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This paper presented a comprehensive experimental and simulation study for thermomigration
(TM) accompanying electromigration (EM) at elevated current densities. Both Blech and standard
wafer-level electromigration acceleration test (SWEAT)-like test structures, with aluminum (Al)
as a carrier, were used for testing and analysis. In Part I of our study (Cui et al., 2023a), the
experimental and numerical results with the current density of 1 MA/cm? were presented. We
observed that Al stripes with a SWEAT structure did not show damage in the entire length, while
Blech structures showed void and hillock formations only at the cathode and anode, respectively.
The temperature gradient owing to Joule heating was neglected in our previous simulations, and
the predicted results agreed well with the experimental observations. However, we have not
theoretically verified the effect of the temperature gradient. In this paper, we first reported the
new experimental data under the elevated current densities of 3 and 5 MA/cm?. In both Blech and
SWEAT structures, the spreading of voids in the middle region of conductors was observed.
Moreover, in Blech structures, voiding in the middle region occurred after a period of time when
voids/hillocks were formed at the cathode and anode, while the SWEAT structures did not show
damage at the two ends. Next, based on the coupled 3D theory (Cui et al., 2023a), new analytical
one-dimensional (1D) solutions were derived for the Blech and SWEAT structures in the un-
passivated configuration considering TM. We found that TM played a significant role in the EM
development in the middle of conductors under the elevated current density. The numerical re-
sults were in excellent agreement with the experimental data with the consideration of TM. We
further established new EM failure’s threshold criteria for the SWEAT structures in the form of the
product of current density and square of conductor length. This is a major departure from the
original Blech’s theory in which only mechanical stress gradient was considered. We also studied
the acceleration factor of the current density exponent and presented an insight into failure
mechanisms associated with TM.

1. Introduction

Thermomigration (TM) is a mass transport driven by a temperature gradient. This effect is called Soret effect (also known as
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Ludwig-Soret effect) in fluids (Ludwig, 1856; Platten, 2006; Rahman and Saghir, 2014). Similar to thermoelectric effects, in which a
temperature gradient can drive electrons, a temperature gradient can also drive atomic transport in solids. TMs have been studied since
1856 and are found in pure metals such as Al, Au, Cu, and In (Christou, 1973; Meechan and Lehman, 1962; Oriani, 1969; Swalin and
Yin, 1967; Van Gurp et al., 1985). In addition, when an inhomogeneous binary alloy is subjected to a temperature gradient, it may
become homogenous. On the other hand, a homogeneous binary alloy, when subjected to a temperature gradient, may become
inhomogeneous due to TM (Chen et al., 2012a; Piazza and Guarino, 2002).

Electromigration (EM) is inevitably accompanied by TM (Chen et al., 2010; Hemmert and Costa, 1991; Lloyd, 1999; Tu et al.,
2017). When a high electrical current is applied to a microelectronic device, Joule heating induces temperature gradients. While EM is
an enhanced mass transport process due to momentum transfer between conducting electrons and diffusing metal atoms driven by
current density, TM, self-diffusion due to atomic concentration gradient, and stress migration due to hydrostatic stress gradient, are
coupled with each other (Cui, 2021; Cui et al., 2019; Kijkanjanapaiboon, 2017). As shown in Eq. (1), the total atomic flux, J,, during
EM, is generally written as follows.

(€D

Z*epj QVo o'vT
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where C, is the atomic concentration, D, is the atomic diffusivity(mz/s), Z* is the effective charge number (Z*>0), e is the elementary
charge, p is the electrical resistivity, j is the current density vector, kg is the Boltzmann constant, Q is the volume per atom, T is the
temperature, o is the hydrostatic stress, and Q* is the heat of transport. Eq. (1) contains all driving/resistive fluxes for atomic transport,
namely, the diffusional terms by the atomic concentration gradient, the EM itself, the stress migration, and the TM, respectively.

In the first part of our study (Cui et al., 2023a), we experimentally observed, under the current density of 1 MA/cm?, that Al stripes
with a SWEAT structure did not show damage in the entire conductor’s length, while Blech structure showed void and hillock for-
mations only at the cathode and anode, respectively. Consequently, the temperature gradient owing to Joule heating, i.e., the last term
on the right side of Eq. (1), was neglected in our previous simulations. The simulation results agreed well with the experimental
observations. However, we have not theoretically verified the effect of temperature gradient on EM development.

As Joule heating is squarely proportional to the magnitude of current density, it is important to review the range of current density
used in various accelerated EM tests in the literature. Two test structures are commonly used: Blech and standard wafer-level elec-
tromigration acceleration test (SWEAT) or SWEAT-like structures (Tan and Roy, 2007; Tu, 2003). Blech structure refers to a test
structure in which both ends of a metal line segment are in perfectly blocking conditions, allowing no atomic flux (Blech and Herring,
1976; Blech and Meieran, 1969; Blech, 1976). In line-via test structures (Hu and Luther, 1995; Hu et al., 1992, 1993; Liu, 2017),
individual metal line segments may be considered as Blech-like structures owing to the barrier or capping layer at the via/line
interface. Blech structures were mainly used to investigate the threshold condition for EM-induced damage. Thus the applied current
density was at a relatively moderate level ranging from 0.1 to 1.0 MA/cm? for Al (Blech and Meieran, 1969; Blech, 1976; Nucci et al.,
2002; Proost et al., 2002, 1998; Ross et al., 1989). On the other hand, SWEAT or SWEAT-like structures refer to the metal line con-
nected to large pads at the ends (Giroux et al., 1995, 1994; Jeong et al., 2014; Kozlova et al., 2013). Large current densities and long
lengths were often applied with SWEAT structures in Al, ranging from 2 to 30 MA/cm? (d'Heurle, 1971; Giroux et al., 1995; Kraft et al.,
1997; Lee et al., 2001). Different from Blech structures, in SWEAT structures, voids were observed either near the center of the metal
conductor or spreading in a wide range of center regions (Giroux et al., 1995; Lee et al., 2001). Additionally, it took longer (about 200
h) to observe failure at the current density of 2 MA/cm? in Al with a SWEAT structure (d’Heurle, 1971). Although the atomic
divergence due to different atomic diffusivity caused by temperature gradients was thought to be responsible for EM failure, it is not
clear how TM affects EM when the current density increases.

