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ABSTRACT

In this paper, we propose a new multi-physics finite element method
(FEM) based analysis method for void growth simulation of con-
fined copper interconnects. This new method for the first time
considers three important physics simultaneously in the EM failure
process and their time-varying interactions: the hydrostatic stress
in the confined interconnect wire, the current density and Joule
heating induced temperature. As a result, we end up with solving
a set of coupled partial differential equations which consist of the
stress diffusion equation (Korhonen’s equation), the phase field
equation (for modeling void boundary move), the Laplace equation
for current density and the heat diffusion equation for Joule heating
and wire temperature. In the new method, we show that each of
the physics will have different physical domains and differential
boundary conditions, and how such coupled multi-physics transient
analysis was carried out based on FEM and different time scales are
properly handled. Experiment results show that by considering all
three coupled physics - the stress, current density, and tempera-
ture — and their transient behaviors, the proposed FEM EM solver
can predict the unique transient wire resistance change pattern
for copper interconnect wires, which were well observed by the
published experiment data. We also show that the simulated void
growth speed is less conservative than recently proposed compact
EM model.
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1 INTRODUCTION

Electromigration (EM) is the top reliability killer for copper based
interconnects of current integrated circuits (ICs) in 10 nm technol-
ogy and below. 2014 ITRS predicts that the required current density
for driving a normal gate will exceed the EM current density limit
in 2024 [14, 17] if the industry continues current technology scaling
with existing interconnect materials and EM design rules based on
current density.

To mitigate this coming EM crisis, one important strategy is
to leverage the more accurate and less conservative EM models,
as the existing EM models — the Black’s equation [5] and Bleck’s
immortality check [6] — are too conservative and can leads to
excessive overdesign and subject to growing criticism [13]. As a
result, more accurate physics-based EM modeling and assessment
techniques are critical for EM-aware physical design and system
level EM lifetime optimization [24].

Recently, a number of new physics-based EM modeling approaches
have been proposed [7, 8, 10, 13, 21-23]. Those methods start with
Korhonen’s partial diffusion equation which describes dynamics
between the EM-induced stress and stress-induced back force or
atom migrations [16]. Existing approaches either seek for closed
form solutions for single segment or simple wire structures under
blocked material boundary conditions [7, 8, 13, 22], or solve Korho-
nen’s equation using numerical methods such as finite difference
and eigen function method [10, 26]. However, all of those methods
mainly focus on the void nucleation phase in which the tensile
stress at the cathode gradually reaches the critical stress, then voids
start to form. The void growth phase, which is very important for
determining the final failure of EM (resistance change of the in-
terconnect), however, were modeled by some simple, less accurate
models in those methods. The void growth phase was much less
studied as the modeling and analysis task for the process of void
growth is a notoriously difficult task. The reason are as follows:
First, void growth phase is a multi-physics process in which stress
evolution, current density distribution, and thermal impact due
to Joule heating are all important for determining the resistance
change over time. Second, void shapes or their volumes and bound-
aries keep changing, which will cause numerical problems using
finite element method as very small meshes thus large system ma-
trices will be generated. We remark that when the compressive
stress at the anode continues to be built up, hillocks or extrusion
will form, which can potentially cause short-circuit failures. But
the void nucleation is still the dominant EM failure process as the
critical threshold for tensile stress is lower than that of compressive
stress in general [12, 17].



Recently, work [21] proposed a one-dimensional solution for
the void growth analysis based on Korhonen’s equation. But this
method fails to consider the void volume change and its impact on
the stress distribution, which was shown important for void growth
speed. Bhate et al [4] proposed a 2D finite element method (FEM)
based void growth analysis method by considering stress and void
growth using coupled diffusion equations. The Cahn-Hilliard equa-
tions are coupled to model the voids with shapes changing over time.
But the interaction between void volume and stress distributions
was also not considered as well. To mitigate this problem, Zhao et
al proposed a 3D finite element method (FEM) based post-voiding
analysis method [28]. In this method, the interplay between void
growth and evolving stress distribution in the remaining intercon-
nect is explicitly modeled to consider physics-based conservation
constraint taken into account by introducing a separate phase field
to model the void boundary evolution process. The resulting two
coupled partial differential equations (in addition to the dynamic
stress field partial differential equation) are solved to analysis the
void volume growth over time. However, this method still does not
consider the interaction between different physics as mentioned
earlier.

