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Abstract—Recently, many physics-based electromigration
(EM) models have been proposed to mitigate the over-
conservativeness of existing Black-Blech-based EM models.
To assess EM failures, one needs to estimate how the void grows
after the nucleation phase. As a result, it is important to estimate
the saturation volume of a void, which is important for EM
mortality check. The existing saturation void volume model only
works for a single wire segment. In this paper, we propose a
new model for fast estimation of the void’s saturation volume
for general multisegment interconnect wires. The new model
is based on the fundamental atom conservation at the steady-
state condition of void growth phases. The new formula agrees
with the existing saturation void volume formula for the single-
segment wire case and is a natural extension of the single-segment
case to general multisegment wires. In addition, we consider the
impacts of the void volume on final stress distributions of the
wire to further improve the accuracy of the proposed formula.
Based on the new formula, we propose a new EM immortality
check flow, which considers both the recently proposed EM
immortality in the void nucleation phase and the void saturation
volume in the growth phase. The new flow can further reduce
the conservativeness of the existing EM failure effect analysis.
The numerical results show that the proposed formula agrees
well with a published work for two-segment cases, which are
supported by experimental data. The formula is also validated
by the recently proposed physics-based 3-D finite-element (FEM)
analysis tool for general multisegment interconnect wires. We also
demonstrate new EM immortality check flow to quickly identify
the new type of immortal wires, which are nucleated but with
smaller-than-critical voids.

Index Terms— Electromigration, FEM, immortality check, reli-
ability, saturation volume.

I. INTRODUCTION
LECTROMIGRATION (EM) is one of the top
reliability concerns of copper-based back-end-of-

the-line interconnects, both for current and future ICs
in 10-nm technology and below. 2015 ITRS interconnect
predicts that EM lifetime of interconnects in VLSI chips will
be reduced by half for each generation of nodes [1]. This is
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Fig. 1. Tllustration of a multisegment interconnect wire structure.
primarily due to increasing current densities and shrinking
wire line cross sections, which determine the critical sizes
for EM effects. On the other hand, many applications
ranging from automatic electronics to medical devices and
aerospace equipment require a very long lifetime and have
very demanding reliability requirements. As a result, testing
and verification of the reliability, specially EM-reliability,
of VLSI chips used in those applications become critical.

Recently, a number of physics-based EM models and assess-
ment techniques have been proposed [2]-[14]. These EM
models are primarily based on the hydrostatic stress diffusion
kinetics in the confined metal wires and, therefore, have a more
accurate time to failure estimation for general interconnect
wires over a wide range of stress conditions. Furthermore, all
these models consider a multiphase EM process. Most of these
works focus on the nucleation phase before the void formed
and many of them just assume void will grow in a constant
speed. However, in the postvoiding phase, the void will
grow into the so-called saturated volume in the steady state.
Although methods exist for fast saturation-volume estimation
of two-segment wires [15]), no such methods exist for general
multisegment interconnect structures, such as the one shown in
Fig. 1. The saturation-volume estimation of a void is important
for determining the immortality of multisegment interconnect
wires (especially with reservoirs) in the steady state.

In this paper, we propose a new formula for fast estimation
of the void’s saturation volume for general multisegment inter-
connect wires. The new formula is based on the fundamental
atom conservation at the steady-state condition of void growth
phases. The new void saturation estimation formula agrees
with the existing single-segment wire saturation void volume
formula and is a natural extension of the single-segment case
to general multisegment wires. In addition, we consider the
impacts of the void volume on final stress distributions of
the wire to further improve the accuracy of the proposed
formula. The proposed saturation void volume estimation can
be applied for fast EM immortality check for nucleated wires,
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which were considered to be failed wires in the past. Com-
bined with the recently proposed EM immortality check for
nucleation [8], [13], we propose a new EM immortality check
algorithm, which considers both void nucleation and void
growth for the first time, thus overcoming the conservativeness
of the existing EM immortality check method. Our numerical
results show that the proposed formula agrees well with a
published work for two-segment cases, which are supported
by experimental data. The formula is also validated by the
recently proposed physics-based 3-D finite element (FEM)
analysis tool for general multisegment interconnect wires.
We also demonstrate that the new EM immortality check flow
can quickly identify the new type of immortal wires, which
are nucleated but with smaller-than-critical voids.

