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ABSTRACT

The migration of atoms in metal interconnects in integrated circuits
(ICs) increasingly endangers chip reliability. The susceptibility of
DC interconnects to electromigration has been extensively studied.
A few works on thermal migration and AC electromigration are
also available. Yet, the combined effect of both on chip reliability
has been neglected thus far. This paper provides both FEM and
analytical models for atomic migration and steady-state stress pro-
files in AC interconnects considering electromigration, thermal and
stress migration combined. For this we expand existing models by
the impact of self-healing, temperature-dependent resistivity, and
short wire length. We conclude by analyzing the impact of thermal
migration on interconnect robustness and show that it cannot be
neglected any longer in migration robustness verification.
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1 INTRODUCTION

The miniaturization of integrated circuit (IC) structure sizes ex-
acerbates the challenges of designing reliable chips [13]. One of
the constraints on IC lifetimes are metal interconnects that are
degraded by atomic migration.

There are three major migration mechanisms (also shown in
Fig. 1): The best known mechanism is electromigration (EM) which
is driven by an electric current. Temperature gradients within a
wire cause thermal migration (TM). Both EM and TM are increasing
in severity as current densities rise in advanced semiconductor
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Figure 1: Illustration of the interactions of EM, TM, and SM
(top) and the contribution of this paper (bottom). As shown
on the lower left, we provide both FEM and analytical models
in order (1) to identify core parameters and (2) to show the
need to consider Joule heating and TM in migration robust-
ness verification. Our models can be the basis for experimen-
tal technology characterization, migration robustness veri-
fication, and novel design strategies to mitigate migration-
induced failures (lower right).

Analytical Models

technologies accompanied by a tightening of migration robustness
constraints (Fig. 2) [2, 13, 21]. The third mechanism is stress migra-
tion (SM), which arises from hydrostatic stress gradients and can
thus partly reverse the atom dislocation caused by EM and TM.

Atom dislocation within an interconnect can cause (1) voids
(which lead to opens) as a consequence of tensile stress and (2)
hillocks (which can form shorts to other nets) resulting from com-
pressive stress. Both cases are critical in terms of reliability [20].

Technological modifications, introduced in the metal stack, are
increasingly used to counter these migration issues in leading-edge
technologies. For example, the scaling of conventional copper lines
is more and more constrained by rising resistivity and EM risk.
Thus, novel materials (e. g., cobalt liners [28]) are applied in the
lower metal layers which are most susceptible to EM.

In addition to technological changes, migration has been also
addressed within the design flow. Here, EM verification has been
focused mostly on DC nets (e. g., power delivery networks, PDNs),
thereby relying on boundaries for current density [5, 6, 27]. Yet,
recent studies show that also AC lines, like signal and clock nets,
suffer from migration-induced failure [4, 11]. (AC lines have been
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Figure 2: Prognosis for current densities and EM boundary
values in [14]. There is no risk of EM-induced failures in
the green area, while in the yellow area, EM degradation oc-
curs but can be handled by design and verification measures.
There are no known solutions for EM-robust layout design
in the red area [13, 20, 27] which motivates the presented
work in this paper.

widely considered as EM robust up to now because of their inherent
self-healing effects.) In addition, the EM robustness of both DC and
AC lines is highly dependent on their topology (e. g., length) [18].
Hence, it is getting more and more obvious that current density
boundaries alone are not sufficient to capture EM robustness. More-
over, TM is gaining in significance and cannot be neglected any-
more [2].

As a consequence of these developments, novel design and veri-
fication methodologies that combine (better) EM and TM modeling
are required to maintain migration robustness in IC design [27].
This task is challenging as EM, TM, and SM are closely coupled.
Hence, combined models to capture the total atomic flux and stress
evolution are urgently needed.

In order to achieve this, we propose both FEM and analytical
models in this paper that allow us to calculate the steady-state
stress distribution in AC interconnect lines. We derive the exact
equation to calculate the location and value of the stress maximum
to estimate the risk of voiding. Moreover, we investigate the effect
of short wire length and temperature-dependent resistivity on the
stress distribution.

Thus, the contribution of this paper (also illustrated in Fig. 1)
are novel models that enable a thorough analysis of the parameters
impacting the migration robustness of signal lines. These models
can then be used for experimental technology characterization and
migration robustness verification in state-of-the-art design flows
where conventional EM verification (see above) increasingly fails.

We aim to establish a basis for future work on migration assess-
ment in clock and signal nets by thoroughly investigating migration
mechanisms and key parameters in AC interconnects. To support
this goal, our FEM models are available online [26].

