Electromigration Immortality Check considering Joule Heating
Effect for Multisegment Wires’

Mohammadamir Kavousi®, Liang Chen! and Sheldon X.-D. Tan!
!Department of Electrical and Computer Engineering, University of California, Riverside, CA 92521
mkavo003@ucr.edu,lianchen@ucr.edu,stan@ece.ucr.edu

ABSTRACT

Electromigration (EM) is still the most important reliability concern
for VLSI systems, especially at the nanometer regime. EM immor-
tality check is an important step for full-chip EM signoff analysis.
In this paper, we propose a new electromigration (EM) immortality
check method for multi-segment interconnect considering the im-
pacts of Joule heating induced temperature gradient. Temperature
gradients from metal Joule heating, called thermal migration, can
be a significant force for the metal atomic migrations, and these im-
pacts get more significant as technology scales down. Compared to
existing methods, the new method can consider the spatial temper-
ature gradient due to Joule heating for multi-segment wires for the
first time. We derive the analytic solution for the resulting steady-
state EM-thermal migration stress distribution problem. Then we
develop the new temperature-aware voltage-based EM immortality
check method considering the multi-segment temperature migra-
tion effects, which carries all the benefits of the recently proposed
voltage-based EM immortality method for multi-segment intercon-
nects. Numerical results on an IBM power grid and self synthesized
power delivery networks show that the proposed temperature-
aware EM immortality check method is much more accurate than
recently proposed state of the art EM immortality method.
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1 INTRODUCTION

Due to the increasing current densities and decreasing dimensions
of the interconnects, electromigration (EM) induced aging and fail-
ure effects remained the top reliability concerns for modern VLSI
chips in 7-nm technology and below. Therefore, it is important
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to develop more accurate and less conservative EM sign-off and
validation [1]. However, it is well accepted that the existing Black
and Blech-based EM models are subject to growing criticism due
to over conservativeness and they only work for a single wire
segment [2, 3]. To mitigate the existing problem in EM models, a
number of physics-based EM models and assessment techniques
have been proposed [1, 4-16]. Those EM models primarily focus on
solving the partial differential equation (PDE) (called Korhonen’s
equation) of hydrostatic stress evolution in the confined multi-
segment wires subject to blocking material boundary conditions.
However, most of those EM models do not consider the temperature
gradient impacts on the metal migration process.

The continuing demand in ICs for smaller size and greater func-
tionality increases current densities significantly while 3D stacked
IC integration technique results in poor heat dissipation. Joule
heating becomes a serious reliability issue. We usually use vias,
Through-Silicon-Vias (TSVs), and Heterogeneous InterConnect
(HIC) to provide efficient cooling paths for transferring the heat
between different layers. Unfortunately, the cooling paths, in turn,
lead to high temperature gradients. Also, different current densities
of connected interconnects can result in large spatial temperature
gradients. It has been experimentally observed that temperature
gradient |dT/dx| can easily exceed more than 0.1 K/um [16-20].
Also, experimental data shows that thermal gradient can have sig-
nificant impacts on the EM-induced time to failure (TTF) for power
electronics due to elevated temperature and large temperature gra-
dients [21]. This work shows that the thermal gradient of 0.19K/pym
can lead to 50% TTF reduction even with a low oven temperature.
As aresult, the temperature gradient effects can be quite significant
(almost in the same magnitude as the current induced migration)
due to the Joule heating effects. Hence, it is imperative to consider
thermomigration (TM) effect due to significant Joule heating in
modern ICs.

Some EM analysis research efforts have been carried out recently
considering the transient/temporal thermal effects when solving the
Korhonen’s equation or derive analytic models to estimate transient
EM stress under time-varying temperature [8, 10, 11, 22, 23]. Those
works, however, did not consider the spatial temperature or thermal
gradient impacts on the multi-segment wires.