In this paper, we propose a novel multi-physics finite element
method (FEM) based solution for void growth simulation of con-
fined copper interconnects for EM failure analysis. Our contribu-
tions lies in the following aspects: First, for the first time, three
important physics and their transient interactions are considered
simultaneously in the new method: the hydrostatic stress in the
confined interconnect wire, the current density and Joule heating
induced temperature. Second, we end up solving a coupling partial
differential equations which consists of stress differential equation
(Korhonen’s equation), the phase field equation (for modeling void
boundary move), the Laplace equation for current density and the
heat diffusion equation for Joule heating and wire temperature. We
show that each of the physics will have different physical domains
and corresponding boundary conditions, and how such coupled
multi-physic FEM transient analysis was carried out, and how differ-
ent time scales are properly handled. Last but not least, numerical
results show that by considering all three coupled physics — the
stress, current density, and temperature — and their transient be-
haviors, the proposed FEM post-void EM solver can predict the
unique transient wire resistance change pattern in which resistance
jump happens when void grows to the critical volume for copper
interconnect, which were well observed by published experiment
data. We also show that the simulated void growth speed is less
conservative than a recently proposed compact EM model.

This paper is a part of the ICCAD 2018 special session on A
Journey from Physics to System Level on the Reliability Tracks. The
other three papers of this special session are [18], [19] and [2].

2 PROBLEM FORMULATION

In this section, we present the multi-physics simulation problem
that we are facing to model and characterize the post-voiding pro-
cess in a confined copper interconnect. Fig. 1 shows an up-stream
interconnect wire structure in which the electron flux is flowing
from the bottom metal wire (metal 1 or M1) through the via and
into the upper metal (metal 2 or M2).

As we can see, basically we have three physics involved and three
overlapped simulation domains accordingly. First is the hydrostatic
stress evolution in the copper metal, which is marked as the brown
in the figure. Stress will be developed once the current is applied in
M2 (for up-stream, we only focus on M2 as void will be developed

Figure 1: 3D illustration of up-stream interconnect structure
and simulated physical systems.

in the cathode, which is to the left of M2). This is called copper wire
domain Q¢ and stress on the metal 2 will be governed by the stress
differential equation shown below. The second domain is related to
the electrical current density , which consists of both copper and
barrier or liner surrounding the copper as current can flow through
both the copper and the liner. We refer it as the wire domain or
Qyy and it will be described by the Laplace equation of electrical
potential. The third domain is the thermal related domain, which
consists of everything: copper, liner, capping layers, surrounding
dielectric material. We call this thermal domain or Q7.

As we can see, all three physics are coupled in this EM post-
voiding analysis process: current density and temperature will have
impacts on the stress development; void growth will change the
current density distribution over time, which will change both cur-
rent density and temperature profile; and eventually the resistance
of the interconnect will change, which is the key determination of
the EM failure criteria.

2.1 Hydrostatic stress modeling in post-voiding
phase

For the stress evolution in a confined metal (by blocking materials,
terminals, or vias), the stress can be modeled by the Korhonen’s
hydrostatic stress diffusion equation [16]:
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where o is hydrostatic stress, product eZ is effective charge of
the migrating atoms, p is electrical resistivity, j is current density,
kg is the Boltzmann constant, § is the effective thickness of the
copper-void boundary, T is the operating temperature, and E, is
the EM activation energy. Q¢ is the domain of simulated copper
interconnect and 0Q¢ denotes its boundary. I'y is the flux termina-
tion boundaries, where normal current density jn are prescribed.
Lyoiq denotes the void boundary, which can be a union of several
discrete voids. D, is the atomic diffusion coefficient. D, is given
by D, = Doexp (—E4/(kpT)) where Dy is the diffusion coefficient.
Copper grain size is a key factor that affects EM lifetime [20]. Ef-
fective diffusion coefficient can be much higher in copper grain
boundaries than grain bodies, which leads to different Dy over the



copper interconnect. In equation (1), a uniform Dy, synthesized
from different body and boundary diffusion coefficients, is used.
Note that Korhonen’s hydrostatic diffusion equations can be applied
to 3D multi-segment interconnect with multiple flux-termination
boundary nodes, allowing any number of evolving voids to be
simulated.

