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Abstract—In high performance circuit design, thermal effect
on electromigration (EM) reliability has become a recent major
research for being a limiting factor. In this paper, we propose a
novel analytic method to calculate the stress evolution considering
time-varying temperature effects during the void nucleation
phase for multi-branch interconnect trees, including the straight-
line three-terminal wires, the T-shaped four-terminal wires and
the cross-shaped five-terminal wires. The proposed closed-form
expression can be used to calculate the hydrostatic stress evo-
lution with time-varying temperature. Experiment results show
that the obtained analytic solutions match well with the numerical
results calculated using COMSOL and thus the proposed models
can be used in traditional EM reliability analysis tools.

I. INTRODUCTION

Electromigration in circuit and system level design has
recently been an important reliability issue which is related to
several important aspects such as current density, temperature,
micro/nano structures, and properties of materials and devices
[1]-[3]. Traditionally electromigration reliability has been
guaranteed on design for manufacturing by providing current-
limiting design rules. However, reliance on current density
alone does not provide an accurate assessment of electromi-
gration induced failure, since thermal migration induced by
temperature gradient and stress migration induced by thermo-
mechanical stress also influence the formation of damage [4]
(5] [6].

Current design rules developed to prevent EM-based failure
tend to be more conservative than considering the factors
affecting electromigration such as temperature change and
metal wire structure [3]. The diffusion rate of metal atoms
is affected by the temperature because the diffusivity of
atoms depends exponentially on the temperature. Existing EM
models mainly focused on the very-large-scale integration
(VLSI) failure analysis at a constant temperature and they did
not reveal the reliability impacts caused by time-varying tem-
perature [7]. Recently, some EM models have been proposed
to avoid the drawbacks of using a constant temperature during
electromigration [8]. However, these EM models still estimate
the lifetime of each time interval with a constant temperature
based on the Korhonen’s equation.

This work is supported in part by the Nature Science Foundation of China
(NSFC) under No. 61604095, in part by a 985 research fund from Shanghai
Jiao Tong University, and in part by NSF Grant under No. CCF-1527324.
Correspondence author: Hai-Bao Chen. Email: haibaochen @ sjtu.edu.cn.

978-1-5090-6625-4/17/$31.00 ©2017 IEEE

Fig. 1. Electrical current in a 3-terminal wire structure (J: current direction)

Modeling, simulation, and experimental analysis of inter-
connect reliability have primarily focused on simple straight-
line interconnects [9]. In order to solve this problem, more
compact physics-based EM models were proposed recently
[10] [11] for a few important metal interconnection structures
such as the one shown in Fig. 1. However, those analytical
expressions still cannot provide the EM-induced hydrostatic
stress evolution with time-varying ambient temperature, which
ultimately determines the VLSI failures. In view of this, the
purpose of this paper is for the first time to calculate the stress
evolution considering time-varying temperature effects during
the void nucleation phase for some multi-branch interconnect
trees, including the straight-line there-terminal wires, the T-
shaped four-terminal wires and the cross-shaped five-terminal
wires.

II. TEMPERATURE EFFECT ON ELECTROMIGRATION

Stress evolution due to electromigration in interconnect lines
is an important concern in estimating VLSI failures. In 1993,
Korhonen [9] proposed physically based analytical model
for mechanical stress evolution during electromigration in a
confined metal line described by a one-dimensional equation,

given by
+ G)] (1)

2}%? is the stress
diffusivity affected by the temperature 7'(¢) and G = Z;;P j

is the EM driving force. Here, D, is the atomic diffusivity, B
is the effective bulk modulus, €2 is the atomic volume, k is
the Boltzman’s constant, Z* is the effective charge number, e
is the electron charge, p is the resistivity, ¢ is time, and j is

do(z,t) 0 D 0o (z,t)
o or | '\" oz

where o is the hydrostatic stress, D; =

. __EBo .
current density. Moreover, D, = Dge *7® is the effective
atomic diffusion coefficient, and Dy and F, stand for the
pre-exponential factor and the activation energy, respectively.