Blech and SWEAT test structures were also used for other metal lines, such as Cu and Au, subjected to a wide range of current
densities from 0.5 to 10 MA/cm? (Lee et al., 1995; Liang et al., 2020a, b; Somaiah and Kumar, 2018; Stahlmecke and Dumpich, 2007).
Somaiah et al. (Somaiah and Kumar, 2018) reported EM/TM coupling in Cu/W Blech structures under a current density of 4 MA/cmz,
indicating void and hillock formations only at the cathode and anode. Lee et al. (Lee et al., 1995) investigated the EM failure in Cu with
a Blech structure under a current density from 0.5 to 2 MA/cm?, in which only the void and hillock formation at the cathode and anode
was reported. Liang et al. (Liang et al., 2020a, b) studied EM failure in Cu redistribution lines (RDL) at a current density of 6 MA/cmZ,
showing void formations at the center of the line. No studies, however, have been reported using both Blech and SWEAT structures to
examine the underlying EM/TM failure mechanism under the elevated current density.

Tu pioneered the EM studies in solder joints in flip-chip assemblies (Chen et al., 2012b, 2010, 2008; Huang et al., 2006; Shen et al.,
2019; Tu et al., 2017). He pointed out that despite an average current density in a range of 10* A/cm? (0.01 MA/cm?) in solder bumps,
EM did occur in bumps. Furthermore, Chen et al. (Chen et al., 2008) designed a test structure consisting of several micro-bumps, in
which some of which were unpowered. Through the externally Joule heated chip on the top of solder bumps, the temperature gradient
existed for both powered and unpowered solder bumps. They demonstrated that TM became an independent factor from the EM, as the
unpowered solder bump had damage under the temperature gradient only. They found if there is a temperature difference of 1 °C
across a micro-bump of 10 pm, the temperature gradient would be 1000 °C/cm, which can cause TM at the device operating tem-
perature of around 100 °C. Additionally, they observed that in Pb-free SnAg solder bumps, the Sn atoms moved to the hot end, but the
Ag atoms migrated to the cold end (Hsiao and Chen, 2009). Moreover, the TMs of other metallization elements, such as Cu (Abdul-
hamid et al., 2009; Chen et al., 2008), Ti (Chen et al., 2012c), and Ni (Cahn and Haasen, 1996), were also observed in solder bumps. Cu
diffused rapidly interstitially to the cold end, forming voids in the hot end. It is interesting noting that Q*, the heat of transport in Eq.
(1), can be positive or negative, which determines the direction of TM for different species (Chen et al., 2012b; Oriani, 1969).
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Various theories and models describing EM have been developed. The early models (He et al., 2004; Kirchheim, 1992; Korhonen
et al.,, 1993; Sarychev et al., 1999), including Blech’s theory (Blech and Herring, 1976; Blech, 1976), were mainly devoted to
investigate the mechanical stress effect during EM. Additionally, Ceric et al. (Ceric et al., 2008, 2006) and Zhang et al. (Zhang et al.,
2012) used sequentially coupled finite element analysis, but without considering the coupling of diffusion-induced strain, to inves-
tigate the time-to-failure in chips and solder bumps, respectively. Basaran and his group performed a series of studies to investigate the
interactions between TM and EM, primarily focusing on solder joints (Abdulhamid et al., 2009; Yao and Basaran, 2013; Ye et al., 2003).
They reported the combined effect of TM and EM in solder joints, indicating that TM may assist or counteract EM depending on the
thermal gradient direction. Sukharev et al. (Sukharev and Zschech, 2004; Sukharev et al., 2007) established a 3D coupling model but
neglected the Joule heating effect and TM in the case studies.

Most accelerated EM tests in the literature mentioned above used low to moderate levels of current density in Blech structures,
while using SWEAT-like structures, moderate to high levels of current density were applied to generate the failure located in the center
of the conductor. In this paper, the TM accompanying EM was investigated through integrated studies of experiment, theory, and
simulation. First, EM test specimens with different geometries and structures were tested under elevated current densities and
extended time durations. Both Blech and SWEAT structures were applied and tested for comparison. Tapered and two-dimensional
(2D) shapes of conductors were used. Second, by considering self-Joule heating, one-dimensional (1D) temperature distribution
and its gradient were obtained. Furthermore, temperature gradient-induced flux and temperature-dependent diffusivity were taken
into consideration. Moreover, based on the coupled 3D theory (Cui et al., 2023a), new analytical 1D governing equations were derived
for the Blech and SWEAT structures in the un-passivated configuration considering TM. The numerically predicted results were then
compared extensively with the experimental data under various current densities. Furthermore, with the consideration of TM, the
threshold condition for EM failure was reexamined. The current density exponent n, introduced by Black, was also revisited by taking
TM into consideration. Finally, we presented conclusions and outlooks.

2. Experiment

As described in (Cui et al., 2023a), EM test specimens were fabricated on 4-inch silicon wafers. A full EM test wafer consisted of 52
dies, each having 63 test specimens. Fig. 1 illustrated the schematic of the cross-section of the layer stack (Fig. 1(a)) and the geometry
of test specimens used in this study. Two geometries of Blech structures were used: one with three lengths of 30/60/100 pm on a stripe
and one with a single length of 800 pm, as shown in Fig. 1(b). In SWEAT structures, three different geometries were used: a single
length of 800 pm, a tapered shape containing four segments with varying widths of 3/6/12/15 um but the same length of 100 pm, and a
2D shape in which each horizontal and vertical segment was 150 um and 50 pm, respectively (Fig. 1(c)). The Al thickness of all
specimens was 200 nm, and the width was 5 um except for the tapered specimens.

