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Electromigration Check: Where the Design and
Reliability Methodologies Meet

Valeriy Sukharev

Abstract—Due to technology scaling, electromigration (EM)
signoff has become increasingly difficult, mainly due to the use
of inaccurate methods for EM assessment, such as the empir-
ical Black’s model. Results of recent measurements performed
on power grid-like structures isolated in the power grid envi-
ronment have demonstrated that the weak link approach cannot
accurately predict lifetime of the power grids. It calls for signifi-
cant over-design, while, today, there is very little margin left for
EM. Numerous observations clearly indicate that there is a need
for a new EM checking approach that accurately models EM
degradation using physics-based models, combined with a mesh
model to account for redundancy, while being fast enough to be
practically useful. In this paper, we present a novel approach for
power grid EM checking using physics-based models that can
account for process, voltage and temperature variations across
the die. Existing physical models for EM in metal branches were
extended to track EM degradation in multi-branch interconnect
trees. Our results, for a number of IBM power grid benchmarks,
confirm that Black’s model is overly inaccurate. The lifetimes
found using our physics-based approach are on average 2.75x
longer than those based on a Black’s model, as extended to han-
dle mesh power grids. With a maximum runtime of 2.3 h among
all the IBM benchmarks, our method appears to be suitable for
large VLSI circuits.

Index Terms—Electromigration, hydrostatic stress, power grid,
reliability, verification.

I. INTRODUCTION

S A RESULT of continuing scaling of integrated cir-

cuits (IC) technology, electromigration has become
a major reliability concern for design of on-die power grids
in large integrated circuits [1]. The ongoing IC component
miniaturization results in a reduction of the metal line cross-
sections and, hence, an increase of the current densities, con-
sistent with the unified theory of constant electric field scaling.
It is well known that an EM-induced voiding is responsible
for the interconnect line resistance increase, while a hillock
formation can generate the electrical short induced failure.
This paper concentrates on void-induced degradation because
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voids occur much more frequently than hillocks in practice.
There are two major functions of the on-chip interconnect:
(i) as signal lines, providing intra- and inter-cell connectivity
for proper signal propagation and (ii) as power (and ground)
lines, delivering a well-regulated supply voltage to every cell.
While the resistance degradation of individual metal line seg-
ments can destroy both these functions, the time-scales of EM
induced degradation in the power supply versus the signal lines
are quite different. It can be explained by the physical nature
of EM-induced voiding, which is the activation of growth of
preexisting microscopic defects by generation of high tensile
stress at specific regions of a conductor where divergence
of atomic flux takes place. The atomic flux is the result
of interaction between metal atoms and the applied electric
field as well as the conduction electrons due to a momentum
exchange. The difference in the pace of EM induced degrada-
tion between the power and the signal circuits is in the types
of electric currents employed in these two cases. Indeed, the
majority of signal lines carry bidirectional currents that lead
to a repetitive increase and decrease of the mechanical stress
at the wire diffusion blocking ends, which results in very long
times to the EM-induced failure. In contrast, power lines car-
rying mostly unidirectional currents and so can fail in much
shorter times due to the absence of, or negligible, stress relax-
ation. Thus, we can conclude that, in the majority of cases, EM
induced chip failure is due to the failure of the power network
to deliver needed voltages to some cell of the circuitry, [2].
Hence the focus of this paper is on EM in power grids.

Today, it is becoming harder to sign off on chip designs
using traditional EM checking tools, as there is very little
margin left between the predicted electric currents and that
allowed by EM design rules [3]. This loss of safety mar-
gin can be traced back to the inaccurate and oversimplified
EM assessment methodology used by existing tools. This
methodology is based on an extension of the traditional sin-
gle link test-structure EM assessment to the domain of the
power grid.

A standard single-link test-structure EM test is typically
performed on a set of Cu lines, as in Fig. la, in which the
electric current flows from the wide metal supply lines through
the vias, into the narrower test lines. Changes in voltage and
resistance over time are measured and recorded. An increase
of resistance of individual lines above some threshold value is
considered to be a failure. Details describing this methodol-
ogy characterized by a variety of measurement techniques can
be found elsewhere; see [4]. Here, we will only give a brief
summary of the approach.
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The time-to-failure (TTF) of each metal line, stressed by
direct current (DC) of density j at the temperature T, is
recorded for hundreds of identical lines that may be in the
test structures.

The mean-time-to-failure (MTTF) is extracted from the
measured TTF ensembles, and it is known to follows the
Black’s dependency [5]
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where, k is the Boltzmann constant and A is a proportion-
ality coefficient, which depends on line geometry, residual
stress, and temperature. Two critical parameters, the current
density exponent n and activation energy E4 are extracted by
regression from the measured TTFs. In order for the failure
to happen in reasonable time-intervals of several hours, these
measurements are carried out at so-called stressed conditions,
characterized by elevated temperatures of 200 — 400°C and
high current densities of 3 x 10° — 5 x 10'© A/m?. Failure
times are customarily fitted to a lognormal distribution
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Here, F () is the cumulative percent failures at time ¢ and o is
the standard deviation. Both MTTF and o are found by plotting
the experimental TTF data on a lognormal plot; the coefficient
B is extracted from a Weibull plot. All these parameters are
extracted from measurements that are done on a variety of
test structures designed for different metal layers and differ-
ent current directions (upstream and downstream tests, as in
Fig. 1b).

Translation of the MTTF obtained at the stress conditions to
the operating conditions, characterized by lower temperatures
and current densities, is performed based on the equation
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It is assumed that knowing the MTTF and the failure proba-
bilities for each type of interconnect segment and for all metal
layers allows one to calculate the failure times for every seg-
ment with different geometries using the independent element
model, Fig. 2. When the failure probability of the i-th element,
F;i(1), is known, the chip level failure probability, Fcpp (1), is
calculated based on the weakest link statistics

m
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where m is the total number of elements with EM concerns
in the chip. Thus, EM-induced failure rates of individual seg-
ments are considered as a measure of EM induced reliability
and, in the extreme end, the MTTF of the weakest segment is
accepted as a measure for the chip life-time.

(a)

(b)

Fig. 1. Multi-link test structure (a), upstream and downstream EM test-
structures (b). Black arrows are the electron flow directions.

D

Fig. 2. An interconnect tree broken into segments. In conventional reliabil-
ity assessment approaches the reliability of the segments are independently
estimated, [6].