This paper is organized as follows. Section II reviews
the recently proposed physics-based EM model and points
out the lack of fast saturation-volume estimation methods
in the existing EM models for multisegment interconnects.
Section III introduces the new saturation-volume estimation
method and formula. This section starts with the review of the
existing saturation-volume estimation for single wire segment.
Section IV presents the new EM immortality check flow that
considers both nucleation and void growth for the first time.
Section V presents accuracy analysis of the proposed models
against a published work for two-segment wires and against
the 3-D finite-element analysis (FEM) results. Section VI
concludes this paper.

II. REVIEW OF EM PHYSICS AND STRESS MODELING
A. Review of EM Physics and Stress Modeling

EM is a physical phenomenon of the migration of metal
atoms along the direction of the applied electrical field.
Atoms (ether lattice atoms or defects/impurities) migrate along
the trajectory of conducting electrons. During the migration
process, hydrostatic stress is generated inside the embedded
metal wire due to momentum exchange between lattice atoms.
Over time, void and hillock formation is caused by conducting
electrons at the opposite ends of the wire. Indeed, when metal
wire is passivated into a rigid confinement, which is the
case for copper dual damascene structure, the wire volume
changes (induced by the atom depletion and accumulation
due to migration) and creates tension at the cathode end and
compression at the anode end of the line.

Mathematically, transient hydrostatic stress evolution due to
EM effects in confined metal o (x, t) before void is formed can
be described by Korhonen’s equation [16]

oo 0 oo + G t0<rt <t
— = — |K |\ — a < <
or  ox ox ’ fue
0
BC : —G(O,t) =—G, at 0 <1 < e
0x
oo
BC : a—(L,t) =—G, at 0 <t < fyue (D
X

where k = D,BQ/kT, T is the absolute temperature, k is
Boltzmann’s constant, B is the effective bulk elasticity mod-
ulus, and G = (eZpj/Q), where e is the electron charge,
eZ is the effective charge of the migrating atoms, Q is the
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Fig. 2. (a) EM-stress distribution change over time in a simple metal wire.
(b) EM-stress evaluation versus time.

atomic volume, p is the wire electrical resistivity, and j is the
current density.

Fig. 2(a) shows stress development over time in a metal
line with Korhonen’s equation. Over time, tensile (positive)
stress will develop at the cathode (left) node and compressive
(negative) stress will develop at the anode (right) node. The
stress changes polarity in the middle of the wire. The built-up
stress (its gradient) will serve as the counter force for atomic
flux. Fig. 2(b) shows stress evolution on the cathode, which
reaches a steady state over time. If the highest stress at
the cathode node exceeds the critical stress, voids will be
created. The time to reach the critical stress is called nucleation
time (fhuc). After the void is nucleated, it will begin to grow,
consequently raising the wire resistance.

However, partial differential equations from those models
have to be solved using numerical methods, which make them
less efficient for fast EM assessment. To resolve this issue,
a physics-based EM model has recently been proposed [3],
[6], [12]. Those models, however, mainly work for the void
nucleation phases. Many of them simply ignore the void
growth phase or just use a simple linear model for the
growth phase. Actually, it is more complicated than it appears.
The void will grow until it reaches the saturation volume,
which was less studied in the past especially for the general
multisegment interconnect wires. These methods often result
in immortal wires being identified as mortal, consequently
making the design overly conservative. A model which can
estimate saturation volume and determine immortality cor-
rectly is, therefore, required.

III. NEW VOID SATURATION-VOLUME ESTIMATION FOR
GENERAL MULTISEGMENT WIRE

A. Review of the Void Saturation Volume for Single Segment

As previously mentioned, computing the saturation void
volume at steady state is critical for the immortality check
of a wire. After a void is formed in a segment, the tensile
(positive) stress around the void will gradually reduce to zero
and the stress distribution will become compressive (negative),
as shown in Fig. 3.

From the physics perspective, once a void is formed,
the void volume V, (¢) in a multisegment wire will satisfy the
following atom conservation equation [17]:

Vo) = —/Q ?dv P
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Fig. 3. Typical stress evolution on a 30-um copper wire computed by the
finite-element analysis.

where Q7 is the volume of the remaining interconnect wire.
Here, W is the width of the wire and / is the thickness of
the wire. In the steady state, the stress is compressive and
negative. As a result, there is a negative sign in (2). For the
1-D single-segment case with wire length L, the steady-state
saturation volume (Vgy) of the void becomes

L Aomax L
Vsat = _A/ O-(X)dx - e (3)
o B 2B

where omax 1S the maximum stress in steady state and A is its
cross-sectional area which can be calculated by A = W x h.
Since the length of the void is typically much smaller than
the length of the wire (smaller than 1% of the segment), total
length L is used here instead of the length of the remaining
interconnect without the void. Another formula considering
the length of remaining interconnect will be discussed in
Section III-B.

