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Accelerated Life Test and Prediction of
Electromigration in Aluminum Interconnects

Coupling Multiphysics Full Coupled Model With
Optimized Atomic Flux Divergence Simulation

Xueliang Wang, Shuo Feng, Tao Luo, Jinyuan Zhang , Yaqian Zhang, Zhen Cui, Xuejun Fan, Fellow, IEEE,
Guoqi Zhang , Fellow, IEEE, and Jiajie Fan , Senior Member, IEEE

Abstract—With the miniaturization and high-power require-
ments of microelectronic devices, the current density carried
by interconnects in packaging structures continually increases
and reaches the threshold of electromigration (EM) failure. In
this study, we investigated the microstructure evolution and void
formation in aluminum (Al) interconnects during EM at three
different current densities (1/3/5 MA/cm2) and proposed a method
coupling the fully coupled theory with an optimized atomic flux
divergence method. The results show as follows. First, for the
interconnects in integrated circuits, current density is the main
factor affecting the EM lifetime of the interconnects in a certain
temperature range. With the gradual increase of current density,
the contribution of thermal transfer on EM cannot be ignored.
The atomic concentration gradient and stress gradient can inhibit
EM failure. Second, the increase of length and the decrease of
width of interconnect will lead to the increase of atomic flux
inside the structure, resulting in the accumulation of voids and
atoms. Third, the structure is dynamically reconstructed after
deleting the atoms below the failure threshold and the simulation
results agree well with the experimental results. Compared with
the traditional atomic flux divergence method, the improved
atomic flux divergence method based on the fully coupled theory
can better fit the change trend of atomic concentration after
interconnect failure, and the failure time error is reduced by
about 10%.
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I. INTRODUCTION

H IGH-DENSITY microelectronic packaging technologies
are rapidly developing [1], [2], [3]. Represented by ball

grid array (BGA) packaging, chip scale packaging (CSP), and
heterogeneous packaging, high-density microelectronic pack-
aging technologies enable higher interconnect performance
with lower-power SiC [4], [5], [6]. However, the device size
reduction has inevitably led to a higher-current density, which
increases the performance burden of the package power supply
module and exceeds its allowable limit (the order of magnitude
of current density increases from 104 to 105 A/cm2, or even
larger) [7], [8], [9], and the load situation becomes more
complicated, which can easily lead to serious electromigra-
tion (EM) failure, threatening the reliability of interconnects.
Therefore, EM continues to be a topic of considerable interest
for microelectronic reliability [10], [11].

EM is an enhanced mass transport process dominated by
high-current density and coupled by multiple driving forces,
which causes metal atoms to diffuse along the opposite
direction of current [12], [13]. Although EM is a failure
caused by high-current density, it cannot be considered that
current density is the sole or dominant influencing factor
of EM failure. Blech and Tai [14], Blech and Herring [15],
and Blech [16] published a series of papers reporting on
the scale effect of EM failure, which meant that EM failure
could no longer be observed when the length of the wire
was less than a certain critical value. Blech suggested that
the stress gradient generated during EM balanced the electron
wind force and hindered the occurrence of EM. Thereafter,
Korhonen et al. [17] connected the rate of stress generation
to EM. A model proposed by Korhonen et al. [17] for the
evolution of stress in confined metal interconnects due to
EM effects was later refined and completed by Clement and
Thompson [18]. Besides, the EM-induced stress buildup at
a blocking boundary was presented. Clement and Thompson
[18] proposed the potential for maximum hydrostatic stress to
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arise in the interconnect, leading to void nucleation. Following
this, Sarychev et al. [19] furthered this understanding by
introducing a set of 3-D equations to model stress evolu-
tion during EM processes. Their approach incorporated the
constitutive equation and stress equilibrium equation to com-
prehend the mechanism. Both these studies concurred that EM
failure was essentially a mechanical phenomenon resulting
from stress exceeding the material’s tolerable limits. Notably,
classical nucleation theory predicts that bulk void formation
in aluminum interconnects requires overcoming a high-energy
barrier. However, experiments observe rapid void nucleation
under low-stress conditions, suggesting alternative low-energy
pathways. Gleixner et al.’s [20] atomistic simulations reveal
that nanoscale defects can directly induce void nucleation
under typical process stresses without requiring long-term ther-
mal equilibrium. This work establishes a critical link between
defect-driven nucleation at the atomic scale and macroscopic
EM failure patterns observed experimentally.