The scaling equation (4) is used also for generating a set of
so-called EM design rules, which provide maximum allowed
current densities for all interconnect segments characterized
by different geometries, current directions, and temperatures.
Indeed, accepting the requirement that each segment should
survive not less than a required period of tme MTTFspgc,
which can be any specified amount of years, the equa-
tion (4) provides the maximum current density sitisfying that
requirement
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In accordance with this methodology, the standard prac-
tice employed in industry is to break up a grid into isolated
metal branches, assess the reliability of each branch separately
using Black’s model [5] and then use the series model (earli-
est branch failure time) to determine the failure time for the
whole grid, Fig. 2. This approach, when applied to the on-
chip power grid, is highly inaccurate, for at least three reasons.
First, the fitting parameters obtained for Black’s model under
accelerated testing conditions are not necessarily valid at actual
operating conditions, and this can lead to significant errors in
lifetime extrapolation [4], [7], [9].
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Second, Black’s model ignores the material flow between
branches. In today’s mesh structured power grids, many
branches within the same metal layer are connected (there are
no diffusion barriers between them), forming an interconnect
tree, and atomic flux can flow freely between them, [6]. As
a result, the physical analysis of the failure of a single line
segment with diffusion barriers at both ends, which is based
on the accumulation of stresses at these ends, is not applica-
ble. This is confirmed by results of the analytical solution of
the EM-induced stress evolution in multi-segment interconnect
trees, which was done first by Chen er al. [10]. As an example,
Figs. 3a and 3b demonstrate the EM-induced stress evolution
along segments in the 3-terminal interconnect tree shown in
Fig. 3d. These time-dependent stress distributions cannot be
obtained for the same segments after decomposition of the
tree on individual segments, Fig. 2. Stress evolution in each
of them separately (assuming diffusion barriers at both ends)
provides the set of well-known symmetrical curves, shown
in Fig. 3c. Hence, direct use of Black’s model providing the
MTTF for each segment based on extracted current densities
and geometries cannot be justified for multi-line interconnect
trees, [6]. For example, in the case where individual branches
happen to be short, so that they are deemed immortal due to
the Blech effect, [11], then the interconnect would appear to
be immortal, which is highly optimistic and can be entirely
misleading for design.

Finally, the third problem lies with the series model assump-
tion. A series model is the case where a power grid is deemed
to have failed as soon as the first of its branches has failed,
typically due to an open circuit. However, modern power grids
use a mesh structure, [12]-[15]. As such, there are many paths
for the current to flow from the flip-chip bumps to the under-
lying logic, a characteristic we are referred to as a redundancy,
Fig. 4. Mesh power grids are in fact closer to some extent to
a parallel system. As such, it is highly pessimistic to assume
that a single branch failure will always cause the whole grid
to fail.

The later was demonstrated by Ouattara et al. [14] by direct
measurement of the evolution of resistance in two structures
shown in Fig. 5, which were composed at the silicon level of
a long wire (250 pm) with a width of 0.2 pwm in the metal
2 layer (M2) and supply wires in M3.

Finally, a wire in M1 was tapped in the middle of the struc-
ture to represent a standard cell connection. The line under test
was connected by via matrices (multiple-vias) to the supply
layers. In the reference structure shown in Fig. 5a, the cur-
rent density j; was established between supply vias Va and
Vg, while the layer M1 was not used. In the redundant struc-
ture, shown in Fig. 5b, an electric current of twice higher
density was injected from the M1 pad into the M2 wire. Due
to the equidistant location of the vias Vo and Vp from the
M1 pad, the same current densities j; were expected in the
left and right legs of the M2 wire. It was shown that the
redundant structure is characterized by two abrupt jumps of
resistance, while the reference structure demonstrated just one
coincident with the first jump in redundant. But after the first
critical void was generated in the redundant structure, the cur-
rent continued to flow through the redundant path. Only after

x 10

—— COMSOL, t=1x10%
““““ Proposed, t=1x1 0%
~— COMSOL, t=1x10"s
== =Proposed, t=1x10"s
—— COMSOL, t=1x10%
""" Proposed, t=1x1 08s

O_
-0.5
-1 i
-2 -1 0 1 2
-5
Position (m) <10
(@)
9
x1
vyt
2_
& o
a —— COMSOL, t=1x10%
2 ) Proposed, t=1x10%
@ ~—— COMSOL, t=1x107s
= = = Proposed, t=1x10"s
—4r —— COMSOL, t=1x10%
""" Proposed, t=1x10%s
-6 i
-2 -1 0 1 2
- g
Position (m) x10
(b)
9
x1
1 0
mimit=0s
‘=1=11=0,05x10"s
0.5( 1 1=0.15x10"s
—t=1x10's
—1=2x10"s

L BT

Stress (Pa)
o

-0.5
1 . .

0 0.5 1 1.5 2

Position (m) %107
(©)
| L | L |
B o] [ b]
] i

()

Fig. 3. EM-induced stress development along the lines 1 and 2 in
the 3-terminal interconnect tree: (a) j; = 2 X IOIOA/mZ, jo = 0A/m2;
(b)j1 =2x10'94/m2, j» = 6 x 10194 /m2; (c) single segment with diffusion
blocking ends; (d) the straight-line 3-terminal interconnect tree, [10].

generation of the second critical void in the redundant path
this structure was failed. Derived cumulative failure distribu-
tions versus TTF for both structures have demonstrated the
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Fig. 4. Example of a power grid. The standard cells, which are the grey
rectangles separated by vertical lines, can be supplied by two paths, from
either the left or the right power vias.
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Fig. 5. Test structures: (a) reference, (b) redundant, [14].

same MTTF for both structures, although the total gate cur-
rent in the redundant structure was two times higher. Note,
that the currently accepted EM assessment methodology would
consider the later redundant test-structure as failed imme-
diately after the first critical void was formed. Thus, the
weak link approximation isn’t applicable for power grid EM
assessment.

Another experimental demonstration of the importance of
redundancy in EM induced power grid reliability was demon-
strated recently by Li et al. [15]. They analyzed the resistance
degradation in small interconnect power grid-like structures
isolated inside the power grid environment. Two different
3-leg power grid-like structures have been used for mea-
surements, Fig. 6. The connection between all three parallel
M2 legs of 50 pm length provides an isolated structure with
almost equal initial resistances of all legs (Type I, Fig. 6a),
and, given the parallel connection of legs and the very short
length of the M5 connectors (~0.7 pwm), leads to almost
equal initial currents in the three lines. Another structure
(Type II) was designed in a way that the center leg has
lower resistance that the other two legs, so that the initial
current density in the center leg was higher than in the other
two, Fig. 6b. To compare the EM behavior of power grid-
like structures with that of the traditional single-link EM
structure, a V2/M2 EM test-structure, Fig. 1b, was used as
a reference.