If we only consider the one-segment wire in the 1-D case
as shown in Fig. 4(a), (3) essentially says that the saturation
volume depends on the product of gmax and L. If we plot the
stress versus the length for this one-segment case, the product
actually is the area Al in Fig. 4(b). Such observation is
important as it will lead us to the solution for the multisegment
case shown later.

To compute omax, we need to go back to Korhonen’s
equation, in the steady state, in which we have

8_0- — Omax — _jpeZ*
ox L 2Q
jpeZ*L VeZ*
Omax = _]ng = - zeg 4)

where V = j x L x p is the branch/node voltage between the
cathode and anode of the wire which was also used to represent
the immortality condition here. For a single wire segment,
Blech’s criterion or Blech limit is defined as (jL)qic =
(Q(ocrit — oinit)/eZp), where ot s the critical stress and iy
is the initial stress in the wire. As we can see, the immortality
condition of a wire (jL < (jL)cit) depends on the product of
J (current density) and L (length). The Blech limit can also be
actually written as (j L)crit* p = Verit = (Q(0writ — init) /e Z).
As a result, the immortality criteria can be further written
in terms of critical branch voltage V. Recent study shows
that using the branch voltage for immortality check will
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Fig. 4.  (a) One-segment wire and the direction indicate electron flow.
(b) Stress integration area of a one-segment wire.

become much more convenient than current density for the

multisegment case, as shown in [8] and [13].
Using (3) and (4), we get

AjpeZ*L*  AVeZ*L )
20B  2QB

where A is the cross-sectional area of the wire: A = W x h.

If we have the initial stress distribution, then

AdinitL

—_ 6
B (6)

Therefore, void saturation volume, Vg, for a single wire can

be expressed as
ipeZ*L? il VeZ*L
Jpe ) — A (Ulnlt I e )(7)

Voo — A Oinit L n
saee B 2QB B 2QB

Vsat =

Vinit =

which agrees exactly with [18]. However, this method only
works for 1-D single wires.

B. Proposed Void Saturation Volume for Multisegment Wires

In this paper, we propose a formula to estimate the sat-
uration volume for general multisegment interconnect wires
where each wire segment may have different widths.

Before we present this paper, we would like to remark
that void volume depends on many factors, such as shape
and location. The void location and shapes are stochastic
in nature and depend on the capping and barrier materials
used and the fabrication process. The void shape also keeps
changing over time and the void itself may migrate as well
during the growth process [19], [20]. As a result, it is very
difficult to completely consider all those effects. With all the
modeling works, we have to make some assumptions based
on the fundamental physics of EM effects and wire structures.
Specifically, in this paper, we assume that the void has a
square shape initially and eventually will grow to occupy a
cross section of the wire with moving edges toward the atom
migration direction. Eventually, the void shape will become
the shape of a wire or via section [14]. For the void position,
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Fig. 5. (a) Two-segment wire and the direction indicate electron flow.
(b) Stress integration area of a two-segment wire.

statistically, the void most likely nucleates in or close to the
cathode node of the wire. For the copper dual damascene wire
structure, if the via is not blocked by the void, the resis-
tance does not increase. Therefore, the volume above the
via can be recognized as the critical void volume (void fatal
volume) [21], [22].

As mentioned earlier, the void is typically formed around
the cathode node of the wire. Since tensile stress at the
cathode is the highest part of the wire, stress at this position
exceeds the critical stress first and void formation starts here.
However, experimental data indeed show that voids can also
form somewhere near the cathode nodes [23]. But, the location
of the voids will not significantly affect the saturation-volume
estimation, as the steady-state compressive stress distributions
of the wires will be similar if the void location with zero stress
is not far away from the cathode node. If void volume occupies
the significant portion of the wire, zero stress location may not
be very close to the cathode. But in this case, the wire will
be mortal anyway and the estimation of saturation volume is
less important.

