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A B S T R A C T   

This paper presented integrated electromigration (EM) studies through experiment, theory, and 
simulation. First, extensive EM tests were performed using Blech and standard wafer-level elec-
tromigration acceleration test (SWEAT)-like structures, which were fabricated on four-inch wa-
fers. Second, a molecular dynamics (MD) simulation-based diffusion-induced strain was 
incorporated into the existing coupled theory. Third, one-dimensional (1D) governing equations 
in terms of atomic concentration for un-passivated and passivated configurations were derived for 
void formation and growth, using a modified Eshelby’s solution to consider the effect of 
passivation. Fourth, a systematic approach was established, including theoretical formulations 
and experimental methods, to obtain key material properties, i.e., critical atomic concentration 
and diffusivity. We then determined the material’s properties from a specific set of experimental 
data, using aluminium (Al) as a carrier for demonstration. These properties were then used to 
predict the time to failure and void growth under various conditions. The theoretical results 
agreed well with the experimental data. Moreover, we theoretically determined the critical 
threshold products of current density and conductor length for the un-passivated and passivated 
configurations, respectively. Both experiment and theory showed that, in the absence of me-
chanical stress in un-passivated configurations, the atomic self-diffusion, which was opposite to 
electron wind, was significant in resisting EM development. However, when mechanical stress 
was present, such as in passivated configurations, stress migration played a dominant role in 
resisting EM development. Our numerical results showed that the current density exponent n in 
Black’s law remained as 2 in the range of the current density greater than 0.2 MA/cm2 and rapidly 
approached infinity at a low level of current density.   

1. Introduction 

Semiconductor technology is one of the most important innovations in the history of mankind, which has been making profound 
impacts on human society and every aspect of human life. For decades, electromigration (EM) has always been one of the bottlenecks 
and a critical reliability concern for the semiconductor industry (Ho and Kwok, 1989; Hu et al., 2018a; Hu et al., 2018b; Hu and 

* Corresponding authors. 
E-mail addresses: xuejun.fan@lamar.edu (X. Fan), g.q.zhang@tudelft.nl (G. Zhang).  

Contents lists available at ScienceDirect 

Journal of the Mechanics and Physics of Solids 

journal homepage: www.elsevier.com/locate/jmps 

https://doi.org/10.1016/j.jmps.2023.105257 
Received 23 November 2022; Received in revised form 13 February 2023; Accepted 27 February 2023   

mailto:xuejun.fan@lamar.edu
mailto:g.q.zhang@tudelft.nl
www.sciencedirect.com/science/journal/00225096
https://www.elsevier.com/locate/jmps
https://doi.org/10.1016/j.jmps.2023.105257
https://doi.org/10.1016/j.jmps.2023.105257
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmps.2023.105257&domain=pdf
https://doi.org/10.1016/j.jmps.2023.105257
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of the Mechanics and Physics of Solids 174 (2023) 105257

2

Luther, 1995; Hu et al., 1999; Suo, 2003; Tu, 2003; Tu et al., 2017). Various EM theories and models have been developed since the 
1960s; however, most of them have succeeded only in partially predicting or explaining the complicated phenomena in experiments 
(Black, 1967, 1969; Clement, 1997; Clement and Thompson, 1995; He et al., 2004; Kirchheim, 1992; Korhonen et al., 1993; Sarychev 
et al., 1999; Shatzkes and Lloyd, 1986; Sukharev and Zschech, 2004; Sukharev et al., 2007; Yao and Basaran, 2013). Although the 
industry succeeds in advancing the integrated circuit (IC) technology node every two years, EM solutions have been trial-error and 
empirical-based, mainly because of its complicated multi-scale and multi-physics nature (Zhang and Roosmalen, 2009; Zhang et al., 
2006; Zhang and Roosmalen, 2010). While scaling alone can improve performance for each new silicon technology node, heteroge-
neous integration using a combination of 3D monolithic and 2.5D/3D advanced packaging technology can boost the system perfor-
mance significantly with low costs (Dang; et al., 2021; Lau, 2022). Consequently, new EM failures have emerged in redistribution lines 

Nomenclature 

English alphabet 
Ca Atomic concentration 
Ca0 Initial atomic concentration 
Ca,critcial Crictial atomic concentration 
Cv Vacancy concentration 
Cv0 Initial vacancy concentration 
CL Lattice concentration 
Z* Effective charge number 
e Elementary charge 
kB Boltzmann constant 
T Temperature 
Q* Heat of transport 
L Length 
Lc Critical length 
Lp Characteristic length 
Vdrift Drift velocity 
Lvoid Void length 
f Vacancy volume relaxation factor 
Ec Elastic Young’s modulus of conductor 
Em Elastic Young’s modulus of passivation 
ttotal Total testing time 
tfailure Time to EM failure 
j Current density 
E Electric field 
F Body force 
I Unit tensor 
U Displacement 

Greek alphabet 
θ Total volumetric strain 
θdiff Volumetric diffusion-induced strain 
ε Total strain 
εme Elastic strain 
εth Thermal strain 
εdiff Diffusion-induced strain 
α Coefficient of thermal expansion 
σ Mechanical stress 
σx Stress in x direction 
σy Stress in y direction 
σz Stress in z direction 
σ Hydrostatic stress 
ρ Electrical resistivity 
Ω Volume per atom 
X Coefficient of MTF 

Parameter combination 
φ Ec/Em  
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(RDL) and micro-bumps/pillars at the packaging level (Chen et al., 2012; Chen et al., 2010; Dandu and Fan, 2011; Dandu et al., 2010; 
Liang et al., 2020; Lin et al., 2005). With the “hyper-scaling” of IC to sub-nanoscale and the emerging of quantum computing and 
photonics technologies, establishing the fundamental understanding of the underlying EM failure mechanisms becomes urgent and 
vital for the future of micro-/nano- electronics. 

EM essentially is an enhanced mass transport process due to momentum transfer between conducting electrons and diffusing metal 
atoms, which causes the void formation and/or hillock build-up, resulting in an open or short circuit in electronic devices (Kijkan-
janapaiboon, 2017; Tan and Roy, 2007; Zhang, 2020). The early study conducted by Black showed that the time to failure due to EM 
was inversely proportional to the square of current density (Black, 1967, 1969). While EM is primarily induced by high current density, 
it is not the only driving force at work. The combined balance of other forces, such as mechanical stress migration, atomic 
self-diffusion, and thermal migration, determines the diffusive motion of atoms (Kirchheim and Kaeber, 1991; Rzepka et al., 1999). 

Different theories and models describing EM have evolved over the decades (Blech and Herring, 1976; Blech, 1976; Ceric et al., 
2008; Clement and Thompson, 1995; Cui, 2021; Cui et al., 2019, 2020; Kirchheim, 1992; Korhonen et al., 1993; Lin and Basaran, 2005; 
Pharr et al., 2011; Sarychev et al., 1999; Shatzkes and Lloyd, 1986; Sukharev et al., 2007; Zhang et al., 2012). Blech first presented a 
steady-state solution considering the counterbalance of atomic flux by a stress gradient against the electrical current (Blech and 
Herring, 1976; Blech, 1976). The model, however, neglected the effect of self-diffusion and the temperature gradient. Shatzkes and 
Lloyd constructed a transient-state model that considered the concentration gradient but ignored stress and temperature gradients 
(Shatzkes and Lloyd, 1986). Kirchheim and Kaeber discovered the importance of a source/sink term in the diffusion equation 
responsible for the formation and annihilation of vacancies (Kirchheim, 1992). In the models proposed by Korhonen et al. (Korhonen 
et al., 1993) and Clement and Thompson (Clement and Thompson, 1995), transient analytical solutions were obtained for hydrostatic 
stress and vacancy concentration without considering self-diffusion. It is worth noting that the results were derived under 
over-constrained conditions (Cui et al., 2019). Subsequently, Sarychev (Sarychev et al., 1999) developed a coupled EM theory using a 
complex model to describe the diffusion-induced strain. Lin and Basaran (Lin and Basaran, 2005) applied Sarychev’s theory and 
extended it to non-linear viscoplastic time-dependent problems using finite element modelling. Additionally, Sukharev et al. 
(Sukharev et al., 2007) suggested a new equation for diffusion-induced strain and developed analytical solutions for vacancy con-
centration, atomic concentration, and hydrostatic stress at the steady-state. Ceric et al. (Ceric et al., 2008) and Zhang et al. (Zhang et al., 
2012) used sequentially coupled finite element analysis, without considering the coupling of diffusion-induced strain, to investigate 
the time-to-failure owing to EM in chips and solder bumps, respectively. Pharr et al. (Pharr et al., 2011) presented a theory that couples 
creep and EM to calculate the stress distribution in solder joint. Different theories and models described above have yielded incon-
sistent results and have only been partially verified through experiments. 