Measured distributions of the time to resistance jump for
both types of power grid-like structures and the single-link
V2/M2 EM structure have shown that both power grid-like
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Fig. 6. Schematics of two EM power grid-like structures isolated in the
power grid design, [15].

structures demonstrate much longer time to the first jump in
resistance than the traditional single link test-structure. The
reason is the current redistribution that takes place in power
grid-like structures due to the grid redundancy. Redundancy
doesn’t only provide the alternative current paths, but also
allows the electric current to redistribute when the EM induced
void causes a local resistance increase. The differences in
the times to the first resistance drop observed for different
types of power grid-like structures is explained by the larger
initial current flowing through the central leg and slower cur-
rent redistribution caused by the growing void in the Type II
structure in comparison with Type L.

Thus, on-chip power/ground interconnect grids have distinct
EM characteristics due to the parallel network configuration
where the standard weakest link approximation used to eval-
uvate EM lifetime is not applicable for evaluating the EM
performance and would have been too pessimistic to project
the EM lifetime and current density capability. In addition,
Black’s model, which is currently employed for calculat-
ing the MTTF of individual links, ignores the material flow
between branches. In today’s mesh structured power grids,
many branches within the same metal layer are penetrable by
atom diffusion since there are no diffusion barriers between
them. In this way, the branches form an interconnect tree
where atomic flux can flow freely between them. As a result,
the physical analysis of the failure of a single line seg-
ment with diffusion barriers at both ends, which is based
on the accumulation of stresses at these ends, is not applica-
ble. Hence, direct use of Black’s model providing the MTTF
for each segment based on extracted current densities and
geometries cannot be justified for multi-line interconnect trees.
The above observations clearly indicate that there is a need
for a new EM checking approach that accurately models
EM degradation using physics-based models, combined with
a mesh model for the grid to account for redundancy, while
being fast enough to be practically useful.

II. EM ASSESSMENT OF POWER GRIDS BASED
ON PHYSICAL MODELING

One such new approach to EM assessment was recently
proposed based on the notion that EM induced chip failure
is deemed to happen only when the grid interconnect can-
not deliver the needed voltage to some part of the underlying
circuitry. If the power supply for a circuit is not within the
user-defined specification, the result can be a timing violation
or a reduction of the noise margin. In other words, the loss
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Fig. 7.

Interconnect segment confined by diffusion barriers/liners.

of performance, which is a parametric failure, should be con-
sidered as the more realistic and practical failure criterion for
EM-induced power grid failures.

This novel approach has been developed
recently, [12], [13], [16]-[19]. Chatterjee et al. [12] proposed
the mesh model as an alternative to the series model. In the
mesh model, a grid is deemed to have failed, not when the
first line fails, but when enough lines have failed so that the
voltage drop at some grid node has exceeded some pre-defined
threshold (which would cause errors in the underlying logic).
However, [12] still made use of Black’s model to compute
the reliability of individual branches, which as we saw above
is inaccurate. Huang et al. [13], [17] proposed an adaptation
of Korhonen’s physical EM model [20] for interconnect trees.
Hau-Riege and Thompson [6] and, later Alam et al. [19] used
Korhonen’s model to develop a closed-form solution for stress
evolution at a junction (a point where multiple branches meet)
by replacing connected branches with semi-infinite limbs,
which was later used by Li et al. [21] in their EM verification
tool. The works [13], [16], [17], [21] were later extended to
account for temperature variation, [18], [22]-[24].

In [13] and [17] Korhonen’s physical EM model was
adapted to interconnect trees, representing continuously con-
nected, highly conductive metal lines terminated by diffusion
barriers within one layer of metallization [6], Fig. 7. For
transient current sources, the effective DC currents and cur-
rent sources have been calculated in a way as proposed
in [13], [16], and [25]. The EM-induced kinetics of the evo-
lution of power grid network resistances were considered.
Due to EM degradation, the resistance value of a metal
wire starts to increase once a void has nucleated. As
a result, this approach ends up with a system of equa-
tions for the power grid that is a linear, time-varying and
driven by the DC effective currents. To denote the fact
that the branch conductances and corresponding voltages can
change upon successive void nucleations, the grid model was
expressed as

G(t) x v(t) = Ig 7)

where G(f) is a n X n time-varying conductance matrix, v(f)
is the corresponding time-varying vector of node voltage
drops, and I is the vector of effective values of the current
sources tied to the grid. In this problem, the time scale is
the EM time scale, which can be months or years. Instead

0.18 T T T T
L reaches threshold,
0175 ,_/ TTF
s
= 017 ,—f-f—J 1
_g first void nucleated,
© system starts to
%’3 0.165 | degrade E
i)
g |
0.16 | A
.—o—"’_J max voltage drop
————— voltage drop of the first failed node
0.155 Y. : L : ;
0 5 10 15 20 25 30
Time(yrs)
Fig. 8. Voltage drop of the first failed node and the maximum voltage drop

in IBMPGNEW 1, showing the evolution over time, [17].

of direct solution of the system of the Korhonen’s equations
linked by junction stress/flux continuity boundary conditions,
Huang et al. [13], [17] have developed a compact model that
provides the void nucleation times for the cathodes (electron
flow inlet ports), which are characterized by the steady state
stresses exceeding the critical stress. Resistance increase of
individual branches was calculated with the void growth for-
malism, which was described in [26]. Because all trees are
electrically connected, a void-induced resistance change in one
tree can change the currents in all neighboring trees, which
can change the volumes of already formed saturated voids,
and hence the resistances of the corresponding branches. That
triggers a new calculation iteration. This iterative process con-
tinues until the voltage drop at some node of the power/ground
network reaches a user-specified threshold value, or the total
physical time exceeds the required life-time, Fig. 8. The
proposed EM assessment method was tested on the IBM power
grid benchmark circuits [27], on a 2.3 GHz Linux server with
132 GB memory.