Based on the previous observation, for the multisegment
case, based on (3), the saturation volume will be equal to
the area under the multisegment wires (A1l + A2), as shown
in Fig. 5 for a two-segment case with equal widths. As a result,
the saturation volume can be boiled down to computing those
areas as shown in the following.

In general, for a single segment [such as L from Fig. 5(a)],
the stress between the cathode and the anode can be expressed
as

(Vo =Ve)eZ  jLpeZ g

Oc — 0g = Q = Q (8)

where o, and o, represent the stress on the cathode and the
anode, respectively, and V, and V, represent the voltages on
the cathode and the anode respectively. At the steady state, the
stress is linearly distributed on the metal wire as shown by the

shaded areas in Fig. 5(b). Since we need to consider the width
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of each segment, which may be different, the problem becomes
a 2-D stress-area integration problem. Then, the contribution
from the steady-state void volume, Vi ;, for a segment i, can
be found by computing the stress areas (width times length of
the wire)

L;W;

Vear,i = h X ((_O'C,i) + (_O'a,i)) S B
V-eZ) L;W;
X

=hx (_2”“" oo )X s

JiLipeZ L;W;
=h —20, i 9
X ( oc,i + Q ) X 2B )

where V;, ji, L;, and W; are the voltage difference between
anode and cathode, current density, length, and width of the
ith segment, respectively. & is the thickness of the wire, which
is the same for all the wire segments. o.; is the steady-state
stress on the cathode of segment i, which becomes 0 where
the void is nucleated. We note that except for the segment
with the void, steady-state stress on the cathode node of other
segments is actually the anode of the segment connected to
them.

Total void volume at steady state will be calculated, which
is essentially the void saturation volume, given the steady-
state void volume contribution from segment i, Vsu,; in
(9). The total void volume can be calculated by adding all
the contributions together based on (2). Then, we have the
following results.

Proposition 1: For a general multisegment wire, assume
that a void is formed in the cathode node of one of
the segments and all the initial stress are zero. Then,
the saturation volume of the void Vi iotal can be computed
as

VieZ L;W;
Vsattotal—zviatt—hXZ( 2O'c1 ZT)X Ql,Bl

L;W;

JiLipeZ i
=h 2
xz( oo+ 11 )x o

where Viy; defined in (9) represents the saturation-volume
contribution from the ith segment. If a nonzero initial stress
is considered, we can add the initial stress contributions,
as shown in (7). O

Equation (10) shows that the saturation volume is a
quadratic function of wire segment lengths and a linear func-
tion of wire width in the interconnect trees. As a result, the
saturation volume can be adjusted or controlled by wire width
and length sizing. Vagtotal 1s smaller than the critical volume,
and resistance will not increase. So the interconnect tree can be
considered as immortal in this case. And the interconnect tree
would fail if the saturation volume is larger than the critical
volume.

However, since a void is formed at the cathode of the main
branch, the length of the main branch is reduced. In order to
have a better accuracy, a reduced main branch with the length
of I:m is used in the calculation. Since the final saturation
volume affects the remaining length of the main branch,
which further impacts the final saturation volume, iterations
are required to compute the final results. But for our method,

(10)
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Fig. 6. Stress distribution for the two-segment wire at steady state.

we only iterate once, which is sufficient as we show later.
Thus, a new formula is as follows:

~ Vsat,total

2B

L, = —
m m hW,
S . VieZ L;W;
Visat,total = h x Z (—20'c,i + lQ ) X ﬁ
i#m
VyeZ ime
h
+hn X ( Q ) X 7B
A JiLipeZ L;W;
:hXZ(—zac’i+ ! ;2 )X éBl
i#m
imLmpeZ\ LW,
+hx(Jm gpe )x m T (11)

Note that the o.; also changes to 6. ; since the stress on
main branch changes. In the following, we go through a few
example to illustrate the new formula (10). The first example
is a three-terminal wire shown in Fig. 5. Here, stress at
nodes 1 and 2 can be expressed as

V1 —0)eZ _ _j]LlpeZ

Q Q
M =VeZ (il + jpLo)peZ

Q Q

o =0—

. (12)

o) = —0]

Fig. 6 shows calculated stress at steady state during the
growth phase. The stress estimation agrees with the results
in (12). As a result, the void saturation can be computed
as

—o1 LW + (—o1—02)Wh Ly
2B

o (le%WlpeZ

Vsat,Zseg =h x

2BQ

QjL1+ j2L2)LaWapeZ
2BQ :

13)

If we consider the void volqme effect using (11),
the reduced main branch length L; can be calculated by
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Fig. 7. T-shaped wire. Arrows: electron flow.
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Fig. 8. (a) Stress on horizontal segment 0-2. (b) Stress on vertical
segment 1-3.