For EM immortality check, which can be viewed as steady-state
stress analysis, Blech’s product [3] was a widely used method for
industry. But it only works for a single wire segment, which can
lead to significant over conservation. To mitigate this problem, re-
cently a voltage-based [9, 14] has been proposed for multi-segment
interconnect wires. However, this approach did not consider spatial
temperature gradient impacts.
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Recently research works have been proposed to investigate EM
considering the thermal immigration effects [16, 24-28]. Abbasi-
nasab et al. proposed analytical solutions for steady states of the
EM-TM model and extended voltage based EM immortality check
to consider thermal migration effects [16, 27, 28]. However, the
temperature of each segment from Joule heating is computed sepa-
rately, which leads to accuracy loss as we show in this work. Also,
no initial stress from thermal-mechanical stressing is considered in
this work as well.

In this paper, we propose a new electromigration (EM) immor-
tality check method for multi-segment interconnect considering
the impacts of Joule heating induced temperature gradient for the
first time. Our contributions are as follows:

e We show that Joule heating induced temperature has to be
computed for all the wire segments, instead of individually
computed for a single segment. Compared to [16], the new
method takes the temperature distribution into consideration
for multi-segment wires for the first time.

e We derive the semi-analytic solution to obtain the terminal
temperatures of all the wire segments due to Joule heating.

e We develop the analytic expression to show the impacts of
non-zero initial stress distributions on steady-state stress
considering different temperature distributions.

e We derive the analytic solution for steady-state stress dis-
tributions considering different temperature distributions
caused by Joule heating. Then we develop the new temperature-
aware voltage-based EM immortality check method consid-
ering the multi-segment temperature distributions.

o Numerical results on an IBM power grid and self synthesized
power delivery networks show that the proposed temperature-
aware EM immortality check method is much more accurate
than the recently proposed state of the art EM immortality
method.

The paper is organized as follows: Section 2 reviews existing
EM immortality check methods. Section 3 introduces the steady-
state analytic solution for temperature distribution considering
Joule heating and steady-state stress solution considering the tem-
perature and initial non-zero stress distributions for a single wire
segment. Then we extend the semi-analytic solution for steady-state
stress distribution on a multi-segment wire in Section 4. Section 5
derives the new temperature-aware voltage-based EM immortality
check method. Numerical results are presented in Section 6. Finally,
section 7 concludes this paper.

2 REVIEW OF RELATED WORK

EM immortality check is an important part of EM validation and
sign off step in the design flow. The traditional method mainly
focuses on the current density of each individual wire segment.
Specifically, If the critical stress that the wire can withstand is o¢rir
and ojp;; is the initial stress, we can define the critical product for
EM failure as

Q(ocrit — Tinit)

Zp )

(jL)crit =

which is called the Blech limit or Blech product [3]. Q is the atomic
lattice volume, e is the electron charge, eZ is the effective charge

of the migrating atoms, p is the wire electrical resistivity and j is
the current density.

A wire is immortal for EM if it satisfies jL < (jL)¢riz. As a
result, the Blech product can help identify all the immortal wires
efficiently.

However, the recent study shows that we have to consider all
segment wires in an interconnect tree [1]. Sun et al recently pro-
posed voltage-based immortality check for multi-segment inter-
connect [9, 14]. Specifically, for a given arbitrary interconnect tree
with N nodes, assuming the voltage in node i is U; and the ground
node is g and Uy = 0, then the stress at the node i can be computed
as

eZ
g = E(VE -Ui) (2
where Vf is defined as the EM Voltage,
N
1
VE = A ai U ®3)
k#g

where A is the total area of the wire segments and a;. is the total
area of the branches connected to the node. Given the Critical EM
Voltage, Vcrir Em, defined as

Q
Verit.em = - (Gerit = Tinit) (4)
e
then EM immortality check for node i becomes
Verit.em > VE = Ui )

Since we only need to look at the node with the lowest voltage, the
ground node or cathode node of the whole tree, as a result, (5) can
be simplified to V¢ris gy > VE. If this EM check fails, then transient
EM analysis will be carried out to find the void location and the
nucleation time.