The remainder of this paper is organized as follows: Section 2
introduces the basics of today’s methodologies in migration model-
ing. In Section 3, we present our novel FEM and analytical models
for combined EM, TM, and SM simulation. Section 4 shows results
w.r.t. the main material parameters and the significance of TM. We
conclude our paper in Section 5 with a summary and outlook.
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2 FUNDAMENTALS AND RELATED WORK
2.1

EM (Fig. 3) is driven by an electric current. The momentum transfer
from the conduction electrons to the metal atoms causes the atoms
to move from the cathode to the anode. TM (Fig. 4) arises from
temperature gradients in interconnects. Reasons for temperature
gradients are (1) Joule heating and (2) external heat sources (e. g.,
transistors with high power dissipation). Atoms move from hot to
cold regions of a wire. SM is caused by stress gradients that can
have their origins in the fabrication process and thermal expansion.
Both effects are significant and can be considered as initial stress
conditions. However, their investigation is beyond the scope of this
paper as they are caused by external conditions and not by processes
within the wire. In this work, we limit our consideration to wire-
internal SM, which is caused by the other migration mechanisms
(EM, TM). Here, SM is a counteracting force to the atomic motion
induced by EM and TM [20].

The atomic fluxes driven by SM, EM, and TM add up to a total
atomic flux causing stress to build up in the interconnect. This
process is called stress evolution. For a straight interconnect line
stress evolution can be expressed by

dc 9 [DBQ (80' epZj

ot ox | kgT \ox = ©

Migration Mechanisms

— gﬂ) (1)

QT ox

which is based on Korhonen’s equation for EM and SM [18] and was
expanded by the impact of TM in [7]. The term o is the hydrostatic
stress, t the time, x the location on the wire, D the diffusion coef-
ficient with D = Dy - exp (=E,/(kgT)) (where Dy is the diffusion
constant), B the Bulk’s modulus, Q the atom volume, kg Boltz-
mann’s constant, T the temperature, e the elementary charge, p
the specific resistivity, Z the effective charge number, j the current
density, and Q the specific heat of transport.

Stress evolution is always calculated for wire segments that are
bordered by diffusion barriers. In modern dual-damascene tech-
nologies, these barriers are located below the vias (i. e., on top of
the metal layers). If both current and temperature profile remain
constant over time, the stress distribution will eventually reach a
steady state where the total atomic flux is zero.

Positive (tensile) stress is a sign for material depletion. If the
stress is too high, a void can nucleate and grow. Negative (com-
pressive) stress occurs when material accumulates. In rare cases,
this can lead to the formation of hillocks. The stress maximum
within an interconnect usually occurs near its cathode. The stress
minimum is located at the anode. [20]

2.2 Thermal Characterization of Interconnects

To calculate TM-induced stress it is crucial to know the exact tem-
perature profile along the wire. This is a challenging task as the
temperature in an interconnect depends on numerous factors such
as current load, interconnect geometry, surrounding material and
external heat sources. In this paper, we apply the model presented
in [8] which is commonly used for TM simulation. It captures the
most important effects (ambient temperature of the wire, Joule heat-
ing, heat conduction along the wire, and heat dissipation toward
the surroundings) but neglects other factors such as chip surround-
ings, temperature-dependent resistivity, and external heat sources
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Figure 3: Electromigration is driven by an electric field.
Atoms move from the cathode toward the anode. This cre-
ates a stress gradient which leads to stress migration partly
reversing the effect of EM [27].
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Figure 4: Thermal migration arises from temperature gradi-
ents. Atoms move from hot toward cold locations in a wire.
Also in this case, the effect of TM is partly reversed by stress
migration [27].

that locally impact the wire temperature. This model describes the
temperature T along a straight wire with the length L and T; = T
as the temperatures at the wire’s ends as

T(x) = [T — (T + Tm)] [cosh (f) sech (i) +(To+Tm) (2
r 2r
with T = (T, + Tj) /2, the temperature of the surroundings To, the
maximum temperature rise T, = pj2I'?/kcy, and the thermal
length I' = +/tcutiipkcu/kip- Terms tcy and tp stand for the
thickness and kcy and kpp for the thermal conductivity of the
metal layer and the interlayer dielectric, respectively. The model is
based on the equation for Joule heating in metal interconnects that
describes the heat produced by a current flow:

bt = j°p ®)

where ¢y, is the thermal power density.