In the article published by Cui et al. [21], a general coupling
model of EM was established, and the calculation results
showed that self-migration caused by concentration gradients
might play a more important role in hindering EM than stress
gradients. At the same time, this article proposed diffusion
strain, established a self-consistent constitutive equation, and
explained that the commonly used Narro–Herry equation
might overestimate the magnitude of stress and exaggerate the
effect of stress gradients. Afterward, Cui et al. [22] obtained
the diffusion strain coefficient through molecular dynamics
simulation, and the simulation results were consistent with
the experiment. This article also fundamentally explained
the relationship between vacancy concentration, atomic con-
centration, and hydrostatic pressure under the condition of
fully constrain. Recently, Cui et al. [23] reported the role of
thermal migration induced by temperature gradient in EM;
through the experiment, the author observed the spreading of
voids in the middle region of conductors under the elevated
current densities of 3 and 5 MA/cm2. Through 1-D numerical
simulation based on a fully coupled model, the author found
that temperature gradient caused by different current densities
were the dominant factors leading to EM failure.

In this article, the EM failure of standard wafer-level
EM acceleration test (SWEAT)-like structures under different
current densities based on previous testing platforms and
theoretical models was further explored. First, a simulation
method for accelerating the EM of electronic devices under
3-D multiphysical field coupling was proposed. In the exper-
iment, an accelerated EM experimental platform was built to
monitor the resistance of the interconnect with time. The EM
failure position along the current direction and the atomic
accumulation and diffusion mechanism was analyzed. Then,
using the finite element calculation method (FEM) and based
on the traditional atomic flux divergence method, a simulation
method of EM acceleration of electronic devices under 3-D
multiphysical field coupling was proposed to quantitatively
analyze the contribution of current density, temperature, stress,
and self-diffusion to EM. Finally, the function of atomic
concentration and interconnect resistivity was derived, and
the experimental results were compared with the simulation

Fig. 1. (a) Illustration of the stacking layer of EM test sample. (b) SWEAT-
like structure. (c) Scanning electron microscope (SEM) picture of 400 µm
SWEAT structure.

results. The remainder of this article is organized as follows.
Section II introduces the EM test sample preparation and
accelerated life test setup. The theoretical model and simula-
tions details are described in Section III. The factors affecting
EM and lifetime prediction are discussed in Section IV.
Finally, Section V provides concluding remarks.

II. EM TEST SAMPLE PREPARATION AND ACCELERATED
LIFE TEST SETUP

This section outlines the preparation process of EM test
samples, and then introduces the composition of the experi-
mental platform for EM accelerated testing.

A. Sample Preparation

Fig. 1(a) shows the stacking layer structure of EM test sam-
ple. The sample fabrication began with growing 200-nm-thick
SiO2 by thermal oxidation on a silicon wafer as an etching
stopping layer and a thermally isolated layer. Then, a 300-nm-
thick titanium nitride (TiN) layer was deposited on the SiO2
layer by sputtering. During this procedure, the reactive gas
(N2) and vapor-phase titanium underwent a reaction within the
vacuum chamber, resulting in the formation of TiN. Notably,
even at room temperature (25 ◦C), an oxidation layer tends
to develop on the surface of the TiN layer. Consequently, a
hot sputter etch (HSE) process was implemented to eliminate
this oxide layer. Following this step, a 200-nm-thick Al layer
was deposited onto the TiN surface using reactive sputtering
at 300 ◦C. Subsequently, the desired SWEAT structure was
achieved through wet etching, which involved the creation of
a narrow Al line connected to two large pads positioned on
either side [as illustrated in Fig. 1(b)] [22].