However, this voltage-based method did not consider the Joule
heating from the interconnects. Recently, Abbasinasab et al. consid-
ered the Joule heating effects and provided a voltage based model
to perform EM reliability check [16, 27, 28]. In this method, the
node voltage needs to be adjusted by the temperature of the wire
segment:

T - L
U; = U Ze In(T;) (6)
1
vio= N %(Uok - % In(Tox)) Ak )

Where Q is the specific heat of transport, Uy and Toy are the av-
erage voltage and temperature ! of two end nodes in the kth line,
respectively, A is the area of the kth line, A is the total area of
all lines, U; and T; are the voltage and temperature at node i, re-
spectively, Vg is the EM voltage and UI.T is the effective voltage
considering the temperature at node i. B is the set of all the branches
or segments in the interconnect tree.

Given the same critical voltage definition in (4), then it gives the
voltage-based EM immortality check formula

Veritgm > Vi = U] ®)

! Actually Ty should be the geometrical average of temperature of two end nodes



which is the same as (5). However, the temperature of each segment
due to Joule heating is computed separately, which leads to accuracy
loss as we show in this work.

3 STEADY STATE ANALYTIC SOLUTIONS FOR
TEMPERATURE AND STRESS FOR A
SINGLE WIRE

3.1 Analytic solution for Joule heating induced
temperature distribution
We first estimate temperature distributions along the interconnects

due to Joule heating. Heat conduction in VLSI circuits is described
by the steady-state governing equation

V- (-xrVT) =g ©
where T is the temperature, kT represents the material’s thermal
conductivity and g is the power density of the heat source. For the

heat source, we consider Joule heating and convective heat transfer,
which are expressed as

9 = 9gjh t 9Convection (10)
Joule heating effect is described by
I 2
h=—=J 11
9jh v J P (11)

where I is the current, R is the resistance, V is the volume of the
heat source, j is the current density and p is the resistivity. For
convective heat, we have

h
9Convection = 7(T0 -T) (12)

where Tj is the ambient temperature, h is the coefficient of heat
transfer and [ is the thermal characteristic length.

Therefore, we can obtain the governing equation for the inter-
connects

p

V2T - —(T T +22 =0 (13)
KT

where T is called effective thermal length, which can be computed
as
2= LE
kT [
For the interconnects, we can reduce the 3D problem into 1D prob-
lem with the convective heat. The governing equation of Cu inter-
connects is given by
2
ﬂ (T )+ 12 P
ax? KCu

=0 (14)

We want to stress that in our method the terminal temperature
at the boundaries T(—%) =T; and T(+%) = T; does not bear any
assumption and we will discuss how they are determined in Sec-
tion 4. In contrast, work in [16] assume that (T; + Tj) /2 = Ty so that
temperature can be computed for individual wire separately, which
can lead to significant accuracy loss as we show later.

Assume that T; and T are known, then the solution of (14) is
given by

T(x)=(—— fit Tj —TIm - To)SeCh(i) cosh(f)
(15)

+Tncsch( ) sinh(= ) + T + To

where
2 2
r T; - T;
L =1 (16)
KCu 2

Ty =

Then, analytic solution (15) can be further re-written as:

T(x) = Acosh(ax) + Bsinh(ax) + C (17)
where
a=z; =<T‘;T" ~ Ty~ To)sech( ) o
B= Tncsch( ) C=Tm+Ty

With such notations, followmg the similar approximation: |A| <«
|C|, |B| < |C| [27], we can compute temperature log integral for
(17) as follows:

/27 In(T(x))dx = (In(C))L + — smh(—)( )

2

= (In(Trn + To))L (19)

L Ti+Tj—2(Tu+T,
+T tanh( ) (= (T + To)
Tm+ Ty

Now we have to determine the terminal temperature T; and Tj to

L
compute f +L2 In(T(x))dx, which to be presented in Section 4.
)