Various accelerated EM tests have been developed to examine the failure mechanism (Blech, 1998; Blech and Herring, 1976; Blech, 
1976; Gan et al., 2001; Lin et al., 2005; Liu, 2017; Ouyang and Kao, 2011; Root and Turner, 1985; Tan and Roy, 2007; Zhang, 2020). 
Blech et al. (Blech, 1976) designed a test structure in which a set of Al lines with different lengths were patterned on a carrier of TiN. In 
this test structure, both ends of each metal line segment are in perfectly blocking conditions, allowing no atomic flux. This test 
structure is referred to as “Blech structure”. Using the Blech structure, the critical length, known as Blech length, below which the 
conductor is immune from EM failure, can be determined accordingly. Additionally, the drift velocity, the average velocity of void 
growth, can also be measured (Blech, 1998). The Blech structure has been used extensively to examine the effect of microstructure and 
passivation (Blech, 1976; Cho and Thompson, 1989; Lloyd and Smith, 1983; Wada et al., 1987). Another type of EM test structure is 
either the standard wafer-level EM acceleration test (SWEAT) or the National Institute of Standards and Technology (NIST) test 
structure (Giroux et al., 1995). In both structures, metal lines are connected to large-area pads at two ends, which serve as reservoirs to 
constantly provide atomic flux. There are a variety of SWEAT- or NIST- like test structures, such as nano-bridge wires (Jeong et al., 
2014; Kozlova et al., 2013). This paper refers to the metal line connected to large pads at the ends as "SWEAT structure". The SWEAT 
structure has been mainly used to study the Joule heating effect during EM (Giroux et al., 1995; Giroux et al., 1994; Jonggook et al., 
1999). However, no studies have been reported using both Blech and SWEAT structures to examine the underlying EM failure 
mechanism. 

The EM-induced void formation has been attributed to mechanical failure caused by hydrostatic stress or its gradient. Therefore, 
hydrostatic stress was commonly considered as a failure criterion for EM (Blech, 1976; Gleixner et al., 1997; He et al., 2004; Kirch-
heim, 1992; Korhonen et al., 1993; Lloyd, 1982; Lloyd and Smith, 1983; Sukharev et al., 2007). The exact critical hydrostatic stress, 
however, has not been determined. The theoretical study by Gleixner et al. showed that the required hydrostatic stress for void for-
mation depends on many factors, such as vacancy concentration, defect types, and location (Gleixner et al., 1997). The results of 
Korhonen et al. (Korhonen et al., 1993) showed that the maximum hydrostatic stress could reach around 500 MPa and compared the 
predicted stress with the measurement by Hemmert et al. (Hemmert and Costa, 1991). The results of Kirchheim et al., He et al., and 
Sukharev et al. predicted the maximum hydrostatic stress at the steady-state in the range of 200 – 500 MPa (He et al., 2004; Kirchheim, 
1992; Sukharev et al., 2007). However, Lin et al. (Lin and Basaran, 2005) and Cui et al. (Cui et al. 2019) predicted the hydrostatic stress 
at a low range of 20 – 100 MPa. On the other hand, numerous studies showed that EM developed more rapidly in un-passivated metal 
lines than that with passivation. (Blech, 1976; Lloyd, 1982; Lloyd and Smith, 1983). But in an un-passivated configuration, the hy-
drostatic stress is less significant owing to the lack of constraints. This means that hydrostatic stress or its gradient may not play a 
dominant role in EM under certain conditions. 

Some studies suggested using vacancy or atomic concentration as a failure criterion for EM as they are directly related to void 
formation (Clement, 1992; Clement, 1997; Cui et al., 2019; Lloyd, 1999; Shatzkes and Lloyd, 1986). The predicted vacancy con-
centration, however, was only in the range of 2 - 4 times the initial vacancy concentration for most of the models in the literature 
(Clement and Thompson, 1995; Shatzkes and Lloyd, 1986; Sukharev et al., 2007). These results implied that when voids are formed, 
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only two to four vacancies are created per million atoms, which is nowhere near enough to induce void formation. The vacancy 
concentration remained around twice the initial vacancy concentration even after a coupling model was developed (Cui et al., 2019). 

This paper aims to present a comprehensive electromigration (EM) study through experiment, theory, and simulation. First, various 
EM test specimens were designed and fabricated with different geometries and structures using Al as a carrier. Both Blech and SWEAT 
structures were applied and tested for comparison. The effects of annealing and passivation were investigated. Second, we introduced a 
three-dimensional (3D) coupled EM theory that incorporates a new stress-strain constitutive equation. An equation of diffusion- 
induced strain in the constitutive equation was based on molecular dynamics (MD) simulations (Cui et al., 2021). Furthermore, 
analytical one-dimensional (1D) governing equations were derived for un-passivated and passivated configurations, respectively. 
Moreover, a model for void growth in the Blech structure was developed. Consequently, the critical atomic concentration and 
diffusivity were determined from both theory and experiments. Subsequently, the numerical results were presented and compared 
extensively with the experimental data, not only for void formation but also for void growth. We further discussed the critical threshold 
product of the current density and conductor length under un-passivated and passivated conditions. We also discussed the current 
density exponent n, introduced by Black. Finally, we established a general design rule against EM failure and presented conclusions 
and the perspectives. 

2. Experiment 

Fig. 1 illustrated the schematic of the EM test wafer (Fig. 1(a)), test units on a die (Fig. 1(b)), a cross-section of the layer-stack (Fig. 1 
(c)), Blech, and SWEAT structures (Fig. 1(d)), and the EM test platform (Fig. 1(e)). EM test specimens were fabricated on 4-inch silicon 
wafers. A full EM test wafer consisted of 52 dies, each having 63 test specimens. The silicon dioxide layer was deposited using thermal 
oxidation on the silicon surface because the oxidation layer performs a good adhesion to silicon and also provides excellent electrical 
isolation. The thin TiN film was then deposited using reactive sputtering at 350◦C and patterned using photolithography and reactive 
ion etching. TiN acted as a conductor and as a barrier layer to avoid atomic diffusion between the dioxide surface and the metal on the 
top. In this study, sputtered Al stripes with different geometries and structures were patterned by a combination of lithography and wet 
etching on the TiN layer. Since Al has much better conductivity than TiN, the electrical current mostly flows through the Al stripe. Both 
Blech and SWEAT structures were designed and fabricated. In a Blech structure specimen, a single metal stripe can include different 
lengths with spaces. A SWEAT structure has two ends connected to large pads. 

The width and thickness of Al specimens were 5 μm and 200 nm, respectively, unless otherwise noticed in this study. During the EM 
test, a temperature of 250 ◦C and an electrical current density of 1 MA/cm2 were applied. All measurements were performed in the 
vacuum condition in order to prevent undesired oxidation. 

Fig. 1. (a) A 4-inch wafer containing 52 dies. (b) The layout of 63 EM test specimens in each die. (c) Schematic for the cross-section of layer stacks. 
(d) Schematic of Blech and SWEAT structures. (e) Schematic of EM measurement platform. 
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2.1. Various lengths 

Al lines ranging from 5 to 800 μm were tested in 9 lengths. Three geometries of Blech structures: five lengths of 5/10/15/20/25 μm 
on a stripe; three lengths of 30/60/100 μm on a stripe; and a single-length stripe with 800 μm were used. The EM test duration was up 
to 30 h. Each specimen was removed from the test chamber at various time intervals during the test for optical inspection using a laser 
scanning microscope. Each geometry was tested multiple times for repeatability and consistency checks. Fig. 2 shows the optical 
images of different specimens at different time intervals. Since both ends of each metal line were in perfectly blocking conditions with 
no atomic flux, voids were formed and grown at the cathode side, and hillocks were formed near the anode side. Al lines with lengths of 

Fig. 2. Optical images of different geometries of Blech structure at various time intervals under the current density of 1 MA/cm2 and temperature of 
250 ◦C (non-annealing). (a) Images of 5/10/15/20/25 μm Al lines at 0/10/20/30 h. (b) Images of 30/60/100 μm Al lines at 0/0.5/5/10/20/30 h. 
(c) Images of an 800 μm Al line at 0/3/10/20 h. The width and thickness of all conductors are 5 μm and 200 nm, respectively. The electrical current 
moved from right to left. 

Fig. 3. Changes in resistance for 10/30/60/100 µm Al lines under 1 MA/cm2 at 250◦C.  
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Journal of the Mechanics and Physics of Solids 174 (2023) 105257

6

30/60/100 μm began to form voids at approximately 30 min. However, even after 30 h, no voids and hillocks were observed in the 5 
and 10 μm lines. Furthermore, the void lengths at 10 h and 20 h in the 800 μm line were similar to those in the 100 μm line. 