We previously reported the experimental results only under the current density of 1 MA/cm? (Cui et al., 2023a). In order to explore
the effects of Joule heating, the current densities of 1, 3, and 5 MA/cm? were applied in this study. All measurements were performed
in a vacuum condition, and the ambient temperature was 250 °C. In the literature, the commonly used ambient temperature in EM
acceleration tests was from 200 to 350 °C (Tan and Roy, 2007). Al specimens without annealing and passivation were used in this
study. Each specimen was removed from the test chamber at various time intervals during the test for optical measurement using a
laser scanning microscope. Each geometry was tested multiple times for repeatability and consistency checks.

2.1. Blech structure

Three current densities of 1 MA/cm?, 3 MA/cm?, and 5 MA/cm? were applied to 800 pm length specimens first. Fig. 2 showed the

(a) Blech structure

SWEAT structure

HHH

Single length Tapered shape 2D shape

Fig. 1. Schematic of the cross-section and the geometry of EM test specimens (a) wafer’s cross-section, (b) geometries of Blech structures, (c)
geometries of a single-length, a tapered-shape, and a 2D-shape SWEAT structures.
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optical images at various time intervals under different current densities j. As expected, voids were formed and grown at the cathode
side, and hillocks were formed and grown near the anode side with time progressing. Under j = 1 MA/cm?, no voids and hillocks were
observed in the middle regions of the conductors, even at 20 h, as shown in Fig. 2(a). When j was increased to 3 MA/cm?, still no
damage in the middle of the specimen was found until 3 h. However, the voids in the middle region were observed at 5 h, as shown in
Fig 2(b). Previously, we observed that void formed at the cathode as early as 30 min under j =1 MA/cm? (Cui et al., 2023a). This
implied that there was a significant time lag between the voids formed at the cathode and in the middle under j = 3 MA/cm? Also
shown in Fig. 2(b), voids were seen in a wide range of middle regions in the conductor at 20 h. With further increasing j to 5 MA/cm?,
we observed void formation in the middle region as early as 20 min, as shown in Fig. 2(c). At 5 h, a cut-through void near the center
region was observed, indicating the breaking of the conductor.

To our knowledge, no study in the literature reported the growth of voids in the middle region of conductors with Blech structures.
One reason may be that the Blech structure was mainly used to study the critical current density and/or conductor length. Therefore,
the applied current density was at a relatively moderate level (Blech and Tai, 1977; Blech, 1976; Proost et al., 2002, 1998). Another
reason is that there is a time delay between the formation of voids in the middle region and the formation at the cathode. Most tests
were stopped when voids were observed at the cathode. Additionally, we used 800 pm length specimens. Such a length was suggested
and primarily used in SWEAT structures (Schafft et al., 1987). The damage in the middle region of specimens was caused by TM due to
self-Joule heating (to be discussed in Section 4). The maximum temperature gradient under each current density, as shown in Fig. 2,
was obtained from a theoretical solution presented in the next section. The maximum temperature gradient was 144 K/cm, 1296 K/cm,
and 3600 K/cm when j was 1, 3, and 5 MA/crnz, respectively.

To further investigate the effect of Joule heating in Blech structures, we tested different lengths under j = 3 MA/cm?. Fig. 3 showed
the optical images of Al specimens of 60 pm, 100 pm, and 800 pm lengths at 20 h. No damage in the middle regions of the conductors
was observed for the lengths of 60 pm and 100 pm at 20 h. The maximum temperature gradient, as shown in the figure, was 97 K/cm,
162 K/cm, and 1296 K/cm when the conductor length was 60 pm, 100 pm, and 800 pm, respectively. This indicated that the tem-
perature gradient is also dependent on the conductor length.

One of the explanations in the literature for the void formation in a broad range of conductors was the atomic flux divergence at
grain-boundary triple points (Berenbaum, 1971; Shen et al., 2021; Tan and Roy, 2007). If we assume that triple points could affect the
EM damage, voids formation will occur regardless of the conductor length. However, the present experimental results shown in Fig. 3
showed that under the same current density and testing time, the void formation in the middle of the conductor only occurred at the
800 pm Al line. There were no signs of void formations in the middle region of 60 and 100 pm Al lines.

2.2. SWEAT structure

The specimens with a single-length stripe of 800 pm were tested first. Fig. 4 showed the optical images at various time intervals
under different current densities j and the corresponding in-situ electrical resistance. There was no damage observed in the entire

(a) j=1 MA/cm2 max T-gradient= 144 K/cm
+«——— current

Al line: 800 ym x 0.2 ym X 5 ym

(b) j=3 MA/cm2 max T-gradient= 1296 K/cm

no voids

void

Breaking

Fig. 2. Optical images of 800 pm length specimens with Blech structure at various time intervals under different current densities. The electrical
current flowed from right to left. (a) j = 1 MA/cm?. (b) j=3 MA/cm?. (¢) j=5 MA/cm>.
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+——— current j=3 MA/cm2, t=20h

hillock L=60 um
- ® max T-gradient = 97 K/cm

L=100 pm
max T-gradient = 162 K/cm

L=800 pm

max T-gradient =
1296 K/icm

Fig. 3. Optical microscope images for 60,/100/800 um lengths Al lines with Blech structure were under the current density of 3 MA/cm? and
temperature of 250 °C at 20 h.

length of the SWEAT structures when j = 1 MA/cm?, as shown in Fig. 4(a). When j was increased to 3 MA/cm?, in Fig. 4(b), however,
several small voids were observed in a broad middle region at 5 h, then large voids were observed at 16 h. Finally, the conductor broke
to the right of the center at 20 h. Unlike the damage at both ends in the Blech structure, which occurred at a very early stage, the void
formation in the SWEAT structures occurred later and only in the middle of the conductor. When j further increased to 5 MA/cm?, voids
spread over a wide range of the conductor, breaking to the right of the center at 5 h. The maximum temperature gradient was also
shown in Fig. 4(a) to (c) under each current density. Futhermore, in Fig. 4(d), the electrical resistance as a function of time was plotted
under different current densities. The resistance changed slightly under j = 1 MA/cm?, indicating no or negligible EM damage. Under
the elevated current density, however, there was a region with a rapid change in the slope of the resistance curve, indicating the
breaking of the conductor.