92
Authorized licensed use limited to: Univ of Calif Riverside. Downloaded on June 24,2026 at 07:53:58 UTC from IEEE Xplore. Restrictions apply.



It should be noted that the temperature T'(t) changes over
the time ¢ in real circuits. In the following sections, the
temperature over time is assumed to be modeled with a
sine/square wave as shown in Fig. 2(a).
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Fig. 2. (a) Temperature profiles over time used for simulation: square wave
(T1) and sine wave (T2). (b) The EM stress developments along one simple
straight-line three-terminal wire. (c) The EM stress development at the center
of this simple wire. (d) The relative error between the average and actual
temperature profiles for stress simulation.

To observe the effects of varying temperature on EM
analysis, the square (T;) and sine (T2) waves are used to
model the changes in temperature over a period of time
which can be seen from Fig. 2(a). The EM stress devel-
opments along one simple straight-line wire under mini-
mal/average/maximum/real temperature profiles are shown in
Fig. 2(b) from which we can see that there are big differences
between these simulation results. Fig. 2(c) shows the EM stress
developments over time at the center of this simple wire under
different temperature profiles. Besides, it can also be seen from
Fig. 2(d) that the relative error between the stress values under
the actual and average temperatures is mostly greater than
50%. Thus, we need to develop an exact dynamic stress model
for the VLSI interconnect tree for prediction of interconnect
lifetime for any time-dependent temperature profile.

III. DYNAMIC TEMPERATURE-AWARE MODELING FOR
EM RELIABILITY ANALYSIS

A. Unified stress evolution equation

In this section, we establish a unified equation for describing
the stress evolution process during the void nucleation for
multi-branch interconnect trees shown in Fig.3. The simple
single segments in these trees are connected through the center
node “0”. Without loss of generality, we assume that the
interconnect tree has m segments which have the same length
L. In order to derive a unified equation describing the stress
evolution for each segment, the rectangular coordinate system

lia li,| li|
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Fig. 3. The direction of the current is indicated by the arrow: (a) single line
wire (“T” shape); (b) three-terminal wire (“dotted I”” shape); (c) four-terminal
wire (“T” shape); (d) cross-shaped five-terminal wire (“+” shape).

centered at the node “0” can be used for indicating the location
of each branch. Thus, a unified equation describing stress
evolution during the void nucleation phase for these multi-
branch interconnect trees can be established as follows

0024 St 1o} 0024 ,t
0237;(7”) _ E[Dm‘”l(azgi;(m) + Goat1)]

in —L<z<0,t>0,

do x,t 1o} do x,t
%57275() = %[Dt,2b+2(2b$() + Gapy2)]

in0<z <L, t>0,
wherea =0,1,---,|[(m—1)/2]andb=0,1,--- , |[m/2]—1.
It should be noted that the atom flux and the stress value must

be continuous at the joint point “0”, which can be reflected
by the following boundary conditions

(@)

+G2,1+1) =0,atx=—-L,t>0,

0020 (1,1
Dt‘gaﬂ(@gil(ﬂf)

dozp12(, t)

Dy 2p12( o + Gapy2) =0,at =L, t > 0,
02a+1(2,t) = oopta(z,t), at z=0,t>0
Lim=1)/2] &)
002q+1(x,t
Dt,2a+l(%() + G2a+41),
a=0 x
[m/2]-1
Jdo xz,t
= Z Dt,2b+2(%() + Gapq2), £ =0, t > 0.
b=0

We assume that there is no stress anywhere in the whole
tree at the initial time ¢ = 0. For the sake of simplicity, we
also assume that each branch has the same diffusivity, i.e.,
Dyy = Dig = -+~ =D and B = B = - %-
In order to obtain the analytical solution o;(x,t) by using
the Laplace transform technique, we need to introduce the
following notations