Fig. 3 showed the change in resistance for the lengths of 10/30/60/100 μm. For the 10 μm length, the resistance did not change 
significantly. The critical length was then determined as approximately 10 μm. For the 30/60/100 μm lengths, the resistance 
continually increased with time, but the difference in the resistance between 60 µm and 100 µm was not significant, indicating a similar 
EM development in the 60 µm to 100 µm lines. This was consistent with the void growth shown in Fig. 2. 

Blech et al. introduced the average drift velocity, Vdrift, to describe the velocity of void growth (Blech, 1998), 

Vdrift =
Lvoid

t
(1)  

where Lvoid is the void length, and t is the time duration. For the 100 μm Al film, its average drift velocity was determined to be 0.0608 
± 0.005 nm/s. The critical length and drift velocity were used in the subsequent section to determine the critical atomic concentration 
and diffusivity. 

Fig. 4. Optical images of different geometries of Blech structure at various time intervals under the current density of 1 MA/cm2 and temperature of 
250 ◦C (with annealing). (a) Optical images of 5/10/15/20/25 μm Al lines at 0/10/20/40 h. (b) Optical images of the 30/60/100 μm Al lines at 0/ 
10/20/40 h. The width and thickness of all conductors were 5 μm and 200 nm, respectively. The electrical current moved from right to left. 

Fig. 5. Comparison of experimental results for Blech versus SWEAT structures at 10 h for 800 μm length (no annealing). No damage was observed in 
the SWEAT structure and in the mid-section of Blech structure. The applied electrical current density was 1 MA/cm2 flowing from right to left, and 
the temperature was 250 ◦C. The width and thickness of the conductors were 5 μm and 200 nm, respectively. 
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Furthermore, some wafers were annealed at 450 ◦C for 30 min in a vacuum chamber, and then tested under 1 MA/cm2 at 250 ◦C. 
Fig. 4 showed the EM results of two geometries in 8 lengths for the annealed Al specimens. As expected, the EM development in the 
annealed Al occurred later than that in non-annealed Al, indicating a slower EM progress. The drift velocity in the annealed 100 μm Al 
line was found to be 0.0313 ± 0.003 nm/s, almost half of that in a non-annealed line. The critical length after annealing was 
approximately 15 μm. Several studies have shown that annealing could reduce the defect density in metals and balance the grain 
boundary energy via recrystallization or grain growth (Rangaraju et al., 2005; Rao et al., 2013; Tong et al., 2015; Volin and Balluffi, 
1968). 

2.2. Blech vs. SWEAT structure 

Fig. 5 showed the optical images of the specimens with Blech and SWEAT structures (no annealing) for 800 μm length at 10 h under 
the current density of 1 MA/cm2 and temperature of 250 ◦C. No voids/hillocks were observed along the length except the two ends in 
Blech structure. However, there was no damage observed in the entire length of the SWEAT structure. This does not mean that EM did 
not occur in the SWEAT structure. Instead, the large pad on the cathode acted as a reservoir providing a constant atomic concentration 
so that the atomic concentration remained constant along the length. On the other hand, the undamaged SWEAT structure implied that 
the temperature gradient due to Joule heating was insignificant under the current density of 1 MA/cm2. After increasing current 
density, different experimental results for the SWEAT structures were observed, which were discussed separately in the second part of 
this work (Cui et al., 2023). 

2.3. Effect of mechanical stress 

To study the effect of mechanical stress, a 900 nm-thick Si3N4 film was deposited using plasma-enhanced chemical vapor deposition 
at 400◦C on Al as a passivation layer. First, the specimens without annealing were tested. As shown in Fig. 6(a), the passivation layer 
did not reduce the EM development compared to the bare stripe with lengths of 10/30/60/100 μm at 10 h. To further confirm this 
phenomenon, a specimen consisting of both bare and passivated conductors, each with 200 μm length, were tested simultaneously, as 
shown in the optical images at 10 h in Fig. 6(b). The voids growth in the passivated conductor was even greater than that in the bare 
conductor. For the Al without annealing, there were plenty of defects, e.g., point defects in lattice and line defects at the grain boundary 
area (Rangaraju et al., 2005). Therefore, the grains in the non-annealed Al were not tightly arranged due to those defects. Conse-
quently, no much mechanical stress was generated during EM, even after passivation. 

Next, the specimens with annealing were tested. We tested the passivated and un-passivated stripes with lengths of 10/30/60/100/ 

Fig. 6. Comparison of EM development using Blech structure with and without passivation for non-annealed Al under a current density of 1 MA/ 
cm2 and temperature of 250 ◦C. (a) Optical images of the passivated and bare Al specimens with different lengths of 10/30/60/100 μm at 10 h. (b) 
Optical image of a specimen consisting of both bare and passivated conductors of 200 μm length for each at 10 h. The width and thickness of the 
conductors are 5 μm and 200 nm, respectively. 
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200/800 μm, as shown in Fig. 7. As plotted in Fig. 7(a), no voids were observed in 10/30/60/100 μm conductors after 40 hours. 
Compared to the un-passivated conductors, we could see that the passivation slowed down the EM damage significantly. Fig. 7(b) 
plotted the results at various time intervals in 200 μm Al stripes with and without passivation. It can be seen that the development of 

Fig. 7. (a) Optical images of the passivated and bare Al specimens with different lengths of 10/30/60/100 μm at 40 h. (b) Optical images of the 
specimens consisting of both bare and passivated conductors of 200 μm length for each with the Blech structure. The current density was 1 MA/cm2, 
and the temperature was 250 ◦C. (c) Optical images for 800 μm passivated and bare Al specimens after 40 h tests. 
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EM in passivated conductor was much slower than that in the bare conductor. Moreover, Fig. 7(c) showed that after 40 hours, the void 
size in passivated 800 μm Al stripe is obviously smaller than that in the un-passivated 800 μm Al stripe. Those results indicated that 
mechanical stress played an important role in annealed Al conductors with passivation. For thin metal films, it was believed that the 
annealing process could reduce defects (Rangaraju et al., 2005; Rao et al., 2013; Zhu et al., 2014) and promote the coalescence be-
tween grains (Zhou et al., 2019). Thus, the microstructure in annealed Al conductor was tightly arranged, which enables mechanical 
stress generation in the passivated conductor during EM. 

Blech et al., Proost et al., and Hu et al. conducted the EM tests in Al interconnects using Blech structures (Blech, 1976; Hu et al., 
1993; Proost et al., 2002). Proost et al. determined the critical length for Al without annealing was 10.2±0.2 µm under a current density 
of 1 MA/cm2 at temperatures from 155 to 230 ◦C (Proost et al., 2002). Blech et al. (Blech, 1976) obtained that the threshold product of 
current density and conductor length in the annealed Al lines ranged from 1400 to 2000 A/cm at 250 ◦C. Our tests above showed that 
the critical length for annealed Al was 15 μm under 1 MA/cm2 at 250 ◦C, which corresponded to the threshold product of 1500 A/cm. 
For the passivated Al lines, Blech et al. determined the threshold product around 4600 A/cm at a much higher temperature of 350 ◦C. 
We observed that under a current density of 1 MA/cm2 at temperatures of 250 ◦C, there were no voids for conductors with lengths from 
10 to 100 μm, but there was slight EM failure for the conductor with a length of 200 µm. Thus, the critical threshold product for the 
passivated Al was between 10,000 A/cm and 20,000 A/cm at 250 ◦C, according to our experiment. 

3. Theory 

Atomic transport in EM is caused by a combination of interacting driving/resistive forces arising from different physical causes, 
such as the gradient of atomic concentration, momentum exchange with current carriers (electron wind), temperature gradient, and 
mechanical stress gradient (Cui et al., 2019; Kirchheim and Kaeber, 1991; Sukharev and Zschech, 2004; Sukharev et al., 2007). These 
gradients are responsible for self-diffusion, EM, thermomigration, and stress-induced migration. Thus, EM is essentially a coupled 
multi-physics problem. The total atomic flux, Ja, generally is written as 

Ja = Da

(

− ∇Ca − Ca
Z∗eρj
kBT

+Ca
Ω∇σ
kBT

− Ca
Q∗∇T
kBT2

)

(2)  

where Ca is the atomic concentration (m− 3), Da is the atomic diffusivity(m2/s), Z* is the effective charge number (Z*>0), e is the 
elementary charge (C), ρ is the electrical resistivity (Ohm•m), j is the current density vector (A/m2), kB is the Boltzmann constant (J/ 
K), Ω is the volume per atom (m3), T is the temperature (K), σ is the hydrostatic stress (N/m2), σ = tr(σ)/3, and Q* is the heat of 
transport (J/mol). Eq. (2) contains all driving/resistive forces for atomic transport, namely, the diffusional term by the gradient of the 
atomic concentration, the EM itself, and the forces due to gradients of temperature and mechanical stress. 