To further investigate the effect of Joule heating, tapered-shaped specimens were tested, as shown in Fig. 5. The current density in
the four segments was 1 MA/cmz, 1.25 MA/cmz, 2.25 MA/cmZ, and 5 MA/cm? from the right. We tested the current flows in two
directions: right-to-left (Fig. 5(a)), and left-to-right (Fig. 5(b)). In both cases, no failures were found at 5 h for the segment with j =1
MA/cm?, 1.25 MA/cm?, and 2.25 MA/cm?. However, significant damages were observed in the narrowest segment with j = 5 MA/cm?
at 5 h. The results clearly demonstrated the importance of current density in SWEAT structures. Moreover, when the current flowed
from right to left, the conductor broke slightly to the right of the center. On the other hand, when the current flowed from left to right,
the conductor broke slightly to the left of the center. Additionally, current crowding occurred at the junctions of discontinuity of cross-

(@)  j=1 MA/cm?2 max T-gradient= 3600 K/cm Al line: 800 ymx 5 pmx 0.2 ym

o, I  (c) j=5MA/cm? max T-gradient= 3600 K/cm

0h

20 h

(b) j=3 MA/cm2 max T-gradient= 1296 K/cm

- aa—— jomz
2 4
5h 5 MA/cm
2
16h 3 MA/cm |
20 h
1 MA/cm2

8 12 16 20
hillock  breaking Time, h

Fig. 4. Optical microscope images of 800 pm-length Al lines with SWEAT structure at various time intervals under different current densities at the
temperature of 250 °C. The electrical current flowed from right to left. (a) j =1 MA/cm?, (b) j=3 MA/cm?, (c) j=5 MA/cm?, (d) in-situ electrical
resistance change.
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(a) 4 segments; Ly =4x100 pm; w=3/6/12/15 ym; h=200 nm
t=5h
|<— 5 MA/cm?

—>

— 25 MAlom? —f+— 1:25 MAlgm2 —f— 1 MAlem?

Fig. 5. Optical microscope images of the tapered shape of 400 pm-length Al line. (a) right-to-left current flow (b) left-to-right current flow.

section, but no damage was observed in those locations (Dandu and Fan, 2011).

Furthermore, the specimens with a 2D shape were tested under j = 5 MA/cm?. Damages spread in each line segment at 5 h, as
shown in Fig. 6. Current crowding occurred at corners, but no obvious voids were observed at these corners (Dandu and Fan, 2011).

In conclusion, for Blech structures, we observed damage not only at two ends but also spreading in a wide range of middle regions
under the elevated current density. It appeared that the temperature gradient had a strong correlation with the failure in the middle
regions. We also found that voids were developed in the middle regions at a later stage, while the voids and hillocks formed at the
cathode and the anode occurred in an early stage. This implied that the effect of temperature gradient on atomic transport was slower
than the effect due to electron wind. For the SWEAT structures, the voids spread in a wide range of the conductors but no damage at
both ends when subjected to the elevated current density. Overall, the time to failure in SWEAT structures occurred at an approxi-
mately similar time interval compared to the middle-range voids in Blech structures. We again found a strong correlation between
damage and temperature gradient in SWEAT structures. As described in many papers (Giroux et al., 1995, 1994; Kraft and Arzt, 1998),
SWEAT structures were mainly used to study the Joule heating effect. Therefore, a long conductor’s length, a high current density and
a longer time were needed to observe the damage during EM (d'Heurle, 1971; Giroux et al., 1995, 1994; Kraft and Arzt, 1998).

3. Theory

We developed 1D analytical solutions in both un-passivated and passivated configurations without considering the effect of the
temperature gradient, i.e., the last term on the right side of Eq. (1) (Cui et al., 2023a). Here, when all the terms of Eq. (1) are
considered, the governing equation for atomic transport can be described by a mass conservation equation as follows (Cui et al., 2019;
Tan and Roy, 2007),

00 o

i -QD,V - (D;'J.) )
where 0 is the total volumetric strain that generally consists of the strain due to mechanical deformation, thermal strain, and diffusion.
As discussed in (Cui et al., 2019, 2020), Eq. (2) naturally includes the source/sink term to account for the formation and annihilation of
vacancies. Because the total atomic flux (J,) and volumetric strain () involve the deformation, current density, the gradients of
hydrostatic stress, and temperature, Eq. (2) is coupled with electric, temperature, displacement-strain, and mechanical stress fields.
When linear elasticity is assumed, stress and deformation equations are given as follows,

0=tr(e) 3

5 segments, Lygizonta=190 MM; Ligrica=50 pm, w=5 pm, h=200 nm

t=5h j=5 MA/cm?
max T-gradient=2700 K/cm e e

Fig. 6. Optical microscope image of the 2D shape Al conductor containing three horizontal segments with the length of 150 ym and two vertical
segments with the length of 50 pm.
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6 = Atr(e™)I +2Ge™ (6)
o =1r(6)/3 @)
V-6+F=0 (8
e = %(Vu +uV) 9

where ¢ is the total strain, €™ the elastic strain, e the thermal strain, £9iff is the diffusion-induced strain, a is the coefficient of thermal

expansion, I is the unit tensor, G and 4 are lamé constants 2G=E/(1 + v) and A=2Gv/(1-2v), E is the Young’s modulus, v is the Poisson’s
ratio, F is the body force (N), and u is the displacement (m). .
For a substitutional diffusion, the diffusion-induced strain, e4iff in Eq. (4), can be described as follows (Cui et al., 2021),

dc,

0% — (1 —
(1-NG

(10)

where f is the vacancy volume relaxation factor that varies between 0 and 1, i.e., 0 < f < 1. The atomic concentration C,, the
displacement vector u, and the stress tensor o, are coupled through the above equations. Additionally, the electrical and temperature
fields are given as follows,

V.j=0 11
E

._E (12)

=5

VT +j-E=0 13)

where E is the electric field (V/m), and k7 is the thermal conductivity (WeK ~ 1). Egs. (11) — (13) are sequentially coupled with
mechanical stress, deformation, and atomic concentration fields. This means that Eqgs. (11) and (12) are solved first to obtain the
electric current j. Then Eq. (13) is used to solve for temperature field T. Subsequently, Egs. (1) to (10) are solved concurrently to obtain
the final solution for atomic concentration C, (x, t) and stress field 6.