2.3 Migration Robustness Assessment of DC

Networks

The focus of migration robustness verification is on EM in DC
networks (mainly PDNs) that carry high currents and do not benefit
from changing current direction (cf. Sec. 2.4). PDNs usually consist
of large interconnect trees that are composed of a high number of
branches. This makes accurate and time-efficient stress calculation
difficult. Approaches to solve this issue are, for example, the use of
equivalent RC-networks [24], voltage-based EM assessment (VBEM
method) [29, 30] and machine-learning-based methods [15, 16].
There are also a few works investigating the influence of time-
varying current density and self-healing in DC networks [12, 30].
Recent studies [2, 7, 17] have already proposed combined EM
and TM assessment of DC networks. They observed that the impact
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of TM cannot be neglected any longer as it can be in the same order
of magnitude like EM.

2.4 Migration Susceptibility of AC Lines

AC lines (such as signal and clock nets) are stressed with changing
current directions as the parasitic capacitances of the transistors and
interconnects have to be charged and discharged when switching
the state of the gate (Fig. 5) [3]. Due to the changing current direc-
tion, the EM-induced atom dislocation is partly reversed. Hence,
EM in AC lines is characterized by the so-called effect of self-healing.

For perfectly symmetric switching profiles one would expect
complete self-healing. However, self-healing is imperfect due to
multiple factors such as leakage currents, dissimilar capacitances
of PMOS and NMOS transistors and grain boundary effects. This
imperfection is captured by the self-healing factor r [31] which is a
widely recognized simplification to model the complex mechanisms
of self-healing (that are only partly understood to this day) [19, 31].
The self-healing factor r usually ranges from 0.7 to 0.9 [19, 31].

Migration-induced AC interconnect failures could be prevented
by self-healing in the past. Yet, this is not true anymore [9-11, 25]
because migration robustness constraints are tightening due to
miniaturization. Nevertheless, as migration robustness verification
for AC lines has been widely neglected, models to simulate migra-
tion processes in these nets have remained rudimentary.

There are only a few experimental studies on EM in AC lines,
such as [22, 23, 32, 33], that have attempted to quantify the effect
of self-healing. However, to our best knowledge, there are no pub-
lished results on AC migration in leading-edge technology nodes
which are characterized by both high current densities and low
migration robustness boundaries.

It should also be noted that self-healing does not apply to TM-
induced atom dislocation. Joule heating and temperature gradients
are independent of the current direction. Hence, the growing sig-
nificance of TM not only affects DC lines but also (and even worse)
AC interconnects.

3 NOVEL MIGRATION MODELING IN AC
LINES

3.1 FEM Models for Combined EM, TM, and SM
Analysis of AC Lines

We have developed new FEM models (available at [26]) that can be
applied to simulate EM, TM, and SM in AC interconnect lines. They
are based on the models described in [2, 4, 7], using the Ansys®
Parametric Design Language (APDL). While we will subsequently
focus on the simple case of straight interconnect lines, note that
our models can also be applied to more complex interconnect trees,
as shown in Fig. 6.

Self-healing should be considered for EM in AC lines, as de-
scribed in Sec. 2.4. In FEM simulations, it can be modeled by reduc-
ing the current density j by the factor (1 — r). However, for TM
simulation, Joule heating which is also dependent of j has to be

!To be more specific, wire geometry, boundary conditions, loads and material para-
meters can easily be edited in the APDL scripts publicly provided in [26] which then
allows to simulate any interconnect structure.
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(a) Charging

(b) Discharging

Output
(Inverter)

Figure 5: Illustration of the changing current direction in AC
lines. A metal line connecting an inverter output to another
gate (capacitance Cj,) can be modeled as a first-order low
pass (R, Cp). The schematics (a) and (b) show the direction
of the leakage currents i and the switching currents is for
the two inverter states. The self-healing effect observed in
AC nets can be attributed to these alternating currents. [3]

modeled as well. Consequently, the self-healing effect needs to be
considered differently.

In our model, we resolve this issue by including the self-healing
factor r in the effective charge number Z. This material parameter
only appears in the EM diffusion equation and does not affect TM
or SM. Thus, Zac can be calculated as Zac = (1—7r) - Z.