B. Accelerated Life Test Setup

Fig. 2 depicts a schematic representation of the accelerated
EM life test setup. The core component of this experi-
mental configuration is the Nextron MPS-CHH microprobe
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Fig. 2. Accelerated EM life test platform.

chamber, originating from Busan city, South Korea, which
features a ceramic chuck. This chamber is designed to achieve
vacuum conditions, enabling electrical measurements to be
conducted using four probe needles, each tipped with 20-µm
rhodium. Beneath the ceramic chuck, a temperature con-
troller is installed, allowing for precise temperature adjustment
ranging from 50 ◦C to 500 ◦C. Moreover, a source measure-
ment unit (Keithley 2611b) and optical microscope (AOSVI
HD228S) were included to in situ monitor the changes in
electrical resistances and observe the evolution of the sample
morphology.

III. THEORETICAL MODEL AND SIMULATIONS

In this section, the multiphysics fully coupled theory of
EM is introduced. Subsequently, an EM simulation method
based on an improved atomic flux method is proposed and the
simulation parameter setting is finally presented.

A. Multiphysics Fully Coupled Theory

According to Fick’s first law, the change in atomic concen-
tration in the EM process always obeys the conservation of
mass equation, and the total mass of atoms remains unchanged
in the EM process [24]. The time-dependent evolution equa-
tion of the local atomic concentration used in our atomic
diffusion model is described by the following equation [25]:

∂C
∂t

+ ∇ · J = 0 (1)

where C (m−3) is the normalized atomic concentration
C = Ca/Ca0, Ca is the atomic concentration, and Ca0 is the
initial atomic concentration. Then, t(s) is the time, and J
(m2/s) is the total atomic current density.

The overall atomic diffusion flux comprises the cumulative
effects of atomic fluxes stemming from various driving forces.
Specifically, the total atomic migration flux induced by the
electron wind, thermal gradient, stress gradient, and atomic
concentration gradient can be mathematically expressed as
follows [16]:

J = JE + JTM + J s + Jc (2)

where JE is the flux of EM atoms caused by the electron wind,
the combined force of the electrostatic force, and the electron
wind force of metal ions in an electric field. Thus, the uneven
current produces uneven Joule heat distribution, and atoms in

the interconnect diffuse and migrate along the temperature gra-
dient, causing heat migration JTM. J s is driven by the electron
wind; atoms diffuse from the cathode to the anode, and many
atoms accumulate in the anode to form compressive stress.
The cathode forms tensile stress, creating a stress gradient
from the anode to the cathode. Under the combined action of
the electron wind, temperature gradient, and stress gradient,
the interconnected atoms diffuse and rearrange, resulting in
an uneven atomic concentration distribution [26], [27]. The
atomic concentration in the diffusion region decreases, and the
atomic concentration increases in the diffusion accumulation
region, resulting in the atomic concentration gradient Jc.

The equations of JE , JTM, J s, Jc are given below [28], [29]

JE =
CaDa

kT
eZ∗E =

CaDa

kT
eZ∗ρ j (3)

JTM =
CaDa

kT 2 Q∗∇T (4)

J s = −
CaDa

kT
Ω∇σ (5)

Jc = −Da∇Ca. (6)

According to phenomenological theory, the total flux of
migrating atoms under multiphysics coupling is the sum of
atomic fluxes caused by multiple driving forces. Thus, the
expression of regularized total flux can be written as follows:

J = JE + JTM + J s + Jc

=
CaDa

kT
eZ∗ρ j +

CaDa

kT 2 Q∗∇T −
CaDa

kT
Ω∇σ − Da∇Ca. (7)

The atomic concentration can be obtained at any time by
combining (1) with (2). It is transformed into a coefficient
partial differential equation as follows:

∂C
∂t

+ ∇ ·

�
CaDa

kT

�
eZ∗ρ j −

∇T
T

Q∗ + Ω∇σ

��
− Da∇

2Ca = 0. (8)

In general, on the boundary of the metal interconnect, the
boundary condition of the EM evolution equation can be
expressed as

J · n = 0onΓ. (9)

Initial conditions (for all nodes):Ca0 = 1.