The atomic transport in EM must be solved concurrently with the governing equations of the stress, displacement-strain, electric, 
and temperature fields. These equations are given as follows (Cui, 2021; Cui et al., 2019), 

∂θ
∂t

= − Ω∇ ⋅ Ja (3)  

θ = tr(ε) (4)  

ε = εme + εth + εdiff (5)  

dεth = αdTI (6)  

σ = λtr(εme)I + 2Gεme (7)  

σ = tr(σ)/3 (8)  

∇ ⋅ σ + F = 0 (9)  

ε =
1
2
(∇u+u∇) (10)  

∇ ⋅ j = 0 (11)  

j =
E
ρ (12)  

k∇2T + j ⋅ E = 0 (13)  

where θ is the total volumetric strain, ε is the total strain, εme the elastic strain, εth the thermal strain, εdiff is the diffusion-induced 
strain, α is the coefficient of thermal expansion, I is the unit tensor, G and λ are lamé constants 2G=E/(1+v) and λ=2Gv/(1-2v), E 
is the Young’s modulus, v is the Poisson’s ratio, F is the body force (N), u is the displacement (m), E is the electric field (V/m), and k is 
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the thermal conductivity (W•K− 1). 
Eq. (3) is a mass conservation equation in terms of the total atomic flux (Ja) and volumetric strain (θ), which was introduced by He 

et al. He et al., 2004) and Tan et al. (Tan and Roy, 2007). As discussed in reference (Cui et al., 2019), Eq. (3) naturally includes the 
source/sink term to account for the formation and annihilation of vacancies in EM development. Linear elastic stress-strain rela-
tionship is applied in Eq. (7), which is coupled with thermal and diffusion-induced strain (Eqs. (5) and ((6)). Diffusion-induced strain, 
εdiff, for substitutional diffusion, which is dominant in grain boundary diffusion in Al, was described as follows (Garikipati et al., 2001; 
Sukharev et al., 2007), 

dθdiff = (1 − f )
dCa

Ca
(14)  

where f is the vacancy volume relaxation factor that varies between 0 and 1, i.e., 0 < f < 1. Through large-scale MD simulation, vacancy 
concentration-dependent f was determined in a wide range of atomic concentrations (Cui et al., 2021). According to the MD results, an 
empirical equation for f at various concentrations was written as follows (Cui et al., 2021), 

f (Ca) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

f0, 0.9925 ≤
Ca

Ca0
≤ 1.0025

Aexp
[

B
(

1 −
Ca

Ca0

)]

, else
(15)  

where Ca0 is the initial atomic concentration, Ca0 ≈1/Ω. f0=0.73, A=1.08, and B=-55.30 for Al. Li et al. (Li et al., 2009) also used MD 
simulation to determine f in Al, but the model contained only ~1000 atoms. As a result, a much higher value of f was obtained. 

Eqs. (3) to (15) provide a complete set of equations for coupled 3D analysis. Of these equations, only the atomic transport equation 
takes time-dependent processes into account, while the other fields are considered quasi-static. This is because the time scale of the EM 
process is much longer compared to the temperature, electric and stress fields. 

The atomic concentration Ca is related to the vacancy concentration Cv as follows, 

Ca + Cv = Ca0 + Cv0 = CL (16)  

where Cv0 is the initial vacancy concentration, and CL is the lattice site concentration, CL=1/Ω. If Cv0 ≈ 10− 6Ca0 (Korhonen et al., 
1993), we have 

Cv

Cv0
≈

(

1 −
Ca

Ca0

)

106 (17) 

Let us consider a one-dimensional (1D) problem where all field variables depend only on x and t, as shown in Fig. 8. The effect of 
joule heating was neglected in this study under the given current density, according to the experimental results. Furthermore, a 
constant current density -j was applied. Then, the above equations for the atomic flux Ja, the hydrostatic stress σ, and the equilibrium 
were simplified as follows, 

Ja = Da

(

−
∂Ca

∂x
−

Ca

kBT
Z∗eρj+

Ca

kBT
Ω∂σ
∂x

)

(18)  

σ =
1
3
(
σx + σy + σz

)
(19)  

∂σx

∂x
= 0 (20)  

where atomic concentration Ca(x,t) and hydrostatic stress σ(x,t) were the only two field variables to be solved. Eq. (20) indicated that 
σx remains a time-dependent constant along the length to satisfy the equilibrium, while the hydrostatic stress σ varies with x to produce 
a gradient. However, 3D stress-strain equations (Eqs. (4) – (7)) must be applied to determine the hydrostatic stress σ that depends on 
three stress components, as shown in Eq. (19). 

For Blech structures, where no atomic flux is allowed at both ends, the boundary conditions are 

Ja(0, t) = Ja(L, t) = 0 (21) 

Fig. 8. Schematic of 1D EM problem where atomic concentration Ca(x,t) and hydrostatic stress σ(x,t) are the two unknowns.  
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For the SWEAT structures, atomic concentration maintains constant due to the connections to the pads; thus, the boundary con-
ditions are 

Ca(0, t) = Ca(L, t) = Ca0 (22) 

For both structures, the initial condition is 

Ca(x, 0) = Ca0 (23)  

3.1. Governing equation for un-passivated configuration 

Assuming that all stress components are zero in the un-passivated conductor, Eq. (3) finally became, 

1 − f (Ca)

Ca

∂Ca

∂t
= Da

(

−
Z∗eρj
kBT

∂Ca

∂x
+

∂2Ca

∂x2

)

(24) 

For a Blech structure, the above equation was solved numerically with the initial condition (Eq. (23)) and following boundary 
conditions, 

Ja(0, t) =
Z∗eρj
kBT

Ca(0, t) −
∂Ca(0, t)

∂x
= 0 (25)  

Ja(L, t) =
Z∗eρj
kBT

Ca(L, t) −
∂Ca(L, t)

∂x
= 0 (26) 

For a SWEAT structure, with the boundary conditions of Eq. (22), the solution of Eq. (24) is, 

Ca(x, t) = Ca0 (27)  

Ja(x, t) = −
DaCa0

kBT
Z∗eρj (28)  

which means that a constant atomic concentration remains all time for the entire metal line. This was in agreement with the exper-
imental results shown in the previous section. Eq. (28) implied that the atomic flux maintains a constant, indicating atomic transport 
continually progressing in the conductor, despite that there is no damage in SWEAT structures. 

3.2. Governing equation for elastically-passivated configuration 

For passivated configurations, to obtain an approximate solution, the conductor line was idealized as a cylindrical shape, shown in 
Fig. 9. The cylinder was laterally passivated by elastic material, and both ends of the conductor were constrained. 

Fig. 9. Schematic of the elastically-passivated configuration. The conductor was idealized as a cylindrical shape, passivated by an elastic material.  
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Atomic concentration Ca(x,t) and hydrostatic stress σ(x,t) are two coupled variables to be solved. Based on the modified Eshelby’s 
solution (Appendix A), we obtained the following equations, 

σx = −
Ec(1 + vc + φ + φvm)

3[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

∫L

0

∫Ca

Ca0

(1 − f )
dCa

Ca
dx (29)  

σy = σz = −
1

(1 − vc + φ + φvm)

⎛

⎝Ec

3

∫Ca

Ca0

(1 − f )
dCa

Ca
+ σxvc

⎞

⎠ (30)  

θ =
1

3(1 − vc + φ + φvm)

⎡

⎣(1+ vc + 3φ+ 3φvm)

∫Ca

Ca0

(1 − f )
dCa

Ca
−

(1 + vc + φ + φvm)
2
(1 − 2vc)

[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

∫L

0

∫Ca

Ca0

(1 − f )
dCa

Ca
dx

⎤

⎦ (31)  

where Ec and vc are the Young’s modulus and Poisson’s ratio of Al, respectively. Em and vm are the Young’s modulus and Poisson’s ratio 
of passivation material, respectivey. φ is the ratio of Ec to Em (φ=Ec/Em). Applying the above equations to Eq. (19), the governing 
equations for atomic concentration and hydrostatic stress were obtained as follows: 

1 + vc + 3(1 + vm)φ
3(1 − vc + φ + φvm)

1 − f
Ca

∂Ca

∂t
−

(1 + vc + φ + φvm)
2
(1 − 2vc)

3[(1 + vc)(1 − 2vc) + φ(1 + vm)](1 − vc + φ + φvm)L

∫L

0

1 − f
Ca

∂Ca

∂t  

= Da

[

−
Z∗eρj
kBT

∂Ca

∂x
+

∂2Ca

∂x2 +
2EcΩ

9(1 − vc + φ + φvm)kBT

[

(1 − f )
∂2Ca

∂x2 −
∂f

∂Ca

(
∂Ca

∂x

)2
]]

(32)  

σ = −
2Ec

9(1 − vc + φ + φvm)

⎡

⎢
⎢
⎣

∫Ca

Ca0

1 − f (Ca)

Ca
dCa +

(1 + vc + φ + φvm)
2 ∫ L

0

∫ Ca
Ca0

1− f (Ca)
Ca

dCadx
2[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

⎤

⎥
⎥
⎦ (33) 

For a Blech structure, above equations were solved numerically with the initial condition (Eq. (23)) and the following boundary 
conditions, 

Ja(0, t) =
Z∗eρj
kBT

Ca(0, t) −
[

1+
2Ec(1 − f )

9[1 − vc + φ + φvm]

Ω
kBT

]
∂Ca(0, t)

∂x
= 0 (34)  

Ja(L, t) =
Z∗eρj
kBT

Ca(L, t) −
[

1+
2Ec(1 − f )

9[1 − vc + φ + φvm]

Ω
kBT

]
∂Ca(L, t)

∂x
= 0 (35) 

For a SWEAT structure, with the boundary conditions of Eq. (22), The solution of Eq. (32) is a constant atomic concentration for the 
entire metal line at all the times, and the hydrostatic stress is a constant as follows, 

Ca(x, t) = Ca0 (36)  

σ(x, t) = constant (37)  

3.3. Failure criterion and steady-state solutions 

For both un-passivated and passivated configurations, when the atomic concentration Ca(x,t) decreases to its critical value Ca,critical, 
the failure takes place due to void formation as follows. 