éo(z,q) =4qL — z, no(z,q) = 4qL + =,

&(z,q) =(1+49)L -z, m(z,q) = (1+4g)L + =,

&(z,q) = (2+49)L —z, n2(z,q) = (2+49)L + =, )
&(z,q) = (3 +49)L — z, n3(x,q) = (3+4q)L + =,

éa(z,q) = (4 +4q)L —z, ma(z,q) = (4 +49)L + =,
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where n is a nonnegative integer. Also, we need to construct
the following basic function

Kt _ 2 x
z,t) =24/ —e %t —x Xerfc{—=}. 5)
9@, t) =24/ — {5 m}
where erf.c{a;} = % [ e_.t2dt is the complementary
error function. We omit the details here due to space limit.
Using the notations mentioned above, we can get the exact
analytical solution of the stress evolution equation for each

segment:

1
- Z{Q(Gsum — G24+1)9(&1,t) + MG2a+19(€3,t)

02a+1 =

= (m —2)G2a+19(£1,t) — Gsum(9(€o,t) + 9(€2,1))}

(6)
+ % i{Q(Gsum — G2a4+1)9(n3,t) + mG2a+19(m1, t)
- (mqf 2)G2a419(n3,t) — Gsum(9(n2,t) + g(na, 1))},
Oobt2 = - +f:o{Z(Gsum + Gap42)9(£3,1) — mGapy29(81,t)
+ (m (Z:;)G%wg(ﬁs: t) — Gsum(9(62,1) +9(4, 1))} N

+ = Z{z(Gsum + Gap12)9(n1,t) — mGap129(n3, t)
q 0

+ (m = 2)Gapr29(m, t) — Gsum(g(no,t) + g(n2,1))},

where Goum = ZL m=U/2 g, g:({%_l Gapyo. It
should be noted that the domrnant one- term approximation can
achieve sufficient accuracy for practical EM analysis, which
will be addressed later in experimental section.

B. Dynamic EM-induced stress modeling

We start with the EM-induced stress evolution equation as
shown in (2) and assume that the current density does not
change over time, namely, the term G = % 7 is constant.
Under the assumption of time-dependent temperature, the
stress diffusivity D; is a function of time.

For deriving the proposed dynamic EM model, we need
to rewrite the stress evolution o(x,t) as o(x,t, D). Also, we
assume that Dy (T'(t)) can be partitioned into j small segments:

D1,0<t< Aty
DQ,Atl <t < Aty + Ats

Di(T() =4 - ®)

!
DY At <t <3 At 1=2.3,-,

Where Dl is the average value over the time interval
(Z At;, Z At;]. If the interval size is small enough, D;

can stand for the value of diffusivity at a specific time t.

Considering the same initial and conditions for the stress

evolution equation (1), let o(z,¢, D) and o(x,t, D) be the

solutions to the equation with D; = D; and Dy = Do,

respectively. Assuming that o(x,t, D1) is a known solution,
i Oo(m,t,D1) _ 9 9o (x,t,D1)

we obtain =5t = 2Dy (F25 27 4 G)]. We note that

ot ox
D
o (x,t,D2) __ Dy 80’(%,%75,131) d 90 (x,t,Dy) _ QU(LD—t Dy)
- Ox Ox ’

ot D, ot

which leads to w = aar [DQ(M + G)]. Thus,
o(z,t,Ds) = o(x,82¢t,D;) is the solution to the stress
equation (1) with D = D2

The stress build-up process for time-varying temperature in
multi-branch interconnect trees can be independent of the val-
ue of T'(t) in (6) and (7). By derivation the stress over a period
time At; with the temperature value 77 will be equal to the
stress over a period time Dt( f Aty with the temperature 7.
Thus, the expressions (6) and (7) under constant temperature

can be used to describe the stress evolution under time-varying
-1

thermal condition. At any given time ¢t = Z At;, a dynamic

EM model for multi-branch interconnect trees can be used to
calculate the stress evolution oy, 4, (z,t, D) with time-varying
temperature profile, given by

-1 -1

D;
z, > Ati, Dy) :ap(x,ZD—lAti,Dl) )

i=1 i=1

Uth(

where o,(z,t,D) (p=1,2,---) is given by (6) and (7).