According to the failure criterion described in (Cui et al., 2023a), an EM failure occurs when

Co(x,7) = Cyritical o

where C, critical i the critical atomic concentration. The time to failure, tgjre, and the failure location x can then be determined
accordingly using Eq. (14).

Let us consider a one-dimensional (1D) problem where all field variables depend only on x and t, as shown in Fig. 7. When a
constant current density j was applied along the negative direction of the conductor (i.e., -j), assuming that all stress components were
zeros in the un-passivated conductor and the temperature reached steady state, the volumetric strain 6 and the atomic flux J, were
simplified as follows,

9 00" _1-f9C,
o0 o  C, ot

(15)

- (16)

Cathode (-) Anode (+)

R
cnaFanat

Fig. 7. Schematic of 1D EM problem where atomic concentration C,(x,t) and hydrostatic stress T(x) are the two unknowns.
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Then, Eq. (2) was rewritten as follows,

1—f0C, [ ZepjoC, &C, Q 0C,dT Q'C,dT a”n
C, ot | ksTwm Ox ' 0x2 ' kgT% Ox dx  kzT2 dx®
where Ty, is the average temperature along the conductor as follows,
1 L
T = 3 / Tdx (18)

0

Eq. (17) is a general 1D governing equation in un-passivated conductors for both Blech and SWEAT structures. In the steady state,
Eq. (17) is reduced to an ordinary differential equation as follows,

_ Z'epjdC, dC, Q' dC,dT  Q'C,dT
T kgTw dx | d¥® kTR dx dx | kgT?: dx?

(19)

In both Egs. (17) and (19), temperature field T is solved globally at a system level using Eq. (13), because a 1D conductor segment
generally is a sub-part of the whole system. In the following, we considered self-Joule heating in a conductor shown in the experiments.
We derived the solutions for temperature and the corresponding atomic concentration evolutions in both Blech and SWEAT structures.

3.1. Temperature distribution
Considering 1D heat conduction, Eq. (13) was rewritten as follows,

T
kr—+j7p =0 2
T2 JP (20)

where at both ends, temperature equals to the environment temperature Ty,
T(0)=T(L)=Tp 21

The solutions for temperature and temperature gradient were then obtained as follows

2 2 272
ip o, JPL iLp
T(x) = 252 + L5254 1) ( T =L+ T, 22
(x) 7" + ZkaJr o < T + o) (22)
dr(x)  jp_  JpL (dT i*pL
=——x+—=— |—| == (23)
dx kr” ' 2k \dx|,, 2k

These equations showed that the maximum temperature is proportional to the square product of current density and conductor
length (j2L%), and the maximum temperature gradient increases linearly with conductor length (L) and squarely with current density
(7). Because the majority of the heat in our test setup was dissipated through a silicon substrate, to keep the Eq. (20) consistent with
Eq. (13), a modified thermal conductivity was used as kr=ka1/(1-q), in which q is considered as a percentage of heat dissipated through
the substrate (g = 0.9967) (Cui et al., 2023b).

3.2. Blech structure

Applying Egs. (22) and (23) to Eq. (17), the governing equation of atomic concentration in an un-passivated conductor was ob-
tained as follows,

1=f(C) OC, _ [ Z'epjoC,  0°C, QO fp o (7]'27,) le) aca}

0 kT2 ky kT2 \ ko 2k ) ox

(24

C. ot “| kyTw Ox

For Blech structure, the above equation was solved numerically with the following initial condition and boundary conditions,

Cu(x; O) = Ca() (25)
0C,(0, 1)  C,(0, )Z'epj QO JFpLC,(0, 1)
= ’ = S 2
4a(0, 9 x| keTw T2 2k 0 (26)
0C, (L C,(L, 1)Z"epj * RpLCu(L,
It g = OG0 Gl 0Zepi Q° FpLGiL 0 -

ox kgTr kgT? 2ky

Solving Egs. (24) to (27), the atomic concentration C, can be obtained as a function of time t and location x. Since the damage in
Blech structure occurs first at the two ends, the void growth model introduced in Part I was applied as soon as C, reached C, critica at the
ends, as follows,
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aJ,

Vi = QL= (28)
ox x=0

where

aJ, ’C, Z epj oC, Qo Q" jpLIC,

= = Uy, — T35 — — _Ca critical — 7 4o A7 — 29

x|, | x=0  Turac| x=0 i ol T Lm o o x=0 (29)

’ t = t(failure) t = #(failure) t = 1(failure)

Eq. (29) was an extension to the void growth model for considering the temperature gradient as well. Thus, the void growth length
at time t was

Lysia(t) = [t — t(failure)]QL% (30)

x=0

As a result, not only the conductor length was adjusted accordingly but also the boundary conditions at both ends were adjusted.
For example, at the cathode, Eq. (26) was replaced by

C, |)c:L = Ca,criclial (31)

void

3.3. SWEAT structure
For the SWEAT structure, the governing equation of atomic concentration in an un-passivated conductor is the same as Eq. (24) but
with the following boundary conditions,
C,(0, 1) = Cypo (32)
Cu(L, 1) = Cypo (33)
and the initial condition is the same as Eq. (25). In Part I, we showed that C, in SWEAT structure without considering TM is a constant
along the entire conductor for all time, as follows
C, (JC7 l) =Cyp (34)

The new solutions based on Egs. (24), (25), and (32)-(33) were compared to Eq. (34) in the subsequent section.
In SWEAT structures, we also developed a formulation between the resistance change and atomic concentration evolution. We
assumed that the electrical resistivity changes due to C, variations as the following function,

14 Cn CnO
P _La 5 (35)
,04) CaO p /)0 Ca
where p is the resistivity and py is the initial resistivity. And the initial resistance was
Ro = p,AL (36)

where A and L are the cross-section area and length of the conductor, respectively. Thus, the resistance due to atomic concentration
change was

L

_ Cuo
R(t) = p,A / roRE) dx (37)
0

Thus, the normalized change in resistance was obtained as follows:

L Cyu
R—Ry _ fo C(,()gt)dx 1 (38)
Ry L

where the atomic concentration C,(x,t) was determined by solving Eqs. (24), (25), (32), and (33).