To model TM, knowing the temperature profile along the wire
is crucial. Thermal modeling is challenging for single interconnect
trees because of the (unknown) impact of the surroundings. How-
ever, we can assume that high temperature gradients within an
interconnect are mainly caused by Joule heating and that the tem-
perature of the interconnect’s surroundings is fairly constant (com-
pared to the temperature differences due to Joule heating) [8]. For
heat dissipation, we chose a simplistic approach to model heat flux
along the wire and toward the surrounding dielectric by applying a
constant temperature to the wire ends and the surroundings (Fig. 7,
top). Heat dissipation from the wire to the dielectric is modeled by
convection [7] with:

_ ki
qup = —— (T(x) - To). 4
LD
Consequently, our results show a symmetric temperature profile
along the wire and correspond to the temperature model described
in Sec. 2.2. If the wire is long, the temperature will remain relatively

110

Susann Rothe and Jens Lienig

(a) Traditional EM-SM simulation

Max. Stress: 70.2 MPa
Min. Stress: -127.0 MPa

(b) Combined EM, TM, and SM simulation

Max. Stress: 48.3 MPa
Min. Stress: -149.5 MPa

Figure 6: FEM results for (a) traditional EM and SM simulation
and (b) combined EM, TM, and SM simulation for a more
complex interconnect geometry, publicly available in [26].
Setting Z=5 and Q=0.5 eV, the stress maximum is located at
the cathode both for EM-SM and combined EM, TM, and
SM consideration. When Q is increased (or Z decreased), the
location of the stress maximum shifts toward the middle of
the interconnect due to stronger TM effect.

L
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Temperature T;
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Ground
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Figure 7: FEM loads and constraints for combined EM, TM,
and SM simulation in a straight interconnect line and the
typical temperature profile caused by Joule heating.

constant in the middle of the wire while dropping off at the wire
ends (Fig. 7, bottom).

Joule heating, and thus the resulting TM, can be disabled in the
FEM models. Hence, they can be used to compare the standard EM
and SM simulation at a constant temperature with the combined
EM, TM and SM consideration presented in this paper. Moreover,
they include the option to incorporate the temperature dependency
of the specific resistivity into the calculation (cf. Sec. 3.3). Both
options are given as examples in [26].
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3.2 Analytical Description of
Migration-Induced Stress in AC Lines

The steady-state stress distribution caused by EM, TM, and SM in
AC lines can be calculated with our novel analytical models.

We assume the simple case from Fig. 7. That is, a straight wire
from x; = —L/2 to xj = +L/2: with width w equal to height h; a
constant current density j; and with the wire ends and surroundings
at the same temperature T; = Tj = To. The temperature along this
wire can be calculated using (2).

The stress distribution along a wire [7] is described by
eZacp . Q

Q Q
and the stress difference between two points on the wire is repre-
sented by

o(x) = In(T(x)) + 0o (5)

LAPT 1y + 2 (G -] @

We have already included self-healing here. The sum of two stress
values was derived in [7] and can be obtained by

o(x1) —o(xz) =

2 Ty + T;
o(x1) + o(x2) :—E% ln( i)/T_Tm)LIZ
112

LT+ 2T+ T h(@) -

(To + Tim) 2r

The derivation of (7) includes the integral over (2) given in [1] which
was only solved for the special case of Ty >> T;, and L >> TI'. Thus,
our analytical solution for the calculation of stress values is limited
to this assumption.

In contrast to EM, for TM consideration it is not sufficient to
know the stress at the wire terminals and junctions for migration-
robustness assessment. This is because the maximum stress can be
located elsewhere in the wire rather than at the cathode. Conse-
quently, we need to calculate its location x5 and stress value o (x;).

The formula for x5 given in [1] relies on the same assumptions as
the temperature integral mentioned above and, thus, lacks precision.
Neither does it provide valid solutions in some cases due to the
self-healing effect in AC lines and, thus, a stronger TM effect.

We found the exact equation for the location of the stress maxi-
mum (which can be solved also for all cases, including those with
high TM impact) by setting the derivation of the steady-state stress
profile (5) along a wire to zero (8) and solving for xs:

eZacp . Q

"(xs) = + T/ (x5) = 0 8
o (XS) 0 J QT(XS) (xS) ( )
ar (f+1) |far(f+1) ’
T T r+cC
Xg = I- ln + - (9)
T—C r-c r-c
_ L - __9Q
where A = cosh (57 ) and C = EANTIR

To calculate the stress o(xs) we adapt the voltage-based stress
analysis proposed in [2] by considering self-healing on the one
hand, and introducing a new point for the calculation at x5 on the
other. The fundamental equation for the voltage-based approach is
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derived from (6) by replacing pjLi2 with AV:

Zace
Q

(V(X1)—V(XZ))+% [In(T (x2)) = In(T (x1))] -
(10)

o(xz2)—a(x1) =

Consequently, we can calculate o(x;s) as

Zace
Q

(V(X1)—V(xs))+% [In(T (xs)) = In(T (x1))] +0(x1)
(11)

o(xs) =

where o(x1) can be determined using (6) and (7).

Our FEM models agree with the analytical solution given in this
section under the conditions stated above: Ty >> T, and L >> T.
Our calculation of xg corresponds with the FEM results also for
shorter wires and high Tpy, (cf. Sec. 4).