B. Improved Atomic Flux Method

Electrothermal coupling simulations can only obtain the
distribution of current density and temperature gradient in
the interconnect. Determining the EM failure location by the
position of the maximum current density is not accurate, and
various migration mechanisms will affect the atomic flux in the
interconnect. In this part, the atomic flux divergence method
is introduced to describe the EM process by the divergence of
the electron wind, temperature gradient, and stress gradient,
which are the main driving forces of EM. The atomic flux
divergence distribution in the structure and its failure time
were calculated. The position of the maximum atomic flux
divergence is the weakest part of the metal interconnect, and
it will be the place where the void failure occurs first [29].
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The flux component of the atomic density gradient is usually
ignored in the traditional atomic flux divergence method; that
is, the total atomic flux is simplified as follows:

J = JE + JTM + J s

=
CaDa

kT
eZ∗ρ j +

CaDa

kT 2 Q∗∇T −
CaDa

kT
Ω∇σ. (10)

In order to provide a clearer description of the stacking or
loss of atoms, we introduce the atomic flux divergence method.
Assuming that the current density j is constant, the atomic flux
divergence caused by the electron wind is as follows:

div(JE) =

�
E

kT
−

1
T

+
ρ0

ρ

�
· JE · ∇T +

JE

Ca
· ∇Ca. (11)

The atomic flux divergence caused by the temperature
gradient is as follows [30]:

div (JTM) =

�
E

kT
−

2
T

�
· JTM · ∇T

−
CaDa

kT
Q∗div(∇T ) +

JTM

Ca
· ∇Ca. (12)

The divergence of atomic flux caused by the stress gradient
is as follows:

div(J s) =

�
E

kT
−

1
T

�
· J s · ∇T −

CaDa

kT
Q∗div(∇σ)

+
J s

Ca
· ∇Ca. (13)

In summary, the total atomic flux divergence caused by the
electron wind, temperature gradient, and stress gradient is as
follows [31]:

div (J) = div (JE) + div (JTM) + div (J s)

= Ca · F (T, σ, j, . . .) + (∇Ca) ·G(T, σ, j, . . .). (14)

The F and G functions are composed of different physical
parameters plus the atomic concentration divergence. Substi-
tuting (14) into (10) and based on the explicit Euler equation,
we can obtain the following:

Ci+1 = Cie−Fi∆ti − ∆ti(∇Ca)i ·Gi (15)

where Ci is the atomic concentration at initial step, Fi is the
F function at initial step, and Gi is the G function at initial
step.

The comparison between the improved atomic flux diver-
gence method proposed in this article and previous studies is
shown in Table I.

The above derivation shows that the atomic flux divergence
method neglects the effects of atomic density flux Jc. This
article examines the impact of atomic density flux on EM using
the traditional atomic flux divergence method to quantitatively
analyze the influence of various driving forces.

C. EM Simulation Procedure and Parameter Setting

To simulate EM failure in interconnects under actual
working conditions, we performed a multiphysics coupled
steady-state analysis using COMSOL. In this study, EM failure
is divided into two stages: void formation and void expansion.
We obtained the distributions of current density, temperature,

TABLE I
SUMMARY OF SEVERAL PREVIOUS STUDIES

Fig. 3. Flowchart of EM simulation procedure.

and structural stress prior to failure and combined these with
an analysis of atomic diffusion. Whenever the average atomic
concentration of atoms in the structure reached the failure
threshold (Ca,void) = 0.965Ca0 (The origin of the failure
threshold will be explained in Section IV-A of this article),
the failure of the atom was determined. The structure was
reconstructed until the total atomic concentration fell below
the threshold, and the total failure time was determined.
Additionally, we compared the failure time obtained using the
traditional atomic flux divergence method. The specific EM
simulation process is shown in Fig. 3.

This study used the coefficient partial differential equa-
tion module in COMSOL. Additionally, the EM heat source
coupling module and the thermal expansion and tempera-
ture coupling module from the multiphysics module were
selected. By accounting for interactions between different
physical fields, complete coupling of multiple physical fields
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Fig. 4. (a) Three dimensional SWEAT-like model. (b) Top view.