Huang et al. [13] have demonstrated for the first time that
the Black’s equation-based assessment performed on either
series or mesh models leads to more pessimistic results when
compared with the proposed method, Table I. In Black’s
equation-based analysis the equation (4) was used to estimate
MTTF of single metal line, where Tgyess = 600 K, jgress =
3 x 1010 A/m2, E, = 0. 86 eV, and MTTFstress was obtained
from ty,c calculated under these stressed conditions [17] with
the critical stress of 500 MPa. The use/operating conditions
were characterized by the constant temperature of 373 K and
the branch current densities distributed between 3.4 x 103
and 4.7 x 101° A/m2, which were extracted with SPICE
simulations.

However, the approach developed in [13] and [17] was very
slow, requiring up to 17 hours to estimate the failure time of
a 700K node grid. In [21], since the connected branches were
replaced by semi-infinite limbs, the atomic flow across the
whole tree was not accounted for. Thus, there was a need
for a new EM checking approach that accurately models
EM degradation using physics-based models, combined with
a mesh model to account for redundancy, while being fast
enough to be practically useful.
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TABLE I
COMPARISON OF POWER GRID MTTF OBTAINED USING BLACK’S
MODEL AND PROPOSED MODEL

Time-To-Failure (years)
Power Grid Black’s Equation Proposed Model
Name Nodes Series | Mesh No With Run
saturat. | saturat. | Time
IBMPG2 | 61797 6.17 12.83 16.85 18.78 6.36
min
IBMPG3 | 407279 | 12.79 17.90 23.56 31.97 5.83
hour
IBMPG 474836 | 13.23 22.27 26.97 33.41 14.71
hour
IBMPG 497658 | 4.41 12.34 19.13 25.16 40.64
min
IBMPG 807825 | 8.44 10.89 14.62 19.85 1.75
hour
IBMPG 715022 | 12.85 13.96 18.84 25.97 16.78
NEW1 hour
IBMPG 715022 | 12.73 13.84 15.60 21.79 15.32
NEW2 hour

III. EXTENDED KORHONEN’S MODEL IS AN ACCURATE
AND PRACTICAL METHODOLOGY FOR POWER GRID
EM ASSESSMENT

This novel approach has been developed recently by
Chatterjee et al. [16], [18], [28]. While it implements similar
physical models as was used by Huang et al. [13], [17], the
advanced numerical technique developed by Chatterjee et al.
appears to be a promising approach for EM assessment of
power grids in large VLSI circuits. The method consists of
decomposing the power grid into a number of interconnect
trees, solving the set of discretized PDEs (8) for all branches
of each tree characterized by different current densities and
geometries (length and width), and linking the solutions at the
segment junctions to each other through the proper boundary
conditions (BC) given in (9) and (10).

doy, | 500y
. G 8
ot ax[K"< ox ")] ®

Here, 0,(x, t) is the time-varying hydrostatic stress at loca-
tion x in the n-th branch of the tree. We use the standard
notations: /c,% = DZﬂBnQ/kBTn, and G, = eZpj,/ 2, where
D, is the effective atomic diffusivity in the n-th branch,
B, is the effective bulk modulus, €2 is the atomic volume,
kp is the Boltzmann’s constant, T, is the absolute tempera-
ture, eZ is the effective charge of migrating atoms, p is the
metal resistivity, and j, is the electric current density in the
n-th branch. The boundary conditions (BC) reflecting the con-
tinuity of stress and atomic flux at every junction between
neighboring branches take the form:

on(X, 1) = opy1(x, 1), at x =X, t >0 )

a0, a0, 1
Kf( 8; +Gn> =K,3+1( 8"; +Gn+1>, at x = xp,, t> 0.
(10)

Initial conditions for the equation (8) determine the stress in
interconnect trees at t = 0, before the electric stressing was
applied. In on-chip interconnects, the metal lines are embed-
ded in a rigid confinement. Because of the difference in the

coefficients of thermal expansion (CTE) of the metal (Cu) oy,
and confinement (Silicon) acops, stress is generated as the chip
cools down after anneal. This so-called thermal stress can be
expressed as:

o1 (1) = Bu(ctm — cteony) (Tzs — Tu(D)) (11)

where a,,T "(¢t) is the thermal stress, T, (¢) is the temperature of
branch b, and Tzs is the stress-free annealing temperature. In
our work, we assume that the initial stress o0,(0, ) in branch
by is equal to its thermal stress at r = 0, so that:

0,0, 1) = o.7(0) (12)

Accounting for the temperature distribution across the metal
layers is done by employing a compact thermal model that rep-
resents a die as array of cuboidal thermal cells with effective
local thermal properties. Specifically, each thermal block is
represented as a thermal node connected to 6 resistors, a cur-
rent source and a capacitor. Thermal resistors represent heat
propagation in the lateral and vertical directions, a thermal
capacitor can be included for transient thermal analysis. The
methodology includes three steps: (i) extract effective thermal
properties of each thermal cell, (ii) generate thermal netlist of
the whole chip, and (iii) calculate temperature at each thermal
node by a circuit solver, similarly to what was done in [29].

The effective thermal conductivities are calculated as func-
tions of metal density and routing direction of wires in each
metal layer based on the theory of effective thermal properties
of anisotropic composite materials [30]. Based on the stan-
dard procedure [29], with the extracted thermal resistances,
estimated power sources, as well as the thermal boundary con-
ditions, the chip can be represented as a thermal netlist, in
which the nodal temperatures correspond to the nodal volt-
ages and the powers corresponds to the current sources. The
total power dissipated in a thermal block can be represented as
a sum of the average power dissipated by joule heating of the
metal branches within the thermal block and the average heat-
ing dissipated by the underlying logic due to active switching
and leakage currents [22], [23]. The electric circuit solver can
then obtain temperature for each thermal node. We generate
the thermal grid at t = 0 and calculate the branch diffusivities
and thermal stress in all branches at initial temperature. After
a void nucleates, the branch currents change. Hence, we update
the average powers dissipated by joule heating for all ther-
mal nodes, find the new temperature distribution and update
the branch diffusivities and thermal stresses. As an example,
we have analyzed the effect of temperature on the lifetimes
estimated using the extended Korhonen’s model. For this com-
parison, we used the interconnect tree taken from ibmpg?2 grid
with 192 branches and high current density profile, with max-
imum branch current density being 5. 31 x 10° A/m? [18]. We
first estimated the MTTF using the actual temperature distribu-
tion, which has varied between 318K and 333K. For this case,
the first failure happens around 13.2 yrs. Then, we artificially
assumed a constant temperature of 325K throughout the tree.
Note that 325K is the average of the actual branch tempera-
tures. In this case, the first failure happens around 20.26 yrs.
A higher nominal temperature would result in a lower fail-
ure time and vice versa. Hence, temperature distribution plays
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a very important role and should be taken into account while
doing EM analysis.