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

The proposed dynamic EM model considering time-varying
temperature effect for multi-branch interconnect trees have
been implemented in Matlab and compared with the finite
element analysis tool COMSOL [12]. In the simulations to
be described below, the following parameter values are used:
Z* =10, p = 3 x 1073Q/m, Q = 8.78 x 1073m3
B = 55 x 10'°Pa, Dy = 5.5 x 107°m?/s, Ey = 1.1eV,
e=16x10"19C, k = 1.38 x 10723 J/ K. The length of each
segment is set to be L =2 x 107°m

We first analyze the three-terminal interconnect tree with
two segments with the current flow directions as shown in
Fig.3(a). Fig.4 shows the stress evolution and distribution for
this interconnect tree. It can be seen from Fig.4(a) and Fig.4(b)
that the analytical solution obtained by the proposed method
fits well to the numerical simulation results obtained by
COMSOL at every time instance. Fig.4(c) and Fig.4(d) show
the stress evolutions at a fixed location in the interconnect tree
under the square-wave and sine-wave temperature profiles, re-
spectively. In the case of the dynamic stress evolution by using
square-ware temperature profile, it can be seen from Fig.4(c)
that the stress value at the cathode changes dramatically when
the temperature varies from 380K to 320K or from 320K
to 380K. For both the cases of square-wave and sine-wave
temperatures, the proposed dynamic model can match well
with the simulation results obtained from COMSOL. We can
see from Fig.4(c) and Fig.4(d) that a great difference will be
caused by using an average temperature instead of the actual
temperature profile.

For the T-shaped four-terminal interconnect tree shown in
Fig. 3(c), the current densities in each segment are set to be
g1 =2x1010A/m?, jo = 4x101°A/m?, j3 = 6x 1004 /m?,
respectively. The stress evolution along the segments “10”
and “02” is shown in Fig. 5(a) for square-wave environment,
and Fig. 5(b) shows the stress evolution under this time-
varying temperature profile. It can be seen from Fig. 5(b)
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Fig. 4. Simulation results for the three-terminal straight-line interconnect
tree: j1 = 2 x 10104/m?2, jo = 6 x 10194/m?2. (a) Stress evolution
considering the square-wave temperature. (b) Stress evolution under the
sine-wave temperature profile. (c) Stress evolution over time at the cathode
considering the square-wave temperature. (d) Stress evolution over time at the
cathode under the sine-wave temperature profile.

that an obvious error will occur due to the usage of the
average temperature for the EM-induced lifetime calculation.
For further simulation and analysis, the current densities
in the the cross-shaped five-terminal interconnect tree are
assumed to be j; = 2 x 101°4/m?2, j, = 3 x 101°4/m?,
j3 = 4x 1019°A/m?, and j, = 5 x 1019 A/m?. Again, we can
see from Fig. 5(c) and Fig. 5(d) that the analytical model fits
well the COMSOL simulation results and using the average
temperature for calculation of stress evolution may result in
large errors for VLSI circuit lifetime estimation.

V. CONCLUSION

In this paper, we have proposed a dynamic modeling and
analysis method for EM reliability analysis in multi-branch
interconnect trees, including the straight-line three-terminal
wires, the T-shaped four-terminal wires and the cross-shaped
five-terminal wires, which reflects practical VLSI interconnect
architectures and interconnect layout-design techniques. The
obtained closed-form expression can be used to calculate
the EM-induced stress evolution under under time-varying
temperature environment. The numerical comparison results
show that the proposed analytical solution matches well with
the finite element analysis obtained from COMSOL.
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