TABLE II
PHYSICAL DESCRIPTIONS AND VALUES OF PARAMETERS USED IN THE EM

SIMULATION [21], [22]

TABLE III
RELATED PARAMETERS OF AL INTERCONNECT USED IN EM [21]

was achieved, and the model was calculated. This process
involves computing the atomic flux driven by various forces
and the atomic concentration in the interconnect at different
times using finite element analysis. Accordingly, a 3-D model
was developed to represent the Al interconnect circuits used
in the experimental setup. As shown in Fig. 4(a), the heat
dissipation gaskets at both ends were reduced in the simulation
because they did not affect the distribution of the remaining
experimental structure. The geometric dimensions of the EM
process were consistent with the experimental results. The
simulation was conducted under 3-D conditions and to present
the changes more intuitively, a top-view perspective is used
[Fig. 4(b)] in the subsequent illustrations. The parameters used
in the EM simulation are listed in Tables II [22] and III [21].

IV. RESULTS AND DISCUSSION

In this section, the factors affecting EM are quantitatively
analyzed, starting with four main driving forces and size

Fig. 5. (a) Current density, (b) temperature, and (c) stress distribution diagram
of the Al SWEAT-like structure driven by different current densities.

factors. After removing the atoms below the void forma-
tion concentration in the SWEAT structure, the structure
is reconstructed, and the EM failure lifetimes under three
different current densities are calculated based on the relation-
ship between atomic concentration and correlated resistivity.
Finally, the simulation data obtained using the optimized
method are compared with the experimental results and those
obtained from the traditional atomic flux divergence method.

A. Current Density Effect on EM

As being driven by the current densities from 1 to 5
MA/cm2, the current density, temperature, and stress distri-
bution of the Al layer in the SWEAT structure are shown in
Fig. 5.

First, Fig. 5(a) shows the distribution of current density in
the Al layer, indicating that the maximum current density is
concentrated in the narrowed part of the Al layer. The atomic
flux at this maximum current density is the highest, resulting
in the greatest number of atoms, which exacerbate EM failure
and is most likely to lead to the formation of voids in the
interconnect. However, voids were observed near the middle
of the Al layer during the experiment. This indicates that other
driving forces also influence failure in the EM process, and
the location of the void cannot be accurately predicted using
only the current density distribution. Next, Fig. 5(b) presents
the temperature distribution in the Al layer, showing that the
highest temperature of the Al interconnect occurs in the middle
of the straight-line segment, while temperatures on both sides
of the interconnect drop rapidly. Under the large liner, the
temperature decreases to ambient levels. Due to the Joule
effect, when current passes through the Al layer, it generates a
significant amount of Joule heat, increasing the temperature of
the Al layer. With a higher temperature, the atomic diffusion
rate increases, resulting in maximum diffusion kinetic energy
that accelerates atomic migration and raises the likelihood of
void formation. Furthermore, Fig. 5(c) shows the von Mises
stress distribution in the Al layer. Due to the differences in
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Fig. 6. Atomic concentration distribution under different current densities and
aging times. (a) Cloud map. (b) Ca/Ca0 along the length.

geometric size between the Al and Si layers, there is no
continuous connection, and the thermal expansion coefficients
of the two layers differ. Under the influence of Joule heat,
the two layers exert pressure on each other, causing stress.
The maximum stress in the Al layer is primarily concentrated
in the middle of the straight-line segment. This uneven stress
distribution leads to a stress gradient in the Al layer, and the
migration of tension atoms along the direction of this stress
gradient contributes to stress migration.

The failure of the Al layer was analyzed based on the
distribution of current density, temperature, and stress. Unfor-
tunately, the location of voids in the Al interconnect cannot
be accurately predicted. The atomic concentration distributions
of the Al layer in the SWEAT-like structure after EM are
shown in Fig. 6. The maximum atomic concentration in
the Al layer occurs in the middle-left position, while the
minimum atomic concentration is found in the middle-right
position of the straight-line segment of the Al layer, which
is consistent with the experimental results. At the minimum
atomic concentration, the atomic outflow is the largest, most
likely causing mass transfer.

In the work of Cui et al. [22], the void length and atomic
drift velocity of the SWEAT structure were obtained under
experimental conditions of 250 ◦C and a current density of 1
MA/cm2. Assuming that the decrease in atomic concentration
of the void is equal to the increase in atomic concentration
of the hillock, it is deduced that the concentration for void
formation (Ca,void) = 0.965Ca0. In this study, the failure
threshold was set to 0.965 mol, meaning that the critical
atomic density below which failure occurs is 0.965 mol. As the
resistivity of the material increases with a decrease in atomic

Fig. 7. Atomic concentration distribution after it reached the failure threshold
at a current density of 5 MA/cm2: (a) 1; (b) 5; and (c) 6 h of aging.