For post-voiding analysis, there is an important constraint needs
to be considered. The void volume and the stress integral of the
remaining wire are correlated by the following atom conservation

equation [15]
1
Vs = = / odV, (4)
B Jo,

where Q¢ is the volume of remaining interconnect, Vs is void
volume, and B is the effective bulk modulus. However, most of the
existing post-void simulation methods fail to consider this void
volume conservation constraint. To mitigate this problem, In [28],
a phase field variable ¢ was introduced model the interaction of
stress o and void shape (implied by phase field variable), which is
governed by the following equation:
2
e R o) B A A
t T4 2
where ¢ is the thickness of the void-copper diffusive boundary,
74 is the stabilizing time constant, ¥ is the velocity of phase field
boundary and kg is regulation factor, which is defined below:

kg = %(1 + erf(Vyy — Vs)), (6)

where erf(-) is the Gauss error function to force a bounded output
range (-1, 1) and Vyy is defined below:

VW = (WV + lWB) dV, (7)
Qc 2
where wy and wp are the weighted functions for void and boundary
sections of a void. Introduction of kg, which is a function of the
difference between the actual volume Vy, and volume acquired
from the conservation (4), Vs, will ensure that the conservation is
met [28].

2.2 Current density modeling

The second physics to be modeled is the current density distribution
in a wire as the current density j is an important variable in the
Korhonen’s equation 1 and varies significantly around intersections
and corners, where voids are often form or evolve at.

The steady-state (electrostatic) electric field in an interconnect,
can be modeled by the Laplace equation with Dirichlet and Neu-
mann boundary conditions. Specifically, for electrical field in the
steady state, we have

E=-VV,j=-E, (8)

RSN

where V is the voltage potential, E is the electric field, and ]_"is
the current density, and p is the electrical resistivity. Given the
conservation of charge carriers, current density j must have zero
divergence over the conductor:

0=V.j= —v-(lvv). )
p

In general, the steady state electrical potential V can be pre-
scribed by the Laplace equation with both Dirichlet (voltage) and

Neumann (current density) boundary conditions given as follows:

1

V. (—V) =0, in Q, (10)
p

V =uy, on d0Qy NIy, (11)

VV -1 =gy, on 0Qy NIy, (12)

where Qyy is the domain of conductor including copper and liner,
I'y is the boundaries where voltage (Dirichlet) boundary conditions
are given, I'T is boundaries where current density (Neumann) bound-
ary conditions are given, V is the unknown electrical potential to
be found, uy, and gy are given voltage sources and current sources
at the boundaries.

2.3 Thermal modeling in a confined wire

In the circuit and layout level, the heat transfer phenomena are
governed by the following heat differential equation [3, 9]:

oT
pMCpE -V (xVT) =gr, (13)

subject to the following convectional thermal boundary condition
(Robin boundary condition)

KVT -1t = h(Text — T). (14)

Here, T is the temperature (K), pjs is the mass density of the material
(kg - m™3), Cp is the mass heat capacity (J - kg™' - K1), k is the
thermal conductivity (W - m~! - K™1), and g7 is the heat energy
generation rate (W - m™3), 7i is the outward direction normal to the
boundary, & is the heat-transfer coefficient (W - m~2 - K~1), and
Text is the ambient temperature surrounding the thermal system. If
h = 0, the boundary condition is adiabatic (convectionally isolated),
otherwise it is convective. Note that the thermal conductivity «
differs for different materials.

For a copper wire with surrounding liners, capping layers, and
dielectrics, which all together are defined as the domain Qr, the
heat source comes from Joule heating effect. As a result, we have

gr = j°p (15)

In our work, we assume that x is constant for each material. Then,
(13) can be written as

oT . .
pmCp o = KVIT = oy, in O, (16)

KVT - = h(Text = T), on dQr NIy, 17)
subject to the initial condition T = Ty at t = 0, where I'r is the
boundary surface for Robin boundary conditions.

2.4 The multi-physics coupled simulation
problem

Now have discussed each important aspects of the EM post-voiding
physics. It is time to put all the related partial differential equations
(PDE) together for the proposed multi-physics EM post-voiding
simulation problem. The following equations govern the hydrostatic
stress and void shape evolution in an interconnect Q¢, (consisting
of void, void-copper boundary, and copper) in a confined metal
wire, the electrical potential (for current density analysis) in the



wire domain Qyy, and the temperature in the thermal domain Qr:

(;—(; =wcV- (f;f (QVo + eij)) + wy Tv:id
+wg (V . (Dk“BBTQ Vcr) - m;kf ) ,inQc, (18
e (526 +s0-6)
— kg 12;? Vo - V¢, in Qc, (19)
v. (%vv) =0, in Qy (20)
pMCpaa—z =V.(xkVT) +j2p, in Qr, (21)

subject to corresponding boundary conditions (2), (11), (12), and
(14).