Vsat,Zseg in (13)

N 1%
Ll — Ll _ sat
hW;
. =61 L\ Wi + (=61 — 62)Wala
Vsat,2seg = h x 2B
~ o x jli%WlpeZ (2j1]:1 + joLo)LoWapeZ
N 2BQ 2BQ '

(14)

For the other example, we will consider the T-intersection
shown in Fig. 7. In this case, a void will be formed at node 0,
and stress at other nodes can be calculated as

VieZ _ JiLlipeZ

ES) Q
V2 —WV)eZ (J1L1 + j2Ll2)peZ
o) = 01 — = —
Q Q
V3 = Vi)eZ (1Lt + jaLl3)peZ
03 = 01 — 0 =— Q . (15)

Fig. 8 shows stress at steady state during the growth phase.
Here, the saturation void volume can be calculated as

—01L\W) + (=01 — 02) Lo W)

Vsat,3seg =hx

2BQ
(—o1 —03)L3W3
+ 2B
o NLIWipeZ  (2jiL1 + j2La)LoWapeZ
N 2BQ 2BQ
2j1L i3L3)L3W3peZ
+(11 1+ j3L3)L3W3pe . (16)
2BQ

We can also consider volume effects by converting L to Li,
as shown in (11), to improve the simulation accuracy.
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In order to validate this model, we validate the estimated
saturation void volume with a recently proposed 3-D FEM
analysis tool [14], [24]. This tool employs the stress model
in [16], the current density model, as well as the Joule heating-
induced temperature model in the FEM-based analysis method
for void growth simulation. This model has high accuracy with
the FEM analysis; hence, we use it to validate the model
proposed in this paper. The validation results are shown in
Section V.

IV. NEW EM IMMORTALITY CHECK ALGORITHM

In this section, we propose a new EM immortality check
algorithm for general multisegment wires based on the new
formula for estimating the saturation void volume discussed
in Section III.

First, we review the recently proposed EM immortality
check for nucleation, called the voltage-based EM (VBEM)
method [8], [13]. In the new EM immortality check model,
which can be viewed as a natural extension of the well-known
Blech product [25] for immortality check of a single wire,
the immortality of an interconnect tree can be summarized as

Verit,eM > VE — Veat (17)
where V.4 is the voltage at cathode. Ve, gm is the critical EM
voltage defined by Vit EM = (1/5)(Ocrit — Ginit) Where aipit is
the initial stress. Vg is called EM voltage, which is computed
as Vg = (1/24) Zk#g aVx, where Vi is the normal nodal
voltage (with respect to cathode node g) at node k of the
wire. aj is the total area of branches connected to node k.
Since generally the cathode node has the lowest voltage within
an interconnect wire, we may just check the cathode node
using (17). However, this EM immortality check does not
consider the case where a void is nucleated in a wire, but
the saturation void volume is less than the critical volume.

As a result, we propose the following new EM immortality
check algorithm. Given a new multisegment wire W with its
branch current and node voltage given, the new algorithm first
checks (17) for the cathode node. If it passes, then the wire
can be considered as immortal. Otherwise, we compute the
saturation void volume Vg from (10) or (11). If Vi < Virit,
the wire is still immortal. Otherwise, it is mortal. Then, numer-
ical methods are needed to compute the time to failure [12].
The whole algorithm flow is shown in Fig. 9.

The new EM immortality analysis flow in Fig. 9 can
be integrated with the P/G network analysis tool for more
accurate full-chip EM-aware IR drop analysis. When void
volume reaches over the critical volume, the current starts
to flow over the barrier layer and wire resistance starts to
increase. But for power-grid networks with redundant wiring,
the current indeed can start to flow in alternative paths in
the P/G networks. As a result, the resulting P/G networks
will become a time-varying network and the wire resistance
changing over time can be modeled by the proposed method,
which will be very efficient (closed form expression) and
more accurate than the previous method to further remove the
conservativeness.
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Fig. 9.