Ca(x, t) = Ca,critical (38)  

where Ca,critical is a material property. The time to failure, tfailure, can then be determined using the numerical results of Eq. (24) or (32) 
for the un-passivated or passivated configurations, respectively. 

To determine Ca,critical, the steady-state equation of the un-passivated configuration, where the term on the left side of Eq. (24) 
became zero, was 

−
Z∗eρj
kBT

∂Ca

∂x
+

∂2Ca

∂x2 = 0 (39) 

Solving this equation, and assuming that void and hillock form at the same time, we had 
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Ca,critical

Ca0
= 2

[

exp
[

Z∗eρ(jL)c

2kBT

]

+ 1
]− 1

(40)  

where Lc is the critical length under the given current density, which can be obtained from experiment, thereby Ca,critical can be 
determined by Eq. (40). 

Knowing Ca,critical, the threshold product (jL)c in terms of the critical atomic concentration can be obtained as follows: 

(jL)c

⃒
⃒

un− passivated =
kBT
Z∗eρ ln

(
2Ca0

Ca,critcial
− 1

)

(41) 

Similarly, at the steady state, Eq. (32) for the passivated configuration became, 

−
Z∗eρj
kBT

∂Ca

∂x
+

∂2Ca

∂x2 +
2EcΩ

9(1 − vc + φ + φvm)kBT

[

(1 − f )
∂2Ca

∂x2 −
∂f

∂Ca

(
∂Ca

∂x

)2
]

= 0 (42)  

and the threshold product (jL)c was obtained as follows, 

(jL)c

⃒
⃒

passivated =
kBT
Z∗eρ

[

1+
2Ec(1 − f )Ω

9[1 − νc + (1 + νm)φ]kBT

]

ln
(

2Ca0

Ca,critcial
− 1

)

(43) 

Details to obtain the steady-state solutions were given in Appendix B. 

3.4. Void growth model 

When voids were formed, the following equation for the drift velocity of void growth was obtained at x=0 

Vdrift = ΩL
dJa

dx

⃒
⃒
⃒
⃒

x=0
(44)  

where 

dJa

dx

⃒
⃒
⃒
⃒

x=0
= Da

⎛

⎜
⎝

Z∗eρj
kBT

∂Ca

∂x

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

−
∂2Ca

∂x2

⃒
⃒
⃒
⃒ x = 0

t = t(failure)

⎞

⎟
⎠ (45) 

In the un-passivated configuration. The diffusivity Da can then be determined as follows 

Da = VdriftΩ− 1L− 1

⎡

⎢
⎣

Z∗eρj
kBT

∂Ca

∂x

⃒
⃒
⃒
⃒ x = 0

t = t(failure)
−

∂2Ca

∂x2

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

⎤

⎥
⎦

− 1

(46)  

where Vdrift can be measured from the experiment. The void length in the un-passivated metal line can be calculated after knowing Da, 
as follows. 

Lvoid|un− passivated = ΔtVdrift = ΔtΩLDa

⎡

⎢
⎣

Z∗eρj
kBT

∂Ca

∂x

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

−
∂2Ca

∂x2

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

⎤

⎥
⎦ (47)  

where Δt is the total testing time minus time of void formation, Δt=ttotal ‒ tfailure. 
In the elastically-passivated configuration, in a similar approach, we can obtain the void length as follows, 

Lvoid|passivated = ΔtΩLDa

⎡

⎢
⎣ −

Z∗eρj
kBT

∂Ca

∂x

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

+
∂2Ca

∂x2 +
2EcΩ

9(1 − vc + φ + φvm)kBT

⎡

⎢
⎣(1 − f )

∂2Ca

∂x2

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

−
∂f

∂Ca

⎛

⎜
⎝

∂Ca

∂x

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

⎞

⎟
⎠

2

]] (48)  

4. Results and discussion 

According to the experimental results in Section 2, the critical length Lc was 10 μm and 15 μm for Al without and with annealing, 
respectively, under a current density of 1 MA/cm2. Therefore, Ca,critical was determined based on Eq. (40). Subsequently, the atomic 
diffusivity Da was determined based on Eq. (46), using the experimental data of the drift velocity for the 100 μm-length and 200 nm- 
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Table 1 
Critical atomic concentration Ca,crictial and atomic diffusivity Da determined based on Eqs. (40) and 
(46).  

Property without annealing with annealing 

Ca,critical 0.965Ca0 0.949Ca0 

Da 8.5 × 10− 15 m2/s 4.8 × 10− 15 m2/s  

Table 2 
Material properties of Al and Si3N4 (passivation).  

Property Value 

Atomic volume (Ω) 1.66 × 10− 29 m3 

Electrical resistivity (ρ) 3.22 × 10− 8 Ohm•m 
Electric charge (e) 1.6 × 10− 19 C 
Charge number (Z*) 1.1 [19] 
Young’s modulus (Em) 60 GPa 
Poisson’s ratio of Al (vm) 0.33 
Young’s modulus of Si3N4 (Ec) 100 GPa 
Poisson’s ratio of Si3N4 (vc) 0.23 
Vacancy volume relaxation factor (f) Eq. (15)  

Fig. 10. Numerical results for the evolution of the normalized atomic concentration Ca/Ca0 in Al specimens with Blech structure under the current 
density of 1 MA/cm2. (a) Ca/Ca0 at the cathode side (x = 0) over time for 5/10/20/30/60/100 µm conductors without annealing and without 
passivation. (b) Ca/Ca0 at the cathode side (x = 0) over time for 10/15/20/30/60/100 µm conductors without passivation but with annealing. (c) 
Comparison of Ca/Ca0 at cathode side over time in un-passivated and passivated 100 µm conductor after annealing. 
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thick specimens, Vdrift = 0.0608 ± 0.005 nm/s and 0.0313 ± 0.003 nm/s for Al without and with annealing, respectively. Table 1 
summarizes the obtained material properties Ca,crictial, and Da. Other material properties used in Eqs. (40) and (46) were given in 
Table 2. The detailed procedures to determine Ca,crictail and Da were given in Appendix C. 

In the following, we first used the physical and material properties in Table 1 and Table 2 to predict the time to failure and void 
growth in various experiments. After verifying the simulation results with the experimental data, we discussed the critical atomic 
concentration. Furthermore, we theoretically determined the critical threshold products of current density and conductor length for 
un-passivated and passivated configurations. Finally, we simulated the exponent of current density n based on our models. 

4.1. Experimental verification 

First, the time to failure was calculated based on Eqs. (24-26) and (32-35) for each testing condition in the experiments described in 
Section II. Fig. 10 plotted the predicted evolution of the normalized atomic concentration Ca/Ca0 at the cathode side (x = 0) in various 
situations. The solid horizontal lines in red color in the figures represented the normalized critical atomic concentration Ca, critical/Ca0. 
In Fig. 10(a)) for Al without annealing, Ca/ Ca0 for the lengths of 5 and 10 μm always stayed above Ca, critical/Ca0 after the steady state, 
indicating no EM failure. EM failure would occur approximately at 20 min for the conductor length 20 μm or greater, almost at the 
same time. We observed EM failures at 30 min with lengths of 30/60/100 μm in the experiment. Fig. 10(b) showed that the EM failure 
would occur at 1.5 h for a length of 20 μm or greater after annealing. Moreover, Fig. 10(c) further predicted EM failure after 15 h for 
passivated configuration with annealing. These results were consistent with the experimental data. 