3 FINITE ELEMENT METHOD
IMPLEMENTATION

In this section, variational formulations that is implemented in
the simulation software are listed, followed by the description of
adaptive local mesh refinement, and a brief review of the software
architecture.

3.1 Variational formulation

Based on FEniCS FEM library[1], a program is built to implement
the above-mentioned dynamic system. Variational weak form is
the bridge that connects the mathematical strong form of variables
such as ¢ and ¢ and the software implementation of solving them.
Therefore we list the weak forms of the simulated systems in the
rest of this section. In the weak form equations, we use x to
denote the value of x at the nth simulated time step.

We list the derived weak form equations of electrical potential
V, phase field ¢, temperature T, and hydrostatic stress ¢ in the
following.

Electrical potential: Since EM analysis is done on a time scale of
at least days, we treat the electrical potential distribution V as quasi
static so it can be described by the strong form Laplace equation (10).
Multiply shape function ¢ on both side of equations (10) and (11),
the corresponding electrical potential weak form can be derived by
applying divergence theorem:

/ VV - VedV = / gveds, (22)
QC aQC

where dV is for volume integration and dS is for the surface inte-
gration.

Phase field: To discretize time variable t in equation (19), we re-
spectively substitute d¢ /0t with ﬁ (qﬁ(”) - q‘)("_l)), ¢ with 0™ +

1- 9)¢("_1) to numerically solve the equation based on Euler
method. The superscript n is for time step index. By applying di-
vergence theorem and collect ¢ related terms on the left hand

side, we have the time-discretized weak form of equation (19)

2
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Qc Qc 2T¢

201 =
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Here 0 is the Euler method controller (6 = 0: backward Euler; 6 = 1:

forward Euler; 0 = %: mixed Euler or Crank-Nicolson method). We

use Crank-Nicolson method (6 = %) since it has the stability like

backward Euler method and also higher (second order) accuracy.
At is the time discretization step which is a knob for controlling
solution accuracy.

Temperature: By applying similar technique while substituting

T/t with 2L (T<") - T<n—1)), T with 6T + (1 — )T, the

time-discretized weak form is derived:
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Hydrostatic stress: We perform similar time discretization and
mathematics techniques on hydrostatic variable o to get the fol-
lowing weak form of equation (2) and (18)

/ (1+(WV —W—Tw)em)amhpdv
Qc Tvoid o

D,BQ
+/ (wp + we)—
Qc k
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where jn denotes the prescribed normal current densities as de-
scribed in (2).

With the weak forms (22) (23) and (25), the EM solver is able to
calculate integrals to assemble FEM matrices and input loads and
solve for the space- and time-discretized solutions.



Time step Time step

Hydrostatic Stress
Phase Field
Temperature
Current Density

Resistance Probe (1)

Resistance Probe (n)

Figure 2: Block diagram of time dependent FEM systems cou-
pling.

3.2 Software implementation

All four coupled physics variables — hydrostatic stress o, material
phase field ¢, temperature T, and voltage V — are designed to be
depend on each others only by means of data transferring. But they
are highly decoupled in terms of logic organization, allowing any
number of resistance probes, acting as same-level physics variables
as the four, to be easily configured and plugged in. The data depen-
dency between each time step is depicted in Fig. 2, where at time
step n, all the systems (related physics equation) depend on the
previous time step n — 1 to solve. Take temperature as an example,
it serves as a necessary prerequisite of itself because of the thermal
diffusion nature over time. Temperature also has impacts on volt-
age (current density analysis and all resistance probes) by affecting
material electrical conductivity. It also has impacts on hydrostatic
stress by affecting material activation energy and diffusion coeffi-
cient, and on phase field by affecting material diffusion coefficient
in a similar way.

As mentioned above, user is able to setup any number of resis-
tance probes by composing corresponding configuration inputs.
The simulator will set aside a separate physical system, only focus-
ing on the wire domain Qyy, and calculating the resistance between
the specified anode and cathode. For each configured resistance
probe, the simulator will ground the cathode and apply a fixed
inward normal current density on the anode, and then calculate the
effective resistance by applying Ohm’s law. As the arrows implies
in Fig. 2, all resistance calculations will be separately done. Thereby
their Joule heating effect will not be coupled with the tempera-
ture variable, nor their electromigration effect with the hydrostatic
stress variable.