EM immortality check algorithm flow.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we validate the proposed saturation-volume
EM model by comparing it against other models for the
postvoiding process. In Section V-A, we first validate the
saturation volume of the two-segment wire in Fig. 5 using
the method in [15] and the proposed method. In Sections V-B
and V-C, we study a T-shaped wire and a more complicated
13-segment wire against the physics-based 3-D FEM analysis
tool [14], [24], respectively. And in Section V-D, we compare
the proposed EM immortality check algorithm with the VBEM
method [8], [13] using two-segment wire test cases with
different lengths and current densities.

A. Model Validation on Two-Segment Wire

For a two-segment wire structure, the saturation void vol-
ume estimation was proposed in [15], where segment 2 is
treated as a reservoir (j» = 0). However, in this paper,
the problem is still considered as 1-D, where all wire segments
are assumed to have the same width. The saturation void
volume, Vpax, computed using this method is given in the
following:

Kp
B

B 2 2Lk
Vinax/ Wh= L1+ Lo = +1) +=5——1108)

where K = eZpj/Q. Note, Vinax/wh is actually the saturation
length. This paper considers the void size formulated in the
cathode of the L; segment and its impact on the stress
distributions. In order to validate our model, we compare
the void volume computed using this model with that of the
proposed model. Our analysis shows that the void size can be
small compared to the segment length and therefore negligible.
Comparisons of the void volume calculated using the method
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TABLE I
COMPARISON OF VOID AREA OF TWO METHODS (WIRE WIDTH = 1 um AND THICKNESS = 0.3 um)

’ Ly (um) ‘ Ly (um) ‘ j (A/m?) ‘ Vi (um?) [15] ‘ Viw/o (um?) ‘ Vi (um?) ‘

10 10 101 0.0183 0.0184 0.0183
20 10 1010 0.0485 0.0491 0.0485
10 20 1010 0.0303 0.0307 0.0303
10 10 5 x 109 0.0092 0.0092 0.0092
TABLE II
COMPARISON OF VOID AREA OF TWO METHODS (WIRE
THICKNESS = 0.1 um)
] | Case 1 | Case 2 | Case 3 [ Case 4
Ly (um) 10 10 20 10
(b Lo (um) 10 10 10 20
| — Ls (um) 10 10 10 10
: I Wi (um) 1 4 1 1
Wy (um) 1 1 1 1
P - P ” W3 (um 1 1 1 1
© () 71 (A/mQ) 1010 1010 2010 2010
Fig. 10. (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4. j2 (A/m?) 10" 10" 10" 10"
J3 (A/m?) 0 0 0 0
Veey (um?) | 0.0125 | 0.0185 | 0.0510 | 0.0368
in [15] and the proposed method are presented here. The Vi (um?) 0.0121 | 0.0183 | 0.0495 | 0.0356
results are shown in Table I, where V] is the saturation volume . .
calculated using [15], Vi, is the saturation volume calculated " . =
using the proposed method without void volume effect, and V,, T (N
is the saturation volume calculated using the proposed method = — — [ —— ||
considering void volume effect. Among the four test cases in 5 l'4 — el ili
Table I, the maximum difference is only 1.32% between V; B s |
and Vy/o. And the result V,, considering void volume effect — 1 ' 111\ — |
is almost the same with V;. It can be seen that the proposed —— o
method without void volume effect is already very close to the T | = |
method in [15] and if the void volume effect is considered, o 8 )
their results match exactly.
Fig. 11. Complex multisegment structure.

B. Model Validation on a T-Shaped Wire

In this section, we compare the saturation volume estimated
by the proposed method and a physics-based 3-D FEM analy-
sis tool [14], [24] on a T-shaped three-segment wire. Four test
cases with their estimated void volumes generated by the FEM
tool are shown in Fig. 10. The results of the aforementioned
test cases are shown in Table II, where Vggy is the saturation
volume calculated using the FEM analysis tool, and V,, is
the saturation volume calculated using the proposed method
considering the void volume effect. We can see among the
four test cases in Table II, the maximum difference is only
3.2% between Vigm and V.