Fig. 8. Atomic flux divergence distribution and voids in the interconnects.
[Calculated based on (14)]. (a) Atomic flux divergence distribution. (b) Voids
in the interconnects.

density, interconnect failure can be determined by whether the
atomic concentration reaches the threshold corresponding to
the change in resistance. After reaching the threshold, atomic
accumulation will gradually decrease to 0.949 mol.

Fig. 7 shows the atomic concentration distribution and void
changes over time under a current density of 5 MA/cm2.
It can be seen that the void generation velocity increases
sharply after the void transitions from the formation stage
to the expansion stage. With the continuous migration of
atoms, the electrical conductivity of the unit with reduced
atomic density will gradually decrease, leading to an increase
in local current density. There is a maximum current density
at which voids appear, and due to the effects of Joule heat,
the temperature in that area will increase. The larger current
density and temperature will further promote atomic migration
speed, causing the interconnect to fail rapidly.

Fig. 8 shows the atomic flux divergence distribution and
voids in the interconnects. When the current load is applied,
the atoms in the interconnect migrate in the direction of the
electron flow, and the nonuniformity of the concentration dis-
tribution increases over time. The atomic concentration in this
region gradually increases as atoms accumulate near the anode,
while atoms near the cathode substrate migrate away, leading
to a gradual decrease in concentration in that area. Under the
influence of atomic concentration redistribution, the geometric
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Fig. 9. Ca/Ca0 along the length of SWEAT structure: (a) j = 1 MA/cm2,
t = 20 h; (b) j = 3 MA/cm2, t = 15 h; and (c) j = 5 MA/cm2, t = 5 h.

shape of the structure changes, and voids are gradually formed.
The maximum divergence of the total atomic flux corresponds
to the region where void formation occurs in the simulation.

B. Thermal Transfer Effect on EM

Another macroscopic manifestation in the EM process of
metal interconnects is the thermal effect inside the intercon-
nects [23]. Fig. 9(a)–(c) shows the effect of thermal migration
on the atomic migration of the interconnect under different
current densities and time, respectively.

The concentration of atoms begins to change in regions near
both boundaries due to the presence of a temperature gradient
on either side, which triggers the diffusion of atoms away
from the interconnect. By comparing the results, we found
that heat transfer had no noticeable effect on atomic density
under the condition of 1 MA/cm2. In the steady state, Ca/Ca0
remained stable at 20 h under the condition of 1 MA/cm2.
With the increase in current, the effect of thermal migration
on atomic migration increased accordingly, the proportion of
Ca/Ca0 change is higher than 1 and 3 MA/cm2 under the
condition of 5 MA/cm2. In summary, according to the analysis,
for interconnects within integrated circuits, current density
emerges as the primary determinant of the EM lifetime within
a specific temperature range. However, as current density
gradually increases, the contribution of thermal transfer to EM
cannot be ignored.

C. Stress Transfer Effect on EM

The influence of stress migration on EM is shown in
Fig. 10. There are significant differences in stress migration
under the three different current densities. Under a current den-
sity of 1 MA/cm2, the maximum stress transfer is 1.17×10−9

mol/(m2× s), and under 3 MA/cm2, the maximum stress trans-
fer is 1.65 × 10−9 mol/(m2× s). Compared to 3 MA/cm2, the
maximum stress transfer under 5 MA/cm2 remains essentially
unchanged. In the process of EM, atoms diffuse from the

Fig. 10. Effect of stress transfer on EM increases with an increase in power-
up time: (a) j = 1 MA/cm2, t = 20 h; (b) j = 3 MA/cm2, t = 15 h; and
(c) j = 5 MA/cm2, t = 5 h. [Calculated based on (5).]