The proposed method is implemented using FEniCS FEM li-
brary [1], programmed in Python 3. The work flow can be divided
into the following parts:

(1) The user prepares for the input structure in XML format
supported by FEniCS. FEniCS supports conversion from a
variety of widely-used geometry description format to the
XML format that it supports. Currently in the experiments,
Gmsh [11] format version 2.2 is used to describe the input
structure and create mesh. Thanks to the Include directive
that Gmsh supports, the input geometry is allowed to be
separated into two parts, dimension definition and actual
code describing the geometry and physical entities. This
allows the geometry to be programmatically controlled for
a parameter sweep if needed.

(2) The user prepares for the configuration for the simulator.
The configuration file contains all the adjustable parameters,
include boundary conditions of the system PDEs, resistance
probe deployments, a large number of material parameters

such as bulk modulus B and resistance p, and finite element
method parameters such as time step control, solver selec-
tion, error control, etc. The user configuration is also de-
signed to allow nesting and overwriting, which is for the
sake of the automation of parameter sweep as well.

(3) The user runs the simulator program. The simulator can be
configured to periodically generate output as well as snap-
shots. The output is in VTK format [25], which is widely
used in scientific computing community for scalable and
efficient post-processing and rendering. The snapshots are
designed to allow user save-and-load the simulation if to
rerun the simulator with different parameters, such as finer
time discritization.

(4) The user performs analysis on the results. Geometry depen-
dent results (scalar/vector data attached to mesh nodes) are
stored as VTK format for further analysis or post-process.

4 EXPERIMENTAL RESULTS AND
DISCUSSIONS

In this section, we use three examples to demonstrate the effective-
ness of the proposed multi-physics electromigration post-voiding
simulation method, and also show the simulated results are consis-
tent with some measured results from experiments on real silicon.

4.1 Two-segment simulation with saturated
void

)
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Figure 3: Perspective view of the two-segment simulation re-
sult with saturated void.

The first example is a two-segment interconnect wire as shown
in Fig. 3. The leftmost via is connected to ground and the rest of the
two vias are respectively prescribed inward normal current density
of 2x10'°A-m~2 and 1x10'°A-m~2. An initial small void is placed
at the reservoir on the cathode (left) node. The wire lengths are
respectively 500nm and 300nm, in which case the void will saturate
at the cathode end (near the via connected to ground) and not cause
failure of resistance increase. Fig. 3 shows the perspective view
of all the four simulated physics variables (stress, current density
and temperature). The phase field is illustrated by removing the
elements where ¢ < 0 on the stress (o) plot.

Fig. 4 shows simulated temperature distribution for the two-
segment. As we can see, the highest temperature is around bottom
of the via as current flows through the barrier, which has higher
resistance than the copper, into bottom wire.

Fig. 5 shows the current density results. As we can see, the
highest current density happens around the corner of via and main
wire branch, which is typocal local field enhancement field. Fig. 6



Figure 4: Temperature vertical slice of the two-segment sim-
ulation.

shows the simulated stress distribution. As we can see, near-void
area has the highest stress, and the stress around and inside void
are zero. In this example, the void is saturated at a relatively small
volume, which does not have a strong impact the current density
distribution. Therefore the wire resistance remained roughly same
as void-less situation.

Preucbcobr
Var: curent_dersity_magnitude
6024010 e

Figure 5: Current density vertical slice of the two-segment
simulation.
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Figure 6: Hydrostatic vertical slice of the two-segment sim-
ulation.

4.2 Three-segment simulation with saturated
void

The second example is a T-shape three-segment interconnect as
shown in Fig. 7. For the sake of the completeness of containing
the plots of physics variables in their figures, the wire lengths
are chosen to be relatively short as well. The three branches have
lengths 500nm, 400nm, and 300nm. Inward normal current densities
at vias are prescribed as 2x101°A-m™2, 1x1019A-m~2, and 1x101°A.
m~2. Similar to the two-segment experiment, this configuration will
also result an immortal wire. Figure 7 shows the perspective view
of the simulation results. Figures 8, 9, and 10 provide horizontal
sliced results for more details.
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Figure 7: Perspective view of the three-segment simulation
result with saturated void.
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Figure 8: Temperature vertical slice of the three-segment
simulation.