Fig. 11 displayed the numerical results for void growth under various situations. Fig. 11(a) and (b) showed the predicted void 
length versus time and conductor length, respectively, for Al without annealing. Void length almost linearly increased over time and 

Fig. 11. Predictions of void growth with Blech structure under the current density of 1 MA/cm2 in comparison with experimental data. (a) Void 
growth in 20/100/800 µm bare conductors without annealing from 0 to 35 h. (b) Void growth in the conductors (without annealing) with varying 
lengths from 0 to 800 µm at 10/20/30 h. (c) Void length in annealed conductors in varying lengths at 20/40 h. (d) Void growth in 200 µm passivated 
and un-passivated conductors (after annealing) from 0 to 40 h. 
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grew more rapidly in the longer conductor. However, the void size in the 800 μm sample was just slightly larger than that in the 100 μm 
length. For the conductor’s length greater than 60 μm, the void growth leveled off against the conductor length. A similar trend was 
also found for Al with annealing, as shown in Fig. 11(c). Moreover, for the annealed conductor, Fig. 11(d) showed that void growth in 
passivated conductors was significantly slower than that in un-passivated conductors. These simulation results agreed well with the 
experimental data. 

Figs. 10 and 11 have important implications on the effect of self-diffusion and mechanical stress on EM failure. When mechanical 
stress is absent, such as in the un-passivated configuration, the atomic concentration gradient is the only resistive force against electron 
wind force. Therefore, self-diffusion plays a dominant role in EM development. Shatzkes and Lloyd (Shatzkes and Lloyd, 1986) also 
derived a 1-D solution without considering the effect of the stress gradient, but their results indicated the steady state was reached in 
milliseconds. Our current model is consistent with the experimental results, as shown in Figs. 10(a) and 11(a), (b). When mechanical 
stress is present, such as in passivated configuration, mechanical stress gradient made a significant impact on the EM development, as 
the time to failure, based on Fig. 10(c), was about 10 times longer than that without mechanical stress. 

To further understand atomic transport behavior and stress development during EM, Fig. 12(a) plotted the simulation results of 
atomic concentration for the passivated Al with a length of 200 μm at different time intervals. Ca decreased at the cathode side, 
indicating void formation and growth, and increased at the anode side for hillock build-up. Correspondingly, Fig. 12(b) showed the 
tensile hydrostatic stress σ generated at the cathode side due to the depletion of atoms and the compressive hydrostatic stress at the 
anode due to the accumulation of atoms. At the steady state, the maximum σ reached about 400 MPa. This result was consistent with 
the results reported in the literature. 

Fig. 12. (a) Simulation results for the atomic concentration along 200 µm passivated Al line under a current density of 1 MA/cm2 at various times. 
(b) Simulation results for the hydrostatic stress along 200 µm passivated Al line under a current density of 1 MA/cm2 at various times. 

Fig. 13. Comparison of atomic concentration and flux distributions at 10 h between Blech and SWEAT structures under the current density of 1 MA/ 
cm2. (a) Distribution of atomic concentration in 800 µm-length Blech and SWEAT structures. (b) Distribution of atomic fluxes in 800 µm-length 
Blech and SWEAT structures. Here the total atomic fluxes in Blech and SWEAT structures were obtained using Eqs. (18) and (28), respectively. Je0 
was the initial atomic flux due to electron wind, Je0 = (DaCa0 /kBT)Z∗eρj. 
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For the comparison between Blech and SWEAT structures, Fig. 13 plotted the results of the distribution of Ca/Ca0 and the flux Ja, 

total/Ja,e0 at 10 h. For the Blech structure, Ca decreased at the cathode and increased at the anode, indicating the void formation at the 
cathode and hillock formation at the anode. For the SWEAT structure, however, Ca remained constant for the entire length, indicating 
no EM damage. Fig. 13(b) showed that the atomic flux in a majority length of the Blech structure remained constant except for the 
rapid change at the two ends. But in the SWEAT structure, a constant flow of atomic flux occurred over the entire conductor, showing 
continuous atomic transport. With the temperature gradient neglected under the current density of 1 MA/cm2, the theoretical results 
were consistent with the experimental observations. For the EM in SWEAT structures under elevated temperatures, extensive theo-
retical results with and without considering temperature gradients were presented and discussed in the second part of this work (Cui 
et al., 2023). 

4.2. Ca,critical 

Critical atomic concentration, Ca,critical, is an important material’s property to determine the void initiation during EM. Such a 
property has not been determined previously. As discussed in the introduction, the predicted vacancy concentration was only in the 
range of 2 - 4Cv0 at failure, according to most of the models (Clement, 1997; Cui et al., 2019; Shatzkes and Lloyd, 1986; Sukharev et al., 
2007) in literature. Based on the values shown in Table 1, the corresponding critical vacancy concentration Cv,critical in our study was 4 
× 104Cv0, which implied that 40,000 vacancies were generated per one million atoms at the failure site. To further understand the 
meaning of this value, MD simulations were performed to investigate the microstructure in Al at different vacancy concentrations. 
Fig. 14 plotted the lattice structure of Al at various vacancy concentrations, in which the green region represents FCC lattice structure, 
the red region is the HPC lattice structure, and the blue region is the BCC lattice structure. At the low vacancy concentration level, e.g., 
at 10Cv0, the system was FCC-dominated, which means that the vacancies in Al are isolated from each other. However, with the 
increasing vacancy concentration, the exchanging position between atoms and vacancies would promote the accumulation of va-
cancies. Thus, the HPC lattice structure clusters appear randomly. When the vacancy concentration was increased to 104Cv0, there 

Fig. 14. Lattice structure of Al without mechanical constrain at different vacancy concentrations.  

Fig. 15. (a) Predicted threshold products jL = (jL)c curves in the un-passivated and passivated Al using Eqs. (41) and (43). (b) Time to failure versus 
conductor length using Eqs. (41) and (43) in un-passivated and passivated Al under the current density of 1 MA/cm2. 
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were some tiny voids observed. With further increased vacancy concentration, massive dislocations are generated, indicating voids 
forming. Therefore, we confirmed the plausibility of the critical atomic concentrations shown in Table 1 through MD simulation. 

4.3. (jL)c and Lp 

Blech developed a concept of the critical threshold product of current density and conductor length, below which the conductor is 
immune from EM failure (Blech, 1976). The threshold product was expressed as follows, 

jL = (jL)c (49)  

where the critical threshold product (jL)c was experimentally determined in Blech’s study (Blech, 1976). Blech’s theory has several 
implications. First, the critical threshold product could not be determined according to Blech’s theory, but experimentally for each 
testing condition. Second, the critical hydrostatic stress or its gradient was not a unique constant because different critical threshold 
products were obtained for Al in un-passivated and passivated configurations. Additionally, numerous studies showed that EM 
developed more rapidly in an un-passivated configuration, where mechanical stress was not present or at a much lower level. Blech’s 
theory could conclude that no EM damage would occur in the un-passivated configuration. 

In this work, the threshold product (jL)c was determined theoretically using Eqs. (41) and (43) after knowing Ca,critical. Fig. 15(a) 
plotted the curves of threshold product for un-passivated and passivated configurations accordingly, in which two critical products are 
based on a single Ca,critical. Clearly, it showed that under passivated configuration, the conductor allowed a much greater current 
density with the same length compared to the un-passivated configuration. This prediction agreed with present experimental 
observations. 

Furthermore, after the threshold product exceeds the critical value, EM failure takes place during the transient state, as seen in 
Fig. 10. Therefore, the transient solutions using Eqs. (24-26) and (32-35) are needed. Fig. 15(b) plotted the time to failure versus 
conductor length under the current density of 1 MA/cm2. Three regions were identified from this figure: when L < Lc, no EM failure and 
thereby the steady-state solution was valid. When Lc < L < Lp, the time to failure decreased with increasing length. When L > Lp, the 
time appeared independent of the conductor length. Therefore, in addition to the critical length Lc defined by Blech, there existed 
another important length Lp, beyond which the failure time remains unchanged. Lp was approximately twice the critical length ac-
cording to the simulation results in Fig. 15 (b). 

It is worth noting that the threshold product applies to Blech structures only when the conductor is in perfectly blocking conditions 
at both ends. Design rules based on the threshold product do not exist in the SWEAT structure, as we showed that no EM damage would 
occur under the given current density in the SWEAT structures. 

4.4. Current density exponent n 

The study conducted by Black et al. (Black, 1969) showed that the inverse of the mean time to failure of a conductor line under EM 
was proportional to the square of the current density, as follows, 

1
MTF

= Xjn (50)  

where MTF is the mean time to failure, X is a constant that contains the physical properties of the interconnect, and n = 2. This equation 

Fig. 16. Predictions of the current density exponent n for time to failure. (a) un-passivated Al line, and X1=5.4 × 1023 A•s/m2; (b) passivated Al 
line, and X2=6.84 × 1024 A•s/m2. 
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was derived from a simple theory by (Black, 1967). Since then, several EM studies have been conducted to verify the value of the 
current density exponent n. In literature, the reported n-value varies greatly as follows: 1 ≤ n ≤ 2 (Børgesen et al., 1992a; Gambino 
et al., 2009; Hu et al., 1999; Zhang et al., 2013), n = 4 (Hemmert and Costa, 1991; Tezaki et al., 1990), n = 4.5 (Kraft and Arzt, 1998), n 
= 4.9 (Gardner et al., 1987; Yuzuriha and Early, 1986), n = 5 (Børgesen et al., 1992b), or n as high as 10 (Ho and Kwok, 1989). It should 
be noted that the value of current density exponent n during practical conditions could be different from what was applicable during 
accelerated tests. 