3.4. Steady-state equation

Steady-state solutions are useful to determine the threshold condition where the metal line is immune from EM failure. In a steady
state, the left side of Eq. (24) became zero, and the governing equation became an ordinary differential equation as follows,

ZepidC, diCo Q' fp. QO (7 7p le) dc,

TksTw dx A kT2 ky kT2 \ ke 2k ) dx

39
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No analytical solution is available for Eq. (39). In the next section the numerical solutions of Eq. (39) were obtained to determine
the threshold conditions for both Blech and SWEAT structures.

4. Results and discussion

Table 1 provided Al’s material properties at 250 °C for obtaining numerical results based on the equations in the previous section.
In this table, Q*, the heat of transport, was introduced to account for the temperature gradient effect. The critical atomic concentration,
Ca,critical, determined previously (Cui et al., 2023a), was used to determine the failure time and location.

In addition, the vacancy relaxation factor, f, as a function of atomic concentration, was calculated from molecular dynamics (MD)
simulations (Cui et al., 2021), as follows.

C,

Jo, 0.9925 < < 1.0025
Ca()

f(C,) = (40)

Aexp {B(l — go)} , else

where f,=0.73, A = 1.08, and B=—55.30. Additionally, using the Arrhenius equation, the temperature-dependent atomic diffusivity,
D,, was obtained as follows (Cui et al., 2022),

. VvV
D,=8 ><10’sexp<f0576 )mz/s (41)
kgT

4.1. Results when j = 1 MA/cm’?

We reported the numerical results without considering the temperature gradient in Part I under j = 1MA/cm?, which agreed with
the experimental observation. However, we have not verified that the results are still valid when the temperature gradient is
considered. Here, using Eqs. (24-31), Fig. 8(a) and (b) showed the numerical results of normalized atomic concentrations (C,/Cyp), in
red color lines, at 3 h and 20 h, respectively, for an 800 pm conductor. For comparison, the results of C,/C,o without the consideration
of TM were shown in blue color. The normalized critical atomic concentration Cj, critical/Cao Was in light green color in the figures. It
clearly showed that the effect of TM was negligible at 3 h and was insignificant even at 20 h. These results validated the simulation
results for the Blech structures in Part 1.

Furthermore, Fig. 8(c) and (d) plotted C,/Cyo distribution at different time intervals for 800 pm conductor in the SWEAT structures,
with and without TM, under j = 1MA/cm?. When TM was taken into account, the atomic concentration did not maintain a constant
value in the conductor anymore. However, the difference was only about 1%, which was still far away from Cj, critical/Cao at 3 h and 20
h. This implied that the constant values of C, in SWEAT structures given in Part I provided a good approximation under j = IMA/cm?.

4.2. Effect of TM

4.2.1. Temperature and temperature gradient

The impact of TM was discussed extensively below. We first presented the results of temperature and its gradient, based on Egs. (22)
and (23), as shown in Fig. 9. Fig. 9(a) plotted the maximum temperature and temperature gradient when j increased from 1 MA/cm? to
5 MA/cm? in an 800 pm conductor. The temperature gradient squarely increased with current density, from 144 K/cm to 3600 K/cm,
while the maximum temperature increased from 253 °C to 335 °C, which are well below the melting temperature. As an example, Fig. 9
(b) showed the profiles of temperature and temperature gradient under j = 5 MA/cm?. The maximum temperature was at the center,
but the maximum temperature gradient was at both ends in opposite directions. Moreover, Fig. 9(c) displayed the maximum tem-
perature gradient as a function of conductor length when j = 3 MA/cm? The temperature gradient linearly increased with the
conductor length. With L = 60, 100, and 800 pm, the maximum temperature gradient increased to 97 K/cm, 162 K/cm, and 1294 K/

Table 1

Material properties of Al used in simulations.
Property Value
Atomic volume (Q) 1.66 x 1072 m®
Electrical resistivity (p) 3.22 x 10~® Ohmem
Electric charge (e) 1.6 x 1071°C
Charge number (Z*) 1.1 (Blech and Herring, 1976)
Heat of transport (Q*) 0.3 (Oriani, 1969)
Critical atomic concentration (Ca,critical) 0.963C,o
Vacancy volume relaxation factor (f) Eq. (40)
Atomic diffusivity (D,) Eq. (41)
Modified thermal conductivity (kt) 7.5 x 10* W/(me °C)
Thermal conductivity for Al (ka;) 249 W/(me °C)
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Fig. 8. Numerical results for the distribution of the normalized atomic concentration C,/Cyo in 800 pm Al specimens with Blech structure under j =
1 MA/cm? at 3 h (a) and 20 h (b), and Al specimens with SWEAT structure under j = 1 MA/cm? at 5 h (¢) and 20 h (d).
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Fig. 9. (a) Maximum temperature and temperature gradient as a function of j for an 800 pm conductor. (b) Distributions of the temperature and the
temperature gradient for an 800 um conductor under j = 5 MA/cm? (c¢) Maximum temperature gradient as a function of conductor length under j =
3 MA/cm®.
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cm, respectively.