It should be mentioned that initial variation in thermal stress,
before the electric stressing is applied, can be explained by
dependency of the effective bulk modulus B on the line geom-
etry, particularly on its width and aspect ratio, and the grain
morphology [31]. Additional residual stress developed across
the whole interconnect structure immediately after packag-
ing can be assessed by using the methodology described
in [32] and [33]. Stress relaxation, caused mainly by stress-
gradient induced atomic diffusion (stress migration - SM),
occurring during chip shelf-live can result in a uniform stress
distribution within every interconnect tree, [34]. Follow He
et al. [35], we can assume that those trees that are character-
ized by residual stresses exceeding the critical stress, can end
up with the presence of saturated voids (stress induced void-
ing - SIV), whose sizes can be estimated from the consumed
initial strain, and zero stress everywhere else in the line. Also,
the possibility of multi-void generation in interconnect trees
should be accounted for. An actual distribution of stress, which
is used as an initial stress in the EM analysis, depends on the
duration of the chip shelf-live that introduces another uncer-
tainty factor. However, the stress evolution caused by EM in
two cases of initially void less line and line with the saturated
void is characterized by different kinetics just in the beginning,
which disappears at long times, resulting the same steady state
stress distributions [36]. Hence, in order to be in a more pes-
simistic side regarding the EM induced MTTF prediction, we
should use as an initial condition the SM induced steady state
stress distribution in all analyzed interconnect trees with satu-
rated voids located in trees with residual stresses exceeding the
critical one. The BC at the void edge, which is used for cal-
culating the postvoiding stress evolution, takes the form [36]

foled (xedge, t) o (xedge, t) (13)

0x )

Here, § is the thickness of the void interface, o (xeqge, t) is the
stress near the void edge, which equals to the critical stress at
the time of void nucleation. Resolved postvoiding stress evolu-
tion kinetics allows us to calculate the void volume evolution
from the volume of atoms drifted into the line, V,,q(f) =
A fOL(a (x, 1)/B)dx, where A is the cross-sectional area and L
is the length of the segment. Void evolution kinetics imple-
mented in the resistance evolution computation has replaced
the approximation currently employed in [16], [18], and [28]
of very fast void growth, which provides very short times
(relative to nucleation phase durations) needed to reach void
saturation volumes. The latter can generate some noticeable
conservatism in the computed grid TTFE.

Additional variations of the residual stress can be expected
in the junctions between line segments characterized by poly-
granular and near bamboo structures [31] and in the vicinity
(above and below) of interlayer vias [37]. All these varia-
tions can be addressed by introducing a lookup table, which
provides different values of the effective bulk modulus B
corresponding different layout segment configurations.

The discussed above physics provides accurate calculation
of the stress evolution inside multi-segment tree. Fig. 9 shows
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Fig. 9.  Evolution of stress at junctions with time, (a) and stress pro-

file evolution with time, (b). Here Ly = L, = 50um, and j; = —j; =
6e9 A/m>, [16].

L, : L,

- > >
L - I - ;
7~ 7~ 7~

O .

N/ N N/
- :
1 J2

Fig. 10. A simple 3-terminal tree.

the kinetics of stress evolution at all tree junctions and the
evolution of the stress distribution across the 3-terminal tree
shown in Fig. 10.

The extended Korhonen’s model starts out as a system of
PDE coupled by the boundary laws (9)—(10), which are then
scaled and discretized to reduce the model to a system of
ordinary differential equations (ODE), which is shown to be
a linear time-invariant (LTI) system. The method then moves
on to numerically solve the ODE system at successive time-
points to track the stress evolution and find the corresponding
time of void nucleation(s).

To account for the random nature of EM degradation, Monte
Carlo random sampling is performed to estimate the MTTF. In
each Monte Carlo iteration, new randomly generated diffusivi-
ties are assigned to all the branches in the grid. This effectively
produces a new instance of the whole power grid, which is
referred to as a sample grid. Then, the TTF values are gen-
erated based on the mesh model, and another based on the
series model for comparison purposes. With enough samples,
two averages are formed as the estimates of the series MTTF
and the mesh MTTF.

Computation speed is enhanced by using a filtering scheme
that estimates upfront the set of trees that are most likely
to impact the MTTF of the grid, with minimal impact on
accuracy. The process also includes a predictive scheme that
allows for faster MTTF estimation by extrapolating the solu-
tion (stress curve) obtained from a few initial time-points. This
has also been shown to have minimal impact on accuracy.

The resulting approach was tested on the same set of IBM
power grid benchmarks, [27], on a quad-core 3.4GHz Linux
machine with 32GB of RAM. The MTTFs estimated using
the physics-based approach were on average 3x longer than
those based on a Black’s model, supporting the claim that
Black’s model is not accurate enough for modern power grids
and confirming the need for physical models. Having achieved



SUKHAREV AND NAJM: EM CHECK: WHERE DESIGN AND RELIABILITY METHODOLOGIES MEET

505

TABLE 1T
COMPARISON OF POWER GRID MTTF AS ESTIMATED USING BLACK’S MODEL AND EXTENDED KORHONEN’S MODEL

Power Black's Model Extended Korhonen’s Model
Grid Filtering Filtering + Predictor i ;
: = ” blk bIk act act pre pre Hm fact
Grid # | #bra- | #rees | pg Hoa toie | pd [Thy tact | Ms Hom tpre b1k i

Name nodes | nches (yrs) | (yrs) | (hrs)® | (yrs) (yrs) | (hrs)® | (yrs) (yrs) | (hrs)® Hm pre

ibmpg1 6K 11K 709 5.39 9.13 0.001 4.52 10.69 0.11 4.19 10.90 0.003 1.17 | 33.59x

ibmpg?2 62K 61K 462 296 | 6.33 0.03 6.50 9.72 0.39 6.53 10.11 0.04 1.54 9.86x

ibmpg3 410K | 401K 8.1K 2.92 6.62 0.26 | 4.11 10.04 10.79 4.12 9.95 0.41 1.52 | 26.61x

ibmpg4 475K | 465K 9.6K 1.38 297 0.53 | 4.95 9.45 9.25 4.96 11.95 231 3.18 4.01x

ibmpg5 249K | 496K 2K | 226 | 3.6l 0.02 | 4.5 6.18 0.26 | 4.50 6.63 0.06 1.71 4.21x

ibmpg6 404K | 798K 10.2K 1.20 1.32 0.02 | 479 10.11 4.40 4.84 11.96 0.79 7.67 5.59x

ibmpgnew | 316K | 698K 19.5K 1.18 264 0.14 2.39 10.36 1.72 232 11.64 1.24 392 1.39x

ibmpgnew2 | 718K | 698K | 19.5K 1.62 | 4.82 0.68 | 3.44 6.18 122 | 348 6.72 0.43 1.28 2.87x