3.2 Analytic solution for stress under
temperature gradient and initial residual
stress distribution

Now, let’s compute the steady-state stress of a segment under the

given temperature distribution for the single segment. The steady

state of a system under material migration is achieved when all
atomic fluxes cancel each other out, which mathematically means

aa(x o) eZpj Q T

il LA SR 20
KO (T - - =2 = (20)
By integration of (20), we have
Z0i
o(x,00) = %x + % In(T(x)) + constant (21)

To eliminate the constant value, the difference stress between two
end-points is given by

eZpj; , Q [

o(xi) —o(xj) = In(T(x;)) —In(T(x;))|  (22)

Q
By integration of (21) we have[27]:

+% oj+0j InT; +InT;
/ o(x)dx = : ]L—g : I
_% 2 Q 2

/ : InT(x)dx
% (23)

_ O'(X,)+O'(Xj)Lij+2(ln Tm+T()

2 Q /TiT]

Lij )(Tl +T; - 2(Ty, + Tp) )
Tn+Th

This is an important equation to show how the temperature will

impact on the steady-state stress distribution for a single wire.

L

+T tanh(




4 STEADY STATE STRESS SOLUTION FOR A
MULTI-SEGMENT INTERCONNECT

In a practical VLSI circuits layout, the structures of interconnects
are more complex, such as star-like tree, straight line, and general
multi-segment interconnect tree. The estimation of steady temper-
ature and stress for those complex branches is not independent and
should be considered simultaneously. To consider the connected
effects of general multi-segment interconnects, we should satisfy
the continuity of atom flux (heat flux) and stress (temperature) at
the junction node. In this section, we extend a single wire to a
general multi-segment interconnect.

4.1 Analytic temperature solution for a
multi-segment wire

For general multi-segment wires, we assume that each wire segment
ij has a direction defined for the sign of its heat flux q;;(x) at the
interior junction nodes x € {xr1,Xr2, ..., xrp}. Then we observe
that heat flux conservation is satisfied at location x,, which is

described by
§ qij(xr) = 0. (29)
ij

We note that this heat flux conservation ignores the heat loss to
the surrounding dielectrics at x,, which we assume is very small in
general.

At the block terminals x € {xp1, Xpg, ... Xpq}, heat flux flows
from the terminal to its surrounding dielectrics due to the convec-
tive boundary condition, which is modeled by

= qij(xp) - np = hy (T (xp) — To) (25)

where hy, is the convective coefficient. The heat flux and tempera-
ture are related by Fourier’s law, which is expressed as

q=—kcuVT (26)
Therefore, substituting (26) to boundary conditions (24) and (25),
we have
dTij(x
o DALl B
— Ox |,
L] r
(27)
aT;j (x) 2
BC: “np =T, %(Tij(xp) — To)
ox X=Xp

where the terminal thermal length is given by

KCu
Iy=,/— (28)
b hb

Finally, based on boundary conditions (27), temperature expres-
sion (15) and its derivative, we can form the linear equations

A-p=B (29)

where A is an (p + q) X (p + q) matrix, B is an (p + ¢q) X 1 vector
and the vector to be determined is represented by

B = [Tij(x1), T;j(x2),- -+, Tij (xn) 1T (30)

The elements of matrix A are connected with a tree structure, which
can be solved linearly and efficiently. Once the temperature of n
nodes is obtained, temperature distribution along the interconnects
can be determined by (15).