4.2.2. Blech structure

The role of TM in the Blech structures was first investigated. Fig. 10 (a-c) plotted C,/C,o distributions underj =3 MA/cm? at 5 min,
3 h, and 15 h, respectively, for 800 um conductors with and without considering TM. At 5 min, void and hillock were already formed at
both ends. But TM’s effect was negligible. However, at 3 h, TM caused a noticeable change of atomic concentration in the middle
region of the conductor, despite being still well above Cj, critical/Cao- At 15 h, Ca/Cyo in a broad middle of conductor reached the critical
value. There was a significant time lag between the voids formed at the cathode and in the middle. With further increased j = 5 MA/
cm?, Fig. 10 (e-g) plotted the results of C,/C,9 at 150 s, 1 h, and 4 h, respectively. At 4 h, C, at the middle region decreased to the critical
value, indicating a conductor breaking. These simulation results were in good agreement with the experimental observations shown in
Section 2. TM had little effect on the initial failure at both ends but played a key role in the damage in the middle region of the
conductor at a later stage.

Furthermore, Fig. 11 plotted the evolutions of C,/Cy at a fixed point in the middle (x = 0.65 L) in different conductor lengths under
j=3MA/cm? When the conductor lengths were 60 and 100 um, the predicted C,/Cyg at x = 0.65 L reached the steady state at 20 h but
was still above the critical value, indicating no void formation. When the conductor length was 800 pm, C,/C,p at x = 0.65 L decreased
below the critical atomic concentration at 15 h, indicating the void formation. Those predictions were consistent with the experimental
observations.

4.2.3. SWEAT structure

Next, let us examine the role of TM in the SWEAT structures. For 800 pm conductors, the normalized atomic concentration C,/Cyo
distribution was obtained based on Eqgs. (24), (25), (32), and (33) and displayed in Fig. 12. Fig. 12(a) showed that underj =3 MA/cmZ,
significant variation in C,/Cao was observed at 5 h and 10 h, but still well above C,, critical/Cao. At 16 h, C,, at the right of the center,
decreased below the critical value, indicating conductor breaking. When j increased to 5 MA/ cm?, as shown in Fig. 12(b), C, in a broad
middle region decreased below the critical value at 5 h. This implied a spread of failure in conductors. Furthermore, using Eq. (38), we
calculated the change in resistance until C, reaches C, critical, as plotted in Fig. 12(c) for the lengths of 800 pm under current densities of
1, 3, and 5 MA/cm?. Simulation results agreed well with the in-situ electric resistance measurement.
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Fig. 10. Numerical results for the distribution of the normalized atomic concentration C,/C,o in 800 pm Al specimens with Blech structure under
the various current densities at different times. (a), (b), and (c) for the conductor under j = 3 MA/cm? at 5 min, 3 h and 15 h, respectively. (e), (f),
and (g) for the conductor under j = 5 MA/cm? at 150 s, 1 h and 4 h, respectively.
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Fig. 11. Evolution of the normalized atomic concentration C,/C,o versus time at x = 0.65 L (a representative position in the middle region) for the
Blech structure with 60/100/800 lengths.
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Fig. 12. Simulation results of atomic concentration distribution along the 800 pm SWEAT structure under current densities of (a) 3 MA/cm? and (b)
5 MA/cm?. (c) Comparison between the electrical resistance changes from the simulation and experiment for the 800 pm SWEAT structures under
different current densities. The solid lines in (c) represent measurement results, and the symbols represent the simulation results.

4.3. Positive and negative Q*

Q* for Al, is a positive value, as shown in Table 1, meaning that the atomic flux by TM drives the atom from the hot to the cold side.
However, in Pb-free SnAg solder bumps, the Sn atoms moved to the hot end in SnAg matrix because Q* is a negative value (Chen et al.,
2012a). The direction of atomic diffusion subjected to a temperature gradient was studied using molecular dynamic (MD) simulation in
the following. To simplify the problem, Al and Sn nanowires with a length of 20 nm, connected to two large cross-sections at both ends,
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were constructed in our MD simulations. The simulation details and procedures were described in (Cui, 2021). Fig. 13(a) and (b)
plotted the displacement of Al atoms in the z-direction and its displacement vector, respectively. The temperatures at the bottom and
top were set as 900 K and 300 K, respectively. Thus, the magnitude of the temperature gradient in the nanowire was 30 K/nm. From 0
ns to 5 ns, Al atoms tended to diffuse from the hot region to the cold region. The enlarged image of the displacement vector showed that
the direction of atomic motion was from the bottom to the top (from hot to cold). However, the displacement contour diagram in
Fig. 13(c) indicated that most of the Sn atoms in the nanowire moved from the cold region to the hot region. The displacement vector in
Fig. 13(d) also showed that the Sn atoms tended to diffuse downward from cold to hot. This indicated that we can use MD simulation to
predict the sign of Q*.

4.4. Threshold conditions

Without considering TM in Part I (Cui et al., 2023a), we have determined the critical products of current density and conductor
length for un-passivated and passivated Al lines. Such threshold conditions in un-passivated configuration, without TM, were
expressed as follows,

1000 A/m, Blech structure
JL= (L), = (42)
oo, SWEAT structure
where an infinity value in the SWEAT structures means no EM damage would occur in the SWEAT structures with current density in
any length in the absence of TM.

When TM was considered, however, no analytical solutions were available from Eq. (19) or (39) with the corresponding boundary
conditions in both Blech and SWEAT structures. But we were still able to solve the equations numerically to obtain the threshold

(a) (b)

R

-
5

Ons

5ns

oy

900 K £2.900 K

Contour of displacement-z of Al atoms

(c) (d)

Ons ¢ 2ns

Contour of displacement-z of Sn atoms Displacement vector of Sn atoms at 1 ns

Fig. 13. MD simulation results for the motions of Al and Sn atoms under temperature gradients. (a) Contour of displacement in z-direction for Al
atoms at 0 ns and 5 ns. (b) Displacement vector of Al atoms in the unit of A after 2.5 ns MD simulation. (¢) Contour of displacement in z-direction for
Sn atoms at 0 ns and 2 ns. (d) Displacement vector of Sn atoms in the unit of A after 1 ns MD simulation. The red and blue arrows in zoom-in figures
indicate the atoms moving upward and downward. MD results were visualized using OVITO (Stukowski, 2009).
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conditions. Fig. 14 displayed the numerical results of the threshold curves in Blech and SWEAT structures in the range of current
density from 0.5 MA/cm? to 8 MA/cm?. After curve fitting, the new threshold conditions in un-passivated configuration considering
TM, were approximately expressed as follows,