® tpix, face and fpre denote the run-time(s) for Black’s model, Filtering and predictor based approaches, respectively.
10 a
a run-time of less than three hours for the largest grid (700K e =

nodes), this approach has been demonstrated as suitable for %57 1
large VLSI circuits, Table II, [18]. The stress conditions that § °M/\/\//\/\/\/\/’
were used for calculating MTTF were similar to what was 057 )

mentioned for the table I excepting the critical stress, which - 20 40 60 8 100 120 140 160 180

was taken as 600 MPa, and the use temperature of 300 K.

In order to show the inaccuracy in Black’s model, two
scenarios, based on two interconnect trees T and T, taken
from ibmpg2, have been presented. Both trees are straight
metal stripes with 192 branches each. T; has a high current
density profile, with maximum branch current density being
5.31x 10° A/m? (Fig. 11). In this case, Black’s model predicts
the first failure time of about 6.2 years, whereas the actual
failure time found using the Extended Korhonen’s model is
about 13.2 years, which is ~ 2x longer. T has a low current
density profile, with maximum branch current density being
1.44 x 10° A/m? (Fig. 12). Here, due to the Blech effect,
Black’s model predicts that no failure would occur. However,
benefiting from a physical model that accounts for material
flow between the branches, it was found that the first fail-
ure would occur at about 2.44 years. Thus, Black’s model
was pessimistic in the first scenario and highly optimistic in
the second one. This shows that lifetime estimates using the
Black’s model can be highly inaccurate.

Developed 1D model has a built-in capability to account
an early failure, which happens if a large enough void forms
below a via [18]. Removal of a via, as it happens during the
early failures, has a significant impact on grid reliability. In our
model, once we have determined the void volume, we check
for the following two conditions: i) is the void located below
a via (this is determined based on the geometry of the grid)
and ii) is the void large enough to disconnect the via. If both
conditions are met, this void leads to an early failure, so that
we remove the via from the power grid and update the voltage
drops and current density values. Impact of the early failure
was analyzed using the ibmpg?2 grid. It was found that turning
off early failures gives an optimistic MTTF estimate, which is
34% longer than the actual MTTF. Details of this case study
can be found in [18].

In order to improve model predictability and, as a result,
the accuracy of MTTF predictions a number of model
enhancements should be done. For example, the methodology

branch number
(b)

(©)
1 1 0 1 e
(d)

difference (yrs)
o

I I I I I I
20 40 60 80 100 120 140 160 180
branch number

Fig. 11. (a) Current density profile for T; and MTTFs estimated
using (b) Extended Korhonen’s model (MTTFgky,), (c¢) Black’s model
(MTTFy) and (d) MTTFpx — MTTFegp, [18].

for finding the saturated void volume Vgsy in interconnect
trees should be improved. The currently employed formal-
ism describes Vgy for the case of a single line, [13], [16]; it
should be extended to the case of a multi-segment interconnect
tree, and the effect of the already nucleated voids on new
void nucleation and growth should be accounted for. Effect
of microstructure on EM-induced stress evolution and void-
ing should be implemented in a way similar to that discussed
by Korhonen et al. [38]. Discussed in [39] and [40] effect
of the EM induced plasticity, which creates new interfaces for
atomic diffusion in later stages of the electromigration process
in the form of dislocations and subgrain boundaries parallel to
the direction of the current, can be addressed in the discussed
1D modeling by adjusting the atomic diffusivity at the cali-
bration stage. Finally, different types of void growth kinetics
should be implemented in the case of initially void-less trees
versus trees with preexisting saturated voids, similar to what
was proposed in [35].

These model enhancements will require additional spa-
tial discretization of the tree segments and solution of even
larger systems of ODESs, which in turn will demand further
improvement of the numerical techniques providing a faster
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Fig. 12. (a) Current density profile for Tp and MTTFs estimated
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Fig. 13.
voltages.

Power grid schematics with user-provided current sources and

computation speed. Thus, we can conclude that the critically
needed analysis of EM-induced voltage-drop degradation in
on-chip power/ground grids is a justification and a strong drive
for further development of accurate 1-D EM models and fast
simulation techniques, [16].

IV. CONCLUSION

Despite the need for various additional improvements,
the physics-based EM verification and checking methodol-
ogy that is already available, and the numerical capabilities
recently developed, have demonstrated that the industry-
accepted Black’s model-based EM assessment approach can-
not accurately predict life-time of modern power grids. The
Black’s model based methodology calls for significant over-
design, while, today, there is very little margin left for
electromigration. It has been demonstrated that the pessimism,
which is natural for this methodology, is very high: grids that
must survive 10 years, are being designed to survive 40 years
or more. One might think that such pessimism is not a bad
strategy in VLSI. However, too much pessimism in the power
grid can be a big problem. It leads to overuse of metal area,
leaving little room for signal routing, which makes EM signoff
extremely difficult in modern designs, thus increasing design
complexity and design time. In contrast, the newly developed

physics-based EM assessment approach provides the MTTF
for any given power grid, which can be a DC, RC, or RLC
netlist, and user-specified current sources and voltages, Fig. 13.
If adopted, this approach can effectively relax the very con-
servative current density design rules, which can allow many
improvements in power, time-to-market and design cost.

REFERENCES

[1] J. Warnock, “Circuit design challenges at the 14nm technology node,”
in Proc. 48th ACM/EDAC/IEEE Design Autom. Conf. (DAC), Jun. 2011,
pp. 464-467.

[2] V. Sukharev, “Beyond black’s equation: Full-chip EM/SM assessment
in 3D IC stack,” Microelectron. Eng., vol. 120, pp. 99-105, May 2014.

[3] J. Lienig, “Electromigration and its impact on physical design in future
technologies,” in Proc. ACM Int. Symp. Phys. Design (ISPD), Mar. 2013,
pp. 33-40.

[4] M. Ohring, Reliability and Failure of Electronic Materials and Devices.
San Diego, CA, USA: Academic, 1998.