Fig. B. Simulation results for the distribution of normalized atomic concentration at steady state for 15 μm Al without passivation.  

Fig. C. The numerical results for the distributions of Ca/Ca0, (dCa/dx)/Ca0, and (d2Ca/dx2)/Ca0 in 100 μm Al without annealing at the moment for 
Ca reaching Ca,critical (0.965Ca0). 
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In this study, Eqs. (24-26) and (32-35) were applied to study the current density exponent n. Fig. 16 plotted the time to failure 
against the current density in a range of 0.2 – 1.4 MA/cm2, using Eqs. (24) and (32), respectively, for the un-passivated and passivated 
configurations. As an illustration, the conductor length was chosen as L = Lp = 30 μm in the un-passivated configuration and L = Lp =

340 μm in the passivated configuration. The curve with exponent n = 2 using Eq. (50) was also plotted in those figures. When the 
current ranged from 0.8 – 1.4 MA/cm2, the exponent followed approximately as n = 2. However, when the current density decreased 
further, the failure time did not follow the n = 2 anymore because the threshold product fell below the critical value, the failure time 
approaching infinity. This implies that if the current density in use conditions is substantially lower than the current density in the 
accelerated test, n = 2 is not valid anymore. For the accelerated test in EM, depending on the range of the current density, the exponent 
can be very different. In a certain range of current density, the exponent maintains a value of 2, and then it rapidly increases and 
approaches infinity if the current density falls below the critical current density. It must be noted that the above discussions are applied 
to the Blech structure-like only. For SWEAT-like structures, no EM damage would be expected with the given current density. 

5. Conclusion 

We presented a comprehensive and integrated study of EM driven by interacting electrical, diffusive, thermal, and mechanical 
fields through experiment, theory, and numerical simulation. First, both Blech and SWEAT structures of various lengths, using 
aluminum (Al) conductor as a carrier, were designed and fabricated on silicon wafers, which were annealed and/or passivated as 
needed. Extensive experimental tests were performed to record the progression of EM under various conditions. Second, we introduced 
a coupled EM theory, in which a molecular dynamics (MD)-based diffusion-induced strain equation was incorporated. Third, theo-
retical and experimental methods for determining the critical atomic concentration were established. Moreover, a void growth model 
for Blech structure was developed to determine the material’s diffusivity. These physical properties were then applied to various 
situations, and the results were verified experimentally. The main conclusions of this study are summarized below.  

1 The critical atomic concentration of aluminum was determined as Ca,critical = 0.965Cao and 0.949Cao (Cao is the initial atomic 
concentration), before and after annealing, respectively. Such values corresponded to a critical vacancy concentration in the range 
of 104 ~105Cv0 (Cv0 is the initial vacancy concentration). We further confirmed the plausibility of Ca,critical through MD simulation.  

2 We derived 1D analytical solutions for un-passivated and passivated configurations, respectively. The modified Eshelby’s solution 
was used for obtaining an approximate analytical solution in an elastically passivated configuration. The predicted time to failure 
and void growth under various conditions agreed well with experimental results. In the absence of mechanical stress under un- 
passivated configurations, atomic concentration gradient became the only balancing force against electron wind force in EM 
development. However, when mechanical stress was present, such as in passivated configurations, stress migration played an 
important role in resisting EM development, increasing the failure time by a factor of about 10. The predicted maximum hydrostatic 
stress was about 400 MPa, which is consistent with the results in the literature.  

3 Under the current density of 1 MA/cm2, the SWEAT structure did not have any damage but a constant atomic flux across the entire 
conductor. Therefore, the effects of joule heating and temperature gradient could be neglected. 

4 The critical threshold products of current density and conductor length were determined for un-passivated and passivated con-
figurations, respectively, after knowing Ca,critical. The original Blech’s theory cannot determine the critical threshold product 
without additional testing data in each configuration. And Blech’s theory, which considered stress gradient only, failed to explain a 
more rapid EM development in un-passivated configurations. 

5 We discovered another important conductor length Lp, beyond which the time to failure due to EM is independent of the con-
ductor’s length. Lp is approximately twice the critical length Lc.  

6 We investigated the current density exponent n based on our models for un-passivated and passivated configurations. In a certain 
range of current density, the failure time due to EM follows Black’s law with the exponent of 2. However, Black’s law provides a 
much more conservative estimate in a low level of current density in practical conditions.  

7 EM design rules, either based on the threshold product concept or current exponent n, do not exist in the SWEAT-like interconnect 
structures, as no EM damage will occur under given the current density in SWEAT structures. 

This paper selected Al as a carrier for EM study, but the theory and experimental methods can now be extended to other inter-
connect material systems in micro-/nano-electronics. EM can be interstitial (Chao et al., 2006), substitutional (Ho and Kwok, 1989), or 
along the surface (Kraatz et al., 2016). We can also extend the theory and experiment to investigate surface EM or interstitial EM. It is 
noted that, in this study, we reported the results under the current density of 1 MA/cm2 only, in which we neglected the effect of the 
joule heating and temperature gradient. The study of EM considering thermomigration was reported separately (Cui et al., 2023) in the 
second part of this work. 
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Appendix A. Modified Eshelby’s solution 

To obtain an approximate solution for passivated metal line, the metal line was idealized as a cylindrical shape, as shown in Fig. 9. 
The metal line was laterally passivated by elastic material, and both ends of conductor were constrained. When the conductor has an 
eigenvalue ε∗ij as follows, 

ε∗ij = ε∗δij (A.1)  

where ε∗ can be diffusion-induced strain or thermal strain. Based on Hooke’s law, the stress-strain relationship with eigenvalue can be 
written as follows, 

σx = 2G(εx − ε∗) + λ(εkk − 3ε∗) (A.2)  

σy = 2G
(
εy − ε∗

)
+ λ(εkk − 3ε∗) (A.3)  

σz = 2G(εz − ε∗) + λ(εkk − 3ε∗) (A.4)  

where εx, εy, and εz are total strains in x, y, and z directions, respectively. And, εkk = εx + εy + εz. σx, σy, and σz are mechanical stresses 
in x, y, and z directions, respectively. G and λ are Lame’s constants, G = Ec

2(1+vc)
and λ = Ecvc

(1+vc)(1− 2vc)
. Ec and vc are the Young’s modulus 

and Poisson’s ratio of conductor, respectively. Then, above equation can be equivalently rewritten as follows, 

0 = 2G
[

εx −

(

ε∗ + σx

Ec

)]

+ λ
[

εkk −

(

3ε∗ + σx

Ec
−

2vcσx

Ec

)]

(A.5)  

σy = 2G
[

εy −

(

ε∗ − vcσx

Ec

)]

+ λ
[

εkk −

(

3ε∗ + σx

Ec
−

2vcσx

Ec

)]

(A.6)  

σz = 2G
[

εz −

(

ε∗ − vcσx

Ec

)]

+ λ
[

εkk −

(

3ε∗ + σx

Ec
−

2vcσx

Ec

)]

(A.7) 

Eqs. (A.5) -(A.7) can be considered as a plane stress problem with the new eigenvalue ε′

ij, 

ε′

x = ε∗ + σx

Ec
(A.8)  

ε′

y = ε′

z = ε∗ − vcσx

Ec
(A.9) 

To obtain a complete stress-strain relation, we still need a relation between ε′

ii and εii. Based on the Eshelby’s theory, this relation 
can be expressed as follows, 

εij = S′

ijklε
′

kl (A.10)  

where the plane-stress inhomogeneity Eshelby’s tensor (S’ijkl) is, 
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S
′

ijkl =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 A +
vm

2
(B + C) A +

vm

2
(B + C)

0
5 + vm

8
B +

3vm − 1
8

C
5 + vm

8
C +

3vm − 1
8

B

0
5 + vm

8
C +

3vm − 1
8

B
5 + vm

8
B +

3vm − 1
8

C

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

and: 

A = −
Ecvm − Emvc

Ec + Em + Ecvm − Emvc  

B =
Ec(5Ec + 3Em + Ecvm − Emvc)

− E2
c v2

m + 2E2
c vm + 3E2

c + 2EcEmvcvm − 2EcEmvc + 4EcEm − E2
mv2

c + E2
m  

C =
Ec(Ec − Em − 3Ecvm + 3Emvc)