Fig. 11. Effect of atomic self-diffusion. [Calculated based on (6).]

cathode toward the anode, propelled by the force exerted
by electron wind. Additionally, many atoms accumulate at
the anode, forming compressive stress, while the cathode
experiences tensile stress. Therefore, a stress gradient from
the anode to the cathode is created, affecting the migration
of atoms, as illustrated in Fig. 10(c) [14]. Furthermore, due
to the differences in thermal expansion coefficients between
materials, such as those of Al and SiO2, a nonuniform distri-
bution of stress leads to stress migration. Since the temperature
produced after the application of current density is higher than
the initial temperature, the Al line releases only a portion of
the elastic strain.

D. Atomic Self-Diffusion Effect on EM

The traditional atomic flux divergence method [32] ignores
the influence of the atomic density gradient, which is
addressed in this study. Fig. 11 shows that the atomic con-
centration flux divergence is inversely proportional to the total
atomic flux divergence distribution. The atomic concentration
gradient and stress gradient are the only two forces in EM that
balance the electron wind force. This means that the atomic
density gradient can inhibit EM and resist atomic loss and
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Fig. 12. (a) Effect of interconnect width. (b) Effect of interconnect length on
EM ( j = 5 MA/cm2, t = 5 h).

Fig. 13. Relationship between the maximum atomic flux and the length and
width of Al interconnect.

void expansion. Therefore, if the atomic density gradient is not
considered, the EM failure lifetime will be underestimated.

E. Interconnect Size Effect on EM

In this section, current density loads of 5 MA/cm2 were
applied to SWEAT-like structure models with different lengths
and widths of Al interconnects, and the internal atomic flux
distributions were obtained. The atomic concentrations at
varying lengths and widths are shown in Fig. 12.

The relationship between the maximum atomic flux and
the length and width of the Al interconnect is shown in
Fig. 13. As seen in Fig. 13, the general trend indicates that
the atomic flux inside the interconnect decreases gradually
with an increase in the width of the Al interconnect, with
a sharp decrease occurring in the initial stage (when the width
increases from 3 to 5 µm). This trend suggests that when the
width of the interconnect is 5 µm or less, the probability of
interconnect failure will significantly increase. Conversely, as

Fig. 14. (a) Current density, (b) temperature, (c) stress, and (d) atomic
concentration distribution after structural reconstruction.

the length of the Al interconnect increases, the atomic flux
inside the interconnect gradually increases, which is more
likely to produce voids and atomic accumulation, accelerating
EM failure.

F. EM Failure Criterion and Lifetime Prediction

Under static analysis conditions, it is assumed that there are
no voids in the analysis, and the current, temperature distribu-
tion, and stress distribution remain unchanged throughout the
process. Thus, the model does not need to be reconstructed,
and the location of the simulated voids is consistent with the
experimental results. To account for the effect of atomic con-
centration migration, we deleted the atoms below the threshold
and reconstructed the structure, as shown in Fig. 14. The
reconstructed structure can be energized normally. As atoms
continue to migrate, the electrical conductivity of the unit
with reduced atomic density will gradually decrease, resulting
in an increase in local current density. Fig. 14(a) shows the
current density distribution at the point of EM failure. The
maximum current density occurred at the location of the void
and increased from the original 5 to 6.95 MA/cm2 at failure.
Due to Joule heating, the temperature also increased, as shown
in Fig. 14(b). The maximum temperature reached 303 ◦C,
which is significantly higher than the initial temperature of
250 ◦C. The structural stress also increased. With higher-
current density, temperature, and stress, the migration speed
of atoms will further accelerate, resulting in faster EM failure.

The damage degradation caused by the growth and merging
of EM voids in the interconnect extends throughout the stress
area of the interconnect, representing a gradual deterioration
process from the onset of deformation to failure [36]. With
the coupling of multiple field loads, the damage involves a
quantitative accumulation process leading to failure. In this
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Fig. 15. Evolution of the resistance before and after reaching the threshold
of void formation (i.e., the atomic concentration decreased to 0.965 mol) at
different current densities (the solid line represents the experimental results,
and the scatter plot is the simulation result) [21].

process, the existence, development, and evolution of damaged
elements result in the actual materials and structures being
neither homogeneous nor continuous.