[5] J. R. Black, “Electromigration—A brief survey and some recent
results,” IEEE Trans. Electron Devices, vol. ED-16, no. 4, pp. 338-347,
Apr. 1969.

[6] S. P. Hau-Riege and C. V. Thompson, “Experimental characterization
and modeling of the reliability of interconnect trees,” J. Appl. Phys.,
vol. 89, no. 1, pp. 601-609, Jan. 2001.

[71 J. R. Lloyd, “New models for interconnect failure in advanced IC tech-
nology,” in Proc. 14th Int. Symp. Phys. Failure Anal. Integr. Circuits
(IPFA), 2008, pp. 297-302.

[8] M. Hauschildt et al., “Electromigration void nucleation and growth anal-
ysis using large-scale early failure statistics,” in Proc. AIP Conf., 2014,
pp. 89-98.

[9] M. Hauschildt et al., “Electromigration early failure void nucleation and

growth phenomena in Cu and Cu(Mn) interconnects,” in Proc. IEEE Int.

Rel. Phys. Symp., 2013, pp. 2C.1.1-2C.1.6.

H.-B. Chen, S. X.-D. Tan, X. Huang, T. Kim, and V. Sukharev,

“Analytical modeling and characterization of electromigration effects

for multibranch interconnect trees,” IEEE Trans. Comput.-Aided Design

Integr. Circuits Syst., vol. 35, no. 11, pp. 1811-1824, Nov. 2016,

doi: 10.1109/TCAD.2016.2523898.

I. A. Blech, “Electromigration in thin aluminum films on titanium

nitride,” J. Appl. Phys., vol. 47, no. 4, pp. 1203-1208, 1976.

S. Chatterjee, M. B. Fawaz, and F. N. Najm, “Redundancy-aware electro-

migration checking for mesh power grids,” in Proc. IEEE/ACM Int. Conf.

Comput.-Aided Design, San Jose, CA, USA, Nov. 2013, pp. 540-547.

X. Huang, T. Yu, V. Sukharev, and S. X.-D. Tan, “Physics-based elec-

tromigration assessment for power grid networks,” in Proc. 51st Annu.

Design Autom. Conf. (DAC), San Francisco, CA, USA, Jun. 2014,

pp. 1-6, doi: 10.1145/2593069.2593180.

B. Ouattara, L. Doyen, D. Ney, H. Mehrez, and P. Bazargan-Sabet,

“Power grid redundant path contribution in system on chip (SoC) robust-

ness against electromigration,” Microelectron. Rel., vol. 54, nos. 9-10,

pp. 1702-1706, 2014.

B. Li, A. Kim, P. McLaughlin, B. Linder, and C. Christiansen,

“Electromigration characteristics of power grid like structures,” in

Proc. IEEE Int. Rel. Phys. Symp., Burlingame, CA, USA, 2018,

pp. 4F.3-1-4F.3-5.

S. Chatterjee, V. Sukharev, and F. N. Najm, “Fast physics-

based electromigration checking for on-die power grids,” in

Proc. 35th Int. Conf. Comput.-Aided Design, Nov. 2016, pp. 1-8,

doi: 10.1145/2966986.2967041.

X. Huang, A. Kteyan, S. X.-D. Tan, and V. Sukharev, “Physics-

based electromigration models and full-chip assessment for

power grid networks,” IEEE Trans. Comput.-Aided Design Integr.

Circuits ~ Syst., vol. 35, no. 11, pp. 1848-1861, Nov. 2016,

doi: 10.1109/TCAD.2016.2524540.

S. Chatterjee, V. Sukharev, and F. N. Najm, “Power grid electromigra-

tion checking using physics-based models,” IEEE Trans. Comput.-Aided

Design Inegr. Circuits Syst., vol. 37, no. 7, pp. 1317-1330, Jul. 2018,

doi: 10.1109/TCAD.2017.2666723.

S. A. Alam, C. L. Gan, C. V. Thompson, and D. E. Troxel, “Reliability

computer-aided design tool for full-chip electromigration analysis and

comparison with different interconnect metallizations,” Microelectron.

J., vol. 38, pp. 463-473, Apr. 2007.

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]


http://dx.doi.org/10.1109/TCAD.2016.2523898
http://dx.doi.org/10.1145/2593069.2593180
http://dx.doi.org/10.1145/2966986.2967041
http://dx.doi.org/10.1109/TCAD.2016.2524540
http://dx.doi.org/10.1109/TCAD.2017.2666723

SUKHAREV AND NAJM: EM CHECK: WHERE DESIGN AND RELIABILITY METHODOLOGIES MEET 507

[20] M. A. Korhonen, P. Borgesen, K. N. Tu, and C.-Y. Li, “Stress evolution
due to electromigration in confined metal lines,” J. Appl. Phys., vol. 73,
no. 8, pp. 3790-3799, 1993.

D.-A. Li, M. Marek-Sadowska, and S. Nassif, “A method for improv-

ing power grid resilience to electromigration-caused via failures,” IEEE

Trans. Very Large Scale Integr. (VLSI) Syst., vol. 23, no. 1, pp. 118-130,

Jan. 2015.

M. Chew, A. Aslyan, J.-H. Choy, and X. Huang, “Accurate full-chip

estimation of power map, current densities and temperature for EM

assessment,” in Proc. IEEE/ACM Int. Conf. Comput.-Aided Design,

San Jose, CA, USA, Nov. 2014, pp. 440-445.

X. Huang et al., “Electromigration assessment for power grid networks

considering temperature and thermal stress effects,” Integr. VLSI J.,

vol. 55, pp. 307-315, Sep. 2016, doi: 10.1016/j.v1si.2016.04.001.

D. A. Li, M. Marek-Sadowska, and S. R. Nassif, “T-VEMA: A

temperature- and variation-aware electromigration power grid analysis

tool,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 23, no. 10,

pp. 2327-2331, Oct. 2015.

V. Sukharev, X. Huang, and S. X.-D. Tan, “Electromigration induced

stress evolution under alternate current and pulse current loads,” J. Appl.

Phys., vol. 118, no. 7, 2015, Art. no. 034504, doi: 10.1063/1.4926794.

[26] Z. Suo, “Reliability of interconnect structures,” in Interfacial and

Nanoscale Failure (Comprehensive Structural Integrity), vol. 8,

W. Gerberich and W. Yang, Eds. Amsterdam, The Netherlands: Elsevier,

2003, pp. 265-324.