4.3 Simulation with wire resistance change

In this example, we investigate the wire resistance change pattern
over time when the void is formed and the void grows over the
critical volume. We will compare the resistance change against
patterns observed in real silicon experiments.

It was observed that the in the failure process of a electromi-
gration, vulnerable interconnect that is upstream-configured, its
resistance growth follows a certain pattern [27]. Fig. 11 shows such
resistance change patterns, in which the resistance starts with a
very slow increasing speed, followed by a sharp jump, and then
increases approximately in a linear manner regarding time. The
reason of the sharp resistance jump is due to the Joule heating
induced resistance jump. This happens when the void completely
cuts the copper wire into two separate parts and all the current
has to suddenly be shunted to the liner, which has a much higher
resistance as shown in Fig. 13.

In the simulation, in order to have an interconnect that will end
up with high resistance, we use a straight-connected two-segment
structure similar as in the one used in section 4.1, but with wire
lengths 20um and 10pm and same current densities of 2 x 101°A -



Pssudiocolor
var cunsnt_dsnsity_magntuds
0l

| .

— 4584010

'30&*0]0

— 1.5e+010

0.00

Figure 9: Current density vertical slice of the three-segment
simulation.
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Figure 10: Hydrostatic vertical slice of the two-segment sim-
ulation.
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Figure 11: The normalized resistance change over time due
to EM failure process. Courtesy of [27]

m~2 and 1 x 101°A - m™2. As shown in Fig. 12, as void volume
increases, a sharp resistance jump is observed at approximately
60 days of simulated time. Local operating temperature is also
increased because of the Joule heating effect.

Figure 13 and 14 respectively show the current density and Joule
heating power density distribution change as the void grows to
cause failure. Notice that in the figures copper is surrounded by
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Figure 12: Temperature and resistance change over time (TO
BE UPDATED)

liner material, which can be differentiated by recognizing the area
where the current density is relatively low. At the moment the void
cuts the copper interconnect, all current are forced to flow through
liner material, which causes the rapid resistance increase. Fig. 14
also explains the reason of temperature increase. Initially, there is
only one outstanding heat source located at the bottom of the via
where the current has to flow through the thin liner between layers
M1 and M2. After the void gains a significant volume, another heat
source is created at the liner where the current is shunting through,
as depicted by the temperature contour shown in Fig. 15. Therefore,
with essentially another heat source introduced by void growing, a
local temperature boost is also observed, which contribuate to the
resistance jump shown in Fig. 12.
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Figure 13: Current density as void growing. Time unit: day.

Current density unit: A - m™2.

4.4 Void growth speed study

Fig. 12 also shows that the void volume grows at a roughly constant
speed at 1.15 x 10" °um> - s™1. We compare this result with the
void boundary velocity model proposed in work [13], where the
boundary velocity (unit: gm - s71) is calculated by

Eqg
D()e_ kgT )
Uboundary = kB—TeZp]' (26)
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Figure 14: Power density (for Joule heating) change as void

growing. Time unit: day. Power density unit: W - m™3.
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Figure 15: Temperature distribution and contour as void
growing. Time unit: day. Temperature unit: K.

To compare between the results here, we need to provide the cross
section area of copper interconnect, which is 0.2ym X 0.15ym =
0.03pm2, to reconcile the unit difference. In our 3D FEM simulation,
the activity energy used is E, = 0.9eV. With this E, applied to
equation (26), it will result an equivalent void boundary speed of
1.72 x 10~°um? - s71. This is significantly larger than the result
(1.15 x 10~ um3 - s71) obtained by the proposed simulator, which
implies that the proposed method will deliver electromigration
induced life time analysis that not as pessimistic as the existing
modeling work [13].

5 CONCLUSION

A 3D finite element (FEM) multiphysics simulation method is pro-
posed to investigate the electromigration effect and its failure char-
acteristics in copper interconnects in modern integrated circuits.
This work focuses on void growth simulation of the post-voiding
stage of the electromigration induced failure process. Three physics
systems — hydrostatic stress, current density, and temperature —
are taken into account while the void growth is simulated. The
software is designed to be easy to configure, scriptable, and highly
compatible with the widely-used input and output formats. Exper-
iments confirms that the proposed simulation method is capable
to handle arbitrary interconnect shapes. Compared with real data
observed in interconnect wear-out experiments, the new 3D FEM
can correctly predict the resistance jump and Joule heating effect
in the failure process. We also showed that the simulated void
growth speed is less conservative than recently proposed compact
EM model.
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