Due to the continuous directional movement of atoms in
the EM process, local lattice vacancies will occur when the
migration velocity of the atoms does not match that of the
lattice, leading to the formation of macroscopic voids. This
phenomenon impacts the material properties. In this study,
we consider the continuous changes in resistivity and mate-
rial properties throughout the atomic migration process. The
formula for calculating the resistance of the material is as
follows [25]:

R = ρ
V
s

(16)

where V and s are the cross-sectional and effective cross-
sectional areas of the interconnect, respectively. The cross
section refers to the normal cross-sectional area of an alu-
minum wire, while the effective cross section refers to the
area reduction caused by atomic loss during EM. When the
cross-sectional area is constant, the resistance is inversely
proportional to the effective cross-sectional area, which arises
due to the migration of atoms. Material defects, such as voids,
will reduce the cross-sectional area of the conductive channel.
We can consider the regularized atomic density as the measure
of damage, and thus, the degree of reduction in the effective
cross-sectional area can be expressed as follows:

s′ = sCa. (17)

Therefore, with a decrease in atomic density, the resistance
change is as follows:

R′ = ρ
V
s′

= ρ
V

sCa
= ρ(Ca)

V
s
. (18)

The formation of interface voids in interconnects will
increase the resistance of the interconnect, which is often the
cause of the decrease in cross section and the local temperature
increase at the point of interconnect failure. The moment
when the hollow electrical contact at the interface is destroyed

TABLE IV

COMPARISON OF FAILURE TIMES FROM THE EXPERIMENT WITH THOSE
CALCULATED USING TWO DIFFERENT SIMULATION SETTINGS

(resulting in a sudden sharp increase in interface resistance) is
referred to as the failure time [time to failure (TTF)]. Fig. 15
and Table IV show that the simulation results align closely
with the experimental results. In the steady-state analysis,
due to the inhibition of the atomic concentration gradient,
the atomic concentration changes from rapidly decreasing to
saturation over time. Compared to the steady-state analysis,
the dynamic simulation shows little difference during the void
formation stage. After determining the failure (void expansion
stage), we found that the model based on the improved atomic
flux divergence method better matches the resistance change
curve, reducing the failure time error by about 10%.

V. CONCLUSION

In this article, the SWEAT-like structures are tested under
different current densities (1, 3, and 5 MA/cm2). Based on
FEM and the atomic flux divergence method, we proposed
a simulation method for the EM acceleration of electronic
devices under 3-D multiphysical field coupling to quantita-
tively analyze the contributions of current density, temperature,
stress, and self-diffusion to EM. After deleting the atoms below
the threshold, the structure was reconstructed and dynami-
cally analyzed. Finally, the prediction of the failure lifespan
was executed and subsequently compared with the findings
obtained through experimental validation and the traditional
atomic flux divergence approach.

The results showed the following.
1) Changes in current density could directly affect the EM

failure mode in the SWEAT-like interconnect structure.
Under higher-current conditions, Al atoms were more
likely to migrate. The contribution of the temperature
gradient was limited at 1 MA/cm2, while its effect on
atomic diffusion increased with the increase in current
density. The atomic concentration gradient and stress
gradient could inhibit EM failure, and ignoring them
would underestimate the failure life of EM.

2) Structural size was also a key factor affecting the failure
life of EM. An increase in the length and a decrease
in the width of the Al interconnect both led to a
gradual increase in atomic flux inside the interconnect,
making the structure more prone to atomic diffusion and
accumulation, thereby accelerating EM failure.

3) Changes in atomic flux and atomic concentration showed
opposite trends. We described the development process
of EM as consisting of a void formation stage and
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a void expansion stage. The improved method better
fit the changing trend of atomic concentration after
interconnect failure and predicted the accelerated EM
failure time more accurately during the void expansion
stage, reducing the failure time error by about 10%.

In this article, Al was chosen as the carrier material for
the EM study; however, the theoretical framework and exper-
imental methodologies presented herein have the potential for
broader application to diverse interconnect material systems in
the realm of micro- and nanoelectronics, including materials
such as copper (Cu) or gold (Au). In future work, we plan
to verify the universality and sensitivity of this method on
other interconnect materials and structures and propose a more
universal model for predicting the failure time of interconnect
EM, which can provide a basis for the design, manufacture,
and parameter optimization of the packaging process for
microelectronic chips.
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