S. R. Nassif, “Power grid analysis benchmarks,” in Proc. Asia South

Pac. Design Autom. Conf. (ASPDAC), 2008, pp. 376-381.

[28] S. Chatterjee, V. Sukharev, and F. N. Najm, “Fast physics-based
electromigration assessment by efficient solution of linear time-
invariant (LTI) systems,” in Proc. IEEE/ACM Int. Conf. Comput.-
Aided Design, San Jose, CA, USA, Nov. 2017, pp. 659-666,
doi: 978-1-5386-3093-8/17/.

[29] W. Huangm, M. R. Stan, and K. Skadron, “Parameterized physical com-

pact thermal modeling,” IEEE Trans. Compon. Packag. Manuf. Technol.,

vol. 28, no. 4, pp. 615-622, Dec. 2005.

R. M. Christensen, Mechanics of Composite Materials. Mineola, NY,

USA: Dover, 2005.

S. P. Hau-Riegea and C. V. Thompson, “The effects of the mechanical

properties of the confinement material on electromigration in metallic

interconnects,” J. Mater. Res., vol. 15, no. 8, pp. 1797-1802, 2000.

V. Sukharev et al., “Carrier mobility shift in advanced silicon nodes

due to chip-package interaction,” J. Electron. Packag., vol 139, no. 2,

pp. 1-12, 2017, doi: 10.1115/1.4036402.

A. P. Karmarkar, X. Xu, and K. El-Sayed, “Temperature and process

dependent material characterization and multiscale stress evolution anal-

ysis for performance and reliability management under chip package
interaction,” in Proc. Int. Symp. Microelectron. (IMAPS), Raleigh, NC,

USA, Oct. 2017, pp. 13-24.

V. Sukharev, “Beyond black’s equation: Full-chip EM/SM assessment

in 3D IC stack,” Microelectron. Eng., vol. 120, no. 5, pp. 99-105, 2014,

doi: 10.1016/j.mee.2013.08.013.

[35] J. He, Z. Suo, T. N. Marieb, and J. A. Maiz, “Electromigration life-

time and critical void volume,” Appl. Phys. Lett., vol. 85, no. 20,

pp. 4639-4641, 2004.

V. Sukharev, A. Kteyan, and X. Huang, “Postvoiding stress evolution in

confined metal lines,” IEEE Trans. Device Mater. Rel., vol. 16, no. 1,

pp. 50-60, Mar. 2016, doi: 10.1109/TDMR.2015.2508447.

V. Sukharev, “Stress modeling for copper interconnect structures,”

in Materials for Information Technology, E. Zschech, C. Whelan,

and T. Mikolajick, Eds. London, U.K.: Springer, 2005, pp. 251-263,

doi: 10.1007/1-84628-235-7_22.

M. A. Korhonen, P. Borgesen, D. D. Brown, and C.-Y. Li,

“Microstructure based statistical model of electromigration damage

in confined line metallizations in the presence of thermally induced

stresses,” J. Appl. Phys., vol. 74, no. 8, pp. 4995-5004, 1993.

B. C. Vulek et al., “Early stage of plastic deformation in thin films under-

going electromigration,” J. Appl. Phys., vol. 94, no. 6, pp. 3757-3761,

2003.

A. S. Budiman et al., “Electromigration-induced plastic deformation in

Cu interconnects: Effect on current density exponent, n, and implica-

tions for EM reliability assessment,” J. Electr. Mater., vol. 39, no. 11,

pp. 2483-2488, 2010.

[21]

[22]

(23]

[24]

[25]

[27]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

Valeriy Sukharev received the Engineer-Physicist
Diploma degree in microelectronics from the
National Research  University of Electronic
Technology in 1976 and the Ph.D. degree in
physical chemistry from the Russian Academy
of Sciences, Russia, in 1983. He was a Chief
Scientist with Ponte Solutions, Inc., a Visiting
Professor with Brown University, and a Guest
Researcher with NIST, Gaithersburg, MD, USA.
He is a Technical Lead with the Design to Silicon
Division (Calibre), Mentor, a Siemens Business,
Fremont, CA, USA. He also held senior technical positions with LSI Logic
Advanced Development Lab.

He was a recipient of the Best Paper Award from the International
Conference on Computer-Aided Design and the Mahboob Khan Outstanding
Industry Liaison/Associate Award (SRC). His current research interests
include development of new full-chip modeling and simulation capabilities
for the electronic design automation, semiconductor processing and relia-
bility management. He serves on the editorial boards and technical/steering
committees of a number of profiling journals and conferences.

Farid N. Najm (F’03) received the B.E. degree in
electrical engineering from the American University
of Beirut in 1983 and the Ph.D. degree in
ECE from the University of Illinois at Urbana—
Champaign (UIUC) in 1989. From 1989 to
1992, he was a Professor with the Edward
S. Rogers Sr. Department of Electrical and Computer
Engineering (ECE), University of Toronto, ON,
Canada. He was with Texas Instruments, Dallas, TX,
USA. He then joined the ECE Department, UIUC,
as an Assistant Professor and became an Associate
Professor in 1997. In 1999, he joined the ECE Department, University of
Toronto, where he is currently a Professor and a Chair Professor.

He was a recipient of the IEEE Transactions on CAD Best Paper
Award, the NSF Research Initiation Award, the NSF CAREER Award,
the Design Automation Conference Prolific Author Award, and the Best
Paper Award from the International Conference on Computer-Aided Design.
He was an Associate Editor of the IEEE TRANSACTIONS ON VERY
LARGE SCALE INTEGRATION (VLSI) SYSTEMS from 1997 to 2002 and
the IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED
CIRCUITS AND SYSTEMS from 2001 to 2009. He served on the executive
committee of the International Symposium on Low-Power Electronics and
Design (ISLPED) from 1999 to 2013 and has served as the TPC Chair and
the General Chair for ISLPED. In 2010, he authored the book entitled Circuit
Simulation (Wiley, New York). His research is on CAD for VLSI, with an
emphasis on circuit level issues related to power, timing, variability, and
reliability. He is a fellow of the Canadian Academy of Engineering.


http://dx.doi.org/10.1016/j.vlsi.2016.04.001
http://dx.doi.org/10.1063/1.4926794
http://dx.doi.org/978-1-5386-3093-8/17/
http://dx.doi.org/10.1115/1.4036402
http://dx.doi.org/10.1016/j.mee.2013.08.013
http://dx.doi.org/10.1109/TDMR.2015.2508447
http://dx.doi.org/10.1007/1-84628-235-7_22


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