C. Model Validation on a More Complicated Wire

Now, we compare our estimation with the FEM simulation
from The physics-based 3-D FEM analysis tool [14], [24] on a
more complicated wire structure with 13 segments, as shown
in Fig. 11. Here, the width of all the wires is 0.2 um and
thickness is 0.1 um. The current densities and lengths of all

the segments are given in Table III, where Brch is the branch
index, J is the current density, and the Lth is the length of the
wire. Critical void volume is 0.004 um”. As shown in Fig. 12,
the void is formed on segment 1.

The saturation void volume estimated by the proposed
method is 0.1025 um3, while the saturation void volume
calculated by the FEM analysis tool is 0.1021 um?3. As we can
see, the results are almost identical (about 0.39% difference).
We remark that the errors for this complicated wire structure
are much smaller than the previous T-shaped wire. The reason
is that the saturation volumes for the T-shaped wire are
much smaller, while the 13-segment wire has much large void
volume compared to the length of the wires. As a result, we
obtained much smaller relative errors for the latter case.

D. Results From the New EM Immortality Check Flow

Last, but not least, we show that we can easily identify a
new type of immortal wires, which have voids formed and
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TABLE IIT
PARAMETERS FOR THE 13-SEGMENT INTERCONNECT WIRE

’ Brch# \ CD (A/m?) \ Lth (um) \ Brch# \ J (A/m?) \ Lth (um) \

1 10 x 109 10 8 15 x 109 10
2 5 x 107 10 9 5 x 107 10
3 5 x 107 20 10 10 x 107 30
4 5 x 107 10 11 5 x 107 20
5 10 x 109 40 12 5 x 107 20
6 5 x 107 20 13 5 x 107 10
7 5 x 107 20 - - -
TABLE IV

COMPARISON OF VOID AREA OF TWO METHODS (WIRE WIDTH = 1 um AND THICKNESS = 0.3 um)

’ ‘ Ly (um) ‘ Lo (um) ‘ g1 (A/m?) ‘jg (A/m?) ‘ VBEM

Proposed method

casel 10 10 1010 1010 Immortal Immortal
case2 20 10 1070 1010 Mortal Immortal
case3 10 50 2010 2010 Mortal Mortal

Pseudocolor

10 ’ Var: stress
Voil ' 0.0

04 4~> ~~1.1e+09

i -2.1e+09

~3.2e+09

-204 l
4.3e+09

-30-

Y-Axis (um)

—204

T T
0 20 40 60 80 100
X-Axis  (um)

(@)

10
Pseudocolor
Var: stress
4l
~1.1le+09
E 6
2
2 —2.1le+09
§ 4]
k)
> --3.2e+09
2
Void
-4.3e+09
P Y [ S———
(] 2 4 6 8 10 12

X-Axis (um)

(b)

Fig. 12. (a) Complex multisegment structure result from the FEM analysis
tool. (b) Result zoomed to void area.

still remain immortal due to the voids being the critical void
volumes. We use two-segment wires with different lengths and
current densities to perform the proposed new EM immortality
check considering both saturation volume and EM immortality
check for nucleation in Section IV. The result is shown
in Table IV, where VBEM represents the EM immortality
check for nucleation for general multisegment wires [8], [13].

As we can see in Table IV, case 2 is recognized as mortal
in the VBEM method. However, in our method, we can see
this wire is actually immortal, as the void volume is smaller
than the critical volume. That means the VBEM method is
still too conservative and the new method can identify more
immortal cases in the EM analysis, which can translate into
further reduced guard bands and reduced circuit areas and
better performance.

VI. CONCLUSION

In this paper, we have proposed a novel formula for fast
estimation of void’s saturation volume for general multiseg-
ment wires. The proposed new formula is less conservative
than the existing method since the void growth phase is
also considered. The new void saturation estimation formula
agrees with the existing single-segment wire saturation void
volume formula and is the natural extension of the single-
segment case to general multisegment wires. Based on the
new formula, a new EM immortality check flow is proposed,
including both the recently proposed nucleation-based EM
immortality and the void saturation volume. The new flow
can further reduce the conservativeness of existing EM failure
effect analysis which only considers the nucleation-based
EM immortality check. Numerical results from the proposed
formula also agree well with a published work for two-segment
cases, where the maximum difference is only 1.32%. The
formula is also validated by the recently proposed physics-
based 3-D finite-element (FEM) analysis tool for general
multisegment interconnect wires where the maximum error is
only 3.2%. We also demonstrate that the new EM immortality
check flow can quickly identify the new type of immortal
wires, which are nucleated but with smaller-than-critical voids.
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