We notice that at the terminal nodes (vias typically), the related
elements of B are known already, which are called B;. To solve
this problem, we reorder and decompose equation (29), which is

expressed as
A A B
n Al Byl _|B1 (31)
Axr Axn| |Bg B,
where f,, denotes unknown elements of f and B ; represents Dirich-

let boundary elements of B. Therefore, the unknown temperature
can be calculated by

B.=A7 (Bi— Az By) (32)

4.2 Analytic stress solution for a
multi-segment wire considering the initial
stress distribution

For general multi-segment wires, stress also need to satisfy the
atom conservation. Based on (23), the integration of stress for all
branches can be expressed by

/a(x)dx = Z /;LZk oy (x)dx

keB® ™~
Xj
= Z/ o(x)dx
ij vXi
oi +0j To + Tinij
-y %Liﬁ%(ln(w)hj
. Ner
Ty +T; — 2(Tp + Tyni))T Lij
( i Jj ( 0 m,t])) anh(l))]
(To + Tm,ij) 2T
Now we can consider the impacts of initial stress on the steady-

state stress distribution under Joule heating temperature. Based on
Hooke’s law, to satisfy the atom conservation, we have

o(x)dx = [ opdx (34)
J o= |

where oy (x) is the initial stress distribution. Then we have

Z o—i+O-jLij+g(ln(T0+Tm’ij) )
2 N

_ Q i

Y (35)
(Ti + Tj = 2(To + Tm,ij )T anh( 2 )] _ / o0 (x)dx
(T() + Tm,ij) 2r 0

With (22) and (35), we can calculate the steady stress for the general
multi-segment interconnects.

5 NEW TEMPERATURE-AWARE VOLTAGE
BASED EM IMMORTALITY CHECK
METHOD

Based on Ohm’s Law, the voltage of a two-node wire segment can

be expressed as

< =

where Uj; is the voltage between node i and node j, U; and U; are
the potentials at node i and j, respectively, and S is the cross area
of the interconnects.

Uij=Ui-U;j=1R;j = jSXp JjpLij (36)



One important observation is that the stress difference between
two nodes at the steady-state can be expressed in terms of voltage,
instead of current density [29]. Based on (21), such observation can
still be applied to the situation under different temperature:

eZ
o1~ o) = g apliy+ o (TG0 = 7Gx
(37)
eZ Q
= EUji + 5 ln[T(x,-)] - ln[T(xj)]
With the node g as the ground node, then Uig = U, and Ujg = Uj,
the stress at node i and j can be given by

0j =04 - %Ui - %(ln[T(xg)] - ln[T(xi)])
p 0 (38)
e
gj =04~ EU- - 5(ln[T(xg)] - ln[T(Xj)])
By substituting (38) into (34), we have
o (xg) 21 (T (x5)) =
1 (U,' + Uj) e/ N
Zij Ll] ; 2 ELU
1
+ Zij L / oo(x)dx (39)
_le %(IH(TO+Tm)LU

(Ti+Tj—2(To+Tw)) T o (B ”
(To + Tm) 2T

Then we can define a new temperature-aware EM voltage con-
sidering Joule heating induced temperature distribution of all the
wire segments as

1 U,'+Uj
Vi = Lij
E 3L IZ;‘ 2 Y

1 Q
Sl = / oo(x)dx
0 (40)
_ Z a(ln(To +Tm)Lij
ij
(L+T -2+ )T (L
(To + Tin) 2r
Then, the steady stress at the node k can be calculated as
Q eZ T
%G In(Ty) = E(VE - Uk) (41)

where T is the temperature at node k. If we define critical EM

T
voltage as VeritEM

derive the same voltage based EM immortality check

= Z%Ucm, for any nodal voltage V;, we can

Q
Veieew > Vi ~Uk+——In(Ty) or (42)

T T T
Vcrit,EM > Vg —Up (43)
which is the same as (5), where UI? is defined in (6). If this condition
is met for all the terminal voltages of the wire, then no EM failures

will happen. Therefore, we define a new Effective EM Voltage for
node k

_yT Q T _ T
Vesix = Vg — Uk + 7 In(Ty) or Vz - U, (44)
Then the stress at the node k oy can be computed as
eZ eZ
Ok = 5 Veffk or 0 = E(VET - UkT) (45)

Typically, we only need to check the ground node or cathode
node as it has the largest EM voltage, which means if VET =<

VcTri LEM then no wire will have an EM failure. This makes the
voltage-based immortality check much more efficient as we typ-
ically only need to check one node for an interconnect segment,
instead of checking every branch as is done for the traditional
method. Note that if we have multiple nodes failing the check (43),
all those nodes may lead to nucleation. However, as far as EM im-
mortality is concerned, as long as one node fails as per (43), the
whole tree is mortal.

