current density in
reservoir is almost zero, and there is not driving force of EM. So at steady state, the slope of atomic
density in reservoir becomes almost horizontally. According to conservation law of mass, atomic
density distribution in Sample 3 must be shifted upward globally from distribution in Sample 1.

In comparison of length of reservoir, change in ji from Sample 1 or 2 was enhanced by extension of
the reservoir.

1.000
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0.990 —
0 05 Jt ]
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Figure 5. Results of threshold current density in simulation of long type (L, =25 pum) reservoir
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Table 3. Threshold values of current density jy, [MA/cmz] obtained from simulations

Sample type 1: none 2:+- 3:- 4.+
Reservoir Short 077 0.76 0.82 0.71
length Long ] 0.76 0.88 0.67

5. Conclusions

The numerical simulation technique was applied to evaluation of reservoir structure and AFD*gen
-based evaluation of jy;, was carried out. We found that if a reservoir is located only on the cathode
via, the threshold current density of EM damage is increased. And it was concluded that this
phenomenon is caused by the change in atomic density distribution among a metal line.
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