− E2
c v2

m + 2E2
c vm + 3E2

c + 2EcEmvcvm − 2EcEmvc + 4EcEm − E2
mv2

c + E2
m  

where Em and vm are the Young’s modulus and Poisson’s ratio for passivation material, respectively 
Applying the Eqs. (A.8) and (A.9) to Eq. (A.10), we can obtain the εij as follows, 

εx =
(1 + vc)(1 − 2vc) + φ(1 + vm)

Ec(1 + φ − vc + φvm)
σx +

1 + φ + φvm + vc

1 + φ + φvm − vc
ε∗ (A.11)  

εy =
(1 + vm)φ

1 − vc + φ + φvm

(

ε∗ − vcσx

Ec

)

(A.12)  

εz =
(1 + vm)φ

1 − vc + φ + φvm

(

ε∗ − vcσx

Ec

)

(A.13)  

where φ=Ec/Em. Applying Eqs. (A.11)-(A.13) to Eqs. (A.5)-(A.7), we can obtain the σy and σz as functions of ε∗ij and σx as follows, 

σy = −
Ec

1 − vc + φ + φvm
ε∗ + vc

1 − vc + φ + φvm
σx (A.14)  

σz = −
Ec

1 − vc + φ + φvm
ε∗ + vc

1 − vc + φ + φvm
σx (A.15) 

As both ends of the conductor are fixed, thus 

ux(0) = ux(L) = 0 (A.16) 

Eq. (A.16) also means that the total integral of strain in the x-direction is zero: 

∫L

0

εxdx = 0 (A.17) 

Moreover, based on the 1D equilibrium equation, the σx keeps constant along conductor length, 

dσx

dx
= 0 → σx = σ0 (A.18) 

Applying Equations (A.17) and (A.18) to Eq (A.11), we can obtain σx as follows, 

σx = −
Ec(1 + φ + φvm + vc)

[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

∫L

0

ε∗dx (A.19) 

Then, using Eq. (A.19) in Eqs. (A.11)-(A.15), following strains and stresses can be determined, 

εx =
1 + φ + φvm + vc

1 + φ + φvm − vc

⎛

⎝ε∗ −
∫L

0

ε∗dx

⎞

⎠ (A.20)  

εy = εz =
(1 + vm)φ

1 − vc + φ + φvm

⎛

⎝ε∗ + vc(1 + vc + φ + φvm)

[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

∫L

0

ε∗dx

⎞

⎠ (A.21) 
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σy = σz = −
Ec

1 − vc + φ + φvm

⎛

⎝ε∗ + vc(1 + vc + φ + φvm)

[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

∫L

0

ε∗dx

⎞

⎠ (A.22) 

Finally, the volumetric strain and hydrostatic stress, based on Eqs. (5) and (19), can be obtained as follows, 

θ =
1

1 − vc + φ + φvm

⎡

⎣(1+ vc + 3φ+ 3φvm)ε∗ −
(1 + vc + φ + φvm)

2
(1 − 2vc)

[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

∫L

0

ε∗dx

⎤

⎦ (A.23)  

σ = −
2Ec

3(1 − vc + φ + φvm)

[

ε∗ +
(1 + vc + φ + φvm)

2 ∫ L
0 ε∗dx

2[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

]

(A.24) 

If the eigenvalue ε∗ is diffusion-induced strain, we have, 

ε∗ = 1
3

∫Ca

Ca0

(1 − f )
dCa

Ca
(A.25) 

Applying Eq. (A.25) to Eqs. (A.23) and (A.24), we can obtain the following equations, 

θ =
1

3(1 − vc + φ + φvm)

⎡

⎣(1+ vc + 3φ+ 3φvm)

∫Ca

Ca0

(1 − f )
dCa

Ca
−

(1 + vc + φ + φvm)
2
(1 − 2vc)

[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

∫L

0

∫Ca

Ca0

(1 − f )
dCa

Ca
dx

⎤

⎦ (A.26)  

σ = −
2Ec

9(1 − vc + φ + φvm)

⎡

⎢
⎢
⎣

∫Ca

Ca0

1 − f (Ca)

Ca
dCa +

(1 + vc + φ + φvm)
2 ∫ L

0

∫ Ca
Ca0

1− f (Ca)
Ca

dCadx
2[(1 + vc)(1 − 2vc) + φ(1 + vm)]L

⎤

⎥
⎥
⎦ (A.27) 

Above Eqs. (A.26) and (A.27) are used in Eq. (3) to obtain the Eq. (32). 

Appendix B. Steady state solution and threshold product 

Based on Eq. (34), the steady state equation for an un-passivated conductor is 

−
Z∗eρj
kBT

∂Ca

∂x
+

∂2Ca

∂x2 = 0 (B.1) 

Solving this equation, we can obtain the following equation, 

ln
(

Ca|x=0

Ca|x=L

)

= −
Z∗eρjL

kBT
(B.2)  

where Ca|x=0 is the atomic concentration at cathode (x=0), and Ca|x=L is the atomic concentration at anode (x=L). In the Blech 
structure, when the atomic concentration at the cathode decreases to critical value, EM failure occurs due to void formation, 

Ca|x=0 = Ca,critical (B.3) 

As an example shown in Fig. B, in Blech structure, the magnitude of atomic concentration variation at the cathode is same to that at 
the anode. 

Thus, when Ca|x=0 reaches Ca,crictial, the atomic concentration at anode is 

Ca|x=L = Ca0 +
(
Ca0 − Ca,critical

)
= 2Ca0 − Ca,critical (B.4) 

Applying Eqs. (B.3) and (B.4) to Eq. (B.2), we can obtain the threshold product (jL)c in un-passivated configurations as follows, 

(jL)c

⃒
⃒

un− passivated =
kBT
Z∗eρ ln

(
2Ca0

Ca,critcial
− 1

)

(B.5) 

For passivated condition, the steady-state equation is 

−
Z∗eρj
kBT

∂Ca

∂x
+

∂2Ca

∂x2 +
2EcΩ

9(1 − vc + φ + φvm)kBT

[

(1 − f )
∂2Ca

∂x2 −
∂f

∂Ca

(
∂Ca

∂x

)2
]

= 0 (B.6) 

Solving this equation, we can obtain the following equation, 
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[

1+
2Ec(1 − f )

9[1 − νc + φ + φνm]

Ω
kBT

]

ln
(

Ca|x=0

Ca|x=L

)

= −
Z∗eρjLc

kBT
(B.7) 

Applying Eqs. (B.3) and (B.4) to Eq. (B.5), the threshold product (jL)c in passivated condition can be obtained, 

(jL)c

⃒
⃒

passivated =
kBT
Z∗eρ

[

1+
2Ec(1 − f )Ω

9[1 − νc + (1 + νm)φ]kBT

]

ln
(

2Ca0

Ca,critcial
− 1

)

(B.8)  

Appendix C. Determination of Ca,critical and Da 

Based on Eq. (B.5), the critical atomic concentration can be obtained vis following equation, 

Ca,critical

Ca0
= 2

[

exp
[

Z∗eρ(jL)c

2kBT

]

+ 1
]− 1

(C.1) 

Eq. (C.1) is the same as Eq. (40). Using the material properties shown in Table 2, e.g., Z*=1.1, e=1.6 × 10− 19 C, ρ=2.88 × 10− 8 

Ohm•m, kB=1.38 × 10− 23 J/K, T=525 K, and the experimentally determined threshold product, 1000 A/cm for non-annealed Al and 
1500 A/cm for annealed Al, then we can obtained that the normalized critical atomic concentrations are 0.965 for annealed Al and 
0.949 for annealed Al. 

Furthermore, based on experimental results, the drift velocity Vdrift is 0.0608 ± 0.005 nm/s for 100 μm Al without annealing. 
Solving Eqs. (24-26)), we can obtain the numerical results for the distributions of Ca, dCa/dx, and d2Ca/dx2 in 100 μm Al without 
annealing at the moment of EM failure occurring, as shown in Fig. C. 

Thus, we can obtain 

Ca

Ca

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

= 0.965 (C.2)  

∂Ca

Ca0∂x

⃒
⃒
⃒
⃒ x = 0
t = t(failure)

= 3.1 × 104 m− 1 (C.3)  

∂2Ca

Ca∂x2

⃒
⃒
⃒
⃒ x = 0

t = t(failure)
= − 5 × 1010 m− 2 (C.4) 

Using the material properties shown in Table 2, e.g. Z*=1.1, e=1.6 × 10− 19 C, ρ=2.3 × 10− 8 Ohm•m, kB=1.38 × 10− 23 J/K, T=525 
K, Ω=1/Ca0, L=100 μm, and the numerical results shown in Eqs. (C.2-C.4), then we can obtain the atomic diffusivity for Al without 
annealing as 8.5 × 10− 15 m2/s by using Eq. (46). Similarly, we can obtain that the atomic diffusivity for Al with annealing is 4.8 ×
10− 15 m2/s. 
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