6 NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present some numerical results and validate
the accuracy of the proposed analytical method with two typical
structures in VLSI interconnects, including a straight line and multi-
segment interconnects. We also compare the proposed method
against the recently proposed thermal-aware steady-state EM anal-
ysis method, called RAIN [16] for the two examples. All programs
are implemented in MATLAB and tested on a standard computer.

6.1 A straight line wire of power grid networks

We will first validate our proposed method using the straight line in-
terconnects, which comes from the industry IBMPG benchmarks [30].
Fig. 1(a) shows the IBMPG benchmark and Fig. 1(b) shows one of
the interconnect tree.

As an example, the segment sizes and current densities of each
interconnect wire obtained by SPICE circuits simulation for IBMPG1
benchmark shown in Fig. 1(b) are demonstrated in Table 1. Where
Br is the branch index, j is the current density and L is the length
of the wire.

H Br \ j(A/m?) \ L(pm) \ Br \ j(Afm?) \ L(pm) H
1 | -1.0565x 1010 | 11 6 | —4.4610x 1010 | 119
2 | =5.0893x10° | 119 | 7 | -5.7618 x 1010 | 11
3 | —4.7170 x 1070 | 11 8 | 2.2159 x 1010 119
4 | -4.4349x 1010 | 119 | 9 | 1.8564 x 101° 11
5 | —4.4133x 1010 | 11

Table 1: Parameters for the straight line interconnects

For the straight line case, we found the temperature at nodes by
applying 1-D data interpolation function to the COMSOL results.
Also for the multi-segment interconnects, We set constant temper-
atures at nodes 2 and 16 with 373K and 393K, respectively. In this
case, the temperatures at all nodes are estimated by solving the
equations in (32).

Fig. 2(a) shows the temperature profile across the straight line.
Once temperature distribution along the interconnect is captured,



A power line for
EM-TM analysis
v

Figure 1: (a) The structure of a typical power delivery
network. We can evaluate EM stress separately for each
power line (red) because the diffusion barrier (Ta/TaN) pre-
vents Cu atoms from diffusing into other metal layers. (b)
A straight line structure extracted from IBMPG1 bench-
mark [30], which is drawn from real design. Positive value
of current density denotes its direction is along x positive
direction.

we can determine the steady-state hydrostatic stress. Fig. 3 show
the comparison results in terms of effective voltage (44) against
the COMSOL, COMSOL with constant temperature and the RAIN
method [16]. As we can see, the proposed method match with
COMSOL almost perfectly. While the RAIN and COMSOL with
constant temperature show clearly discrepancy with the COMSOL
results.

6.2 A multi-segment wire in standard cells

The second type of interconnects is multi-segment power inter-
connects of a standard cell for designing ICs. As we can see, the
power line (red) is a tree structure and has multi-segments. There-
fore, a more complicated and general multi-segment wire structure
as shown in Fig. 4 is employed as a test case. As we can see in
this figure, we assumed a general multi-segment wire with sev-
eral branches to show the authenticity of our method for different
benchmarks. The current densities and lengths of all the segments
are given in Table 2, where Br is the branch index, j is the current
density, and L is the length of the wire.

As we can see that the results from the proposed method are very
accurate compared to the results of COMSOL as shown in Fig. 3 and
Fig. 5. These figures also show that the analytical solution of steady-
state in [16] is less accurate in the multi-segment interconnect
case. Then obtained effective voltage (44) is more accurate than
recently proposed EM immortality method and it helps us to better
determine whether or not the EM failure will happen.