JL = (jL), = 1000 A/m, Blech structure
(43)
JL* = (jL*), = 15300 A, SWEAT structure

¢

For Blech structures, the threshold condition was exactly the same as Eq. (42) without TM. This means that TM does not affect the
threshold condition of EM failure in the Blech structures because the initial failure always occurred at the ends, on which TM had a
negligible impact. For the SWEAT structure, however, we found the threshold condition in the form of the product of the current
density and the square of critical length (jL2), as shown in Eq. (43). From Fig. 14, the SWEAT structures can tolerate larger current
densities than Blech structures without failures. The threshold conditions shown in Eq. (43) included the effects of TM and self-
diffusion. Therefore, the threshold conditions in Eq. (43) are major extensions to the original Blech’s threohold condition, in which
only the mechanical stress gradient was considered.

4.5. Current density exponent n

We investigated the current density exponent n for un-passivated and passivated configurations in Part I without considering TM.
We discovered that in a certain range of current density, the failure time due to EM follows Black’s law with the exponent of 2 when
Blech structure is used. However, in a low level of current density, the exponent increases rapidly from 2 to infinity as this level of
current density falls into the zone immune from EM failure. When SWEAT structures were used, no EM damage would occur without
taking TM into consideration.

Now let us investigate the impact of TM on the exponent n. As an illustration, an 800 um length conductor was considered in both
Blech and SWEAT structures. Fig. 15 plotted time to failure versus j ranging from 0.1 MA/cm? to 5 MA/cm? for both Blech and SWEAT
structures. In Blech structures, a curve-fitting showed that when the current density ranged from 0.2 — 5 MA/cm?, the exponent
followed approximately as n = 2, indicating TM’s effect was negligible. When j further decreased, the exponent n increased rapidly to
infinity as it entered the immune zone. On the other hand, in SWEAT structures, a curve-fitting showed that when the current density
ranged from 2.1 — 5 MA/cm?, the exponent followed approximately as n = 4.2. When j further decreased, the exponent n increased
rapidly to infinity as it entered the immune zone.

5. Conclusions

With a high electrical current applied to a microelectronic device, temperature gradients, which are generated owing to Joule
heating, induce thermomigration. EM, TM, self-diffusion and stress migration are coupled with each other. In this paper, based on the
coupled 3D theory developed in Part I, the new 1D analytical solutions in terms of atomic concentration were obtianed with
considering TM. We first verified that temperature gradient could be neglected under a low level of current density. At elevated current
densities, however, TM significantly affected EM performance.

In the Blech structures, voids in the middle region of conductors were observed after a period of time when voids/hillocks were
formed and grown at both ends. Through experiments and simulations, we found the following.

1 Temperature gradient played a significant role in the EM development in the middle of conductors. There was a significant time
delay between the failure at both ends and in the middle. Moreover, a broad region in the middle of the conductors displayed a
decrease in atomic concentration, indicating the spread of voids in the conductors. The simulation results agreed well with the
experimental observations.

2 Despite TM’s impact on the damage in the middle of conductors, TM had a negligible effect on failures at two ends, which occurred
first, even at the elevated current densities. In other words, the models developed in Part I without considering TM are still valid in
determining the time to failure at the ends. Consequently, the critical threshold product for current density and conductor length,
derived from Part I, without considering TM, provided almost identical results to those with consideration of TM.

3 The exponent of current density, described in Black’s law, maintained a value of 2 in the range of the current density from 0.2 to 5
MA/cm?. The exponent then rapidly increased and approached infinity if the current density fell below the critical current density.
Such conclusions are the same with or without considering TM.

On the other hand, in the SWEAT structures, with further increasing current density, voids spread over the conductors and broke in
the right of the center when the current flowed from left to right. Through experiments and simulations, we found the following.

1 When TM was taken into consideration, atomic concentration in the middle region of the conductors decreased over time. A broad
region in the middle of the conductors displayed a decrease in atomic concentration, indicating the spread of voids in the con-
ductors. Different from the Blech structures, no failures occurred at the two ends in the SWEAT structures. The simulation results
agreed well with the experimental observations.
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Fig. 14. Critical length for conductors with Blech and SWEAT structures under current densities from 0.5 MA/cm? to 8 MA/cm? Square and
triangle symbols represent the numerical results for SWEAT and Blech structures, respectively. The solid line for Blech structure is the result of jL =
(L) = 1000 A/m. The solid line for the SWEAT structure is the result of jL> = (jL?)c = 15,300 A.
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2 The critical threshold condition considering TM was in the form of the product for current density and the square of conductor
length. A higher level of current density is required to induce failure in SWEAT structures, compared to the same length in Blech
structures.

3 The exponent of current density fits a value of 4.2 in the range of the current density from 2 to 5 MA/cm?. The exponent then
rapidly increases and approaches infinity if the current density falls below the critical current density. The critical current density in
the SWEAT structures is higher than that in the Blech structures.

It is worth noting that the above conclusions were based on the temperature profiles using Eq. (20). Accurate temperature and
temperature gradient can be obtained based on numerical analysis (Cui et al., 2023b). Additionally, in the above analysis, we
considered the conductor’s self-Joule heating without externally applied temperature gradient. If a conductor line is subjected to an
external temperature gradient due to external Joule heating, the temperature gradient may become an independent factor affecting EM
development. The threshold conditions for EM failure could be much more complicated among three parameters: current density,
conductor length, and temperature gradient. Additionally, the sign of Q*, which determines the motion direction of the atomic flux by
the temperature gradient, can be determined using MD simulation.
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When a passivated configuration is considered, we need to further extend the theory to evaluate the effect of mechanical stress and
mechanical stress gradient in the presence of temperature gradient. We will report our results in the future. Additionally, with a 3D
theory in place, we will study the effect of current crowding and the impact of temperature gradient externally exerted on EM
development.
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