Fig. 5 shows the comparison results in terms of effective volt-
age (44) against the COMSOL, COMSOL with constant temperature
and the RAIN method again. We show the comparison results for
two different initial conditions. As we can see, the proposed method
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Figure 2: Temperature distribution across a straight line in-
terconnect.
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Figure 3: Effective EM voltage of a straight line interconnect.

match with COMSOL almost perfectly. While the RAIN and COM-
SOL with constant temperature show clearly discrepancy with the
COMSOL results.

Fig. 6(a) shows the EM voltage of a multi-segment interconnects
with different initial stresses. The EM voltage can offset with differ-
ent initial stresses and its curve keeps the same. The EM voltage
offset due to the initial stresses is:
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Figure 4: (a) Structure and (b), (c) temperature distributions
of a multi-segment interconnect

Q 1

Ze ¥,ij Lij

Offset _
Veff -

/ oo(x)dx (46)

And from (45) we can find the stress offset because of considering
the initial stresses:

GOHset —

Sl /O'O(x)dx (47)
ij i

[ Br [ j(A/m?) [ L(um) [ Br | j(A/m?) | LGum) |

5% 1010 30 9 [ 4x1010 20
1x 1010 20 | 10 | 2x 1010 20
2 x 1010 30 | 11| 2x1010 30
4x 1010 30 |12 ] 1x 1010 30
2x1000 [ 30 [13| 3x100 40

31000 20 [14[15%x100 ] 10
2x1010 [ 30 [15] 1x1010 20
51000 [ 30 [16| 2x101 20
Table 2: Parameters for the multi-segment interconnect
wires
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Figure 5: Effective EM voltage of a multi-segment intercon-
nect.
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Figure 6: Effective EM voltage of a multi-segment intercon-
nect with (a) different initial stresses and (b) the same values
of initial stress integration f oopdx.

We call this stress offset Effective Initial Stress. We can assume
three types of functions for initial stresses and find the correspond-
ing Effective Initial Stress to demonstrate the effects of initial stress
on stress.

Constant Initial Stresses. In the simplest case to see the impacts
of initial stress we assume o((x) = oy, where oy is a constant then
we can obtain Effective Initial Stress as:

00,eff = 00 (48)



Step-Wise Initial Stresses. In a more realistic case, we can assume
that each wire has constant initial stress that differs from the other
wires. In this case, Effective Initial Stress is the weighted arithmetic
mean of the initial stresses where weights are the length of wires:

2ij Lijoo.ij
2ijLij
Continuous Initial Stresses. In a realistic model, initial stresses

are continuous and dependent on location (x). Effective Initial Stress
can be written as:

00,eff = (49)

1 L
o =7 [ aolds 50)

where L = Zij Lij. As we remember the Mean Value Theorem for
Integrals, also in this case, Effective Initial Stress is the mean value
of the initial stresses on [0, L].

Another interesting fact about initial stresses is that we can have
the same EM voltages and stresses for different initial stresses in an
interconnect. If the values of initial stress integration f opdx are
the same, the EM voltage will keep the same even though initial
stresses are different, as shown in Fig. 6(b).

7 CONCLUSION

In this paper, we have proposed a new voltage-based EM immortal-
ity check method considering the Joule heating induced spatial tem-
perature gradient effects for general multi-segment interconnects
for the first time. We essentially solved a steady-state solution for
the eletromigration (EM) hydrostatic stress evolution considering
thermomigration (TM) effects on general multi-segment intercon-
nects based on voltage. We first derived the analytic solution to
the resulting steady-state EM-thermal migration stress distribution
problem. Then we developed the new temperature-aware voltage-
based EM immortality check method considering the multi-segment
temperature migration effects. Numerical results on an IBM power
grid and self synthesized power delivery networks showed that
compared to the COMSOL, our proposed temperature-aware EM
immortality check method is more accurate than recently proposed
state of the art EM immortality method. We have shown that the
results of our method are almost the same as the COMSOL results
while our analytical method is much more efficient than COMSOL.
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