3.3 Considering Temperature-Dependent
Resistivity and Short Wires

As already mentioned in Sec. 3.2, analytical solutions are only
known for simplistic cases and under certain conditions. We can
capture more realistic migration profiles in FEM models, however.
Specifically, we improved our models by considering temperature-
dependent resistivity p. Moreover, our FEM models do not rely on
approximations that are only valid for long wires with a small tem-
perature rise. We can also model cases for which the assumptions
made in Sec. 3.2 are not valid.
The temperature dependency of p is usually approximated by

p(To + AT) = po(1+ aAT) (12)

where « is the linear temperature coefficient and py is the specific
resistivity at T = Tp. Consequently, the specific resistivity along a
wire varies with temperature and is a function of x. This also im-
pacts the temperature along the wire itself as Joule heating depends
on p. As a result, our FEM simulations show higher temperature
differences along the wire and, thus, enhanced EM and TM which
leads to more severe stress differences.

We also expand the equation for the temperature profile along
the wire (2) by considering p(T, x) in order to verify our FEM results.
The equation for the temperature profile can be written as

T(x) = Ty + AT(x) (13)

where

AT(x) =Ty [1 — cosh ( ) sech (i)] . (14)

x
r 2r

We expand the expression for temperature Ty, which is a function

of p, to consider the location along the wire:

p()j*I% _ po(1+aAT(x))j I
T = - =
kcu kcu
We then get

mo(1+aAT(x)). (15)
AT(x) = Tmo (1 + aAT(x)) [1 — cosh (%) sech (%)] . (16)

Solving for AT(x) yields the final solution for the temperature
profile:

0 Ty Timo [1 — cosh (15-) sech (ZL)]
h

I
1—aTmo [1 — cosh (¥) sech (L)]
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This temperature profile is in excellent agreement with our FEM
models that consider temperature-dependent p.

4 SIMULATION RESULTS

4.1 Growing Impact of TM and
Temperature-Dependent Resistivity

Recent studies [2, 7] have indicated that TM significantly impacts
migration robustness. Investigating this further, we have so far
shown that the migration-robustness assessment of AC intercon-
nects is even more affected by TM consideration as EM is reduced
by self-healing. Figure 8 depicts the simulation results for a single
30 um line - indicating clearly the differences between the EM-
induced stress profile and the combined EM and TM simulation.
It becomes obvious that TM can mitigate the danger of migration-
induced wire degradation by decreasing the maximum occurring
tensile stress. Thereby, the risk of voiding is reduced. Hence, EM
verification without considering TM can be pessimistic and may
result in overdesign. On the other hand, the compressive stress is
increased and should be considered. However, it is not as critical
as tensile stress because voiding is the most common EM failure
mechanism.

In Fig. 8 we also see that the location of the stress maximum
is shifted toward the middle of the wire. Consequently, migration
verification cannot just be based on the stress occurring at the
wire’s ends as the risk of voiding could be underestimated based
on the stress at the cathode. Hence, we need methods to calculate
the stress profile along the wire or to directly derive the location of
the stress maximum, as described in Sec. 3.2.

The influence of TM is especially significant for AC lines as in
these nets EM is reduced by self-healing. Consequently, the shifted
stress maximum is likely to be observed in AC lines, not DC nets.
Therefore, more precise stress modeling is required for AC lines,
while monitoring the tensile stress at the cathode is often all that is
required for DC lines.

Furthermore, the dotted lines in Fig. 8 represent the stress pro-
files obtained by FEM simulation when temperature-dependent
resistivity is considered. The relative error caused by ignoring p(T)
depends on the material parameters, wire geometry and current
load. However, we have found that if p(T) is not considered the
hydrostatic stress is always underestimated and there is a need for
safety margins in the design flow.

4.2 Impact of Material Properties on EM and TM

The quantitative effect of TM on overall migration robustness de-
pends to a large extent on the material parameters (such as specific
resistivity p, heat of transport Q, effective charge number Z, and
thermal conductivity k), wire geometry and current load. Especially
the material parameters are hard to measure and differ in every
technology. Consequently, a wide range of values can be found in
literature. This is particularly true for the effective charge number
Z and the heat of transport Q in the calculations for the steady-
state stress profile (5). Hence, we conducted FEM simulations on
the 30 um line cited earlier and varied these two parameters across
their respective permissible ranges. We considered both EM and
TM in the first run and neglected TM in the second run by applying
a constant temperature to the entire wire.

112

Susann Rothe and Jens Lienig

— 0.5
©
=
@
2 oo
%]
©
=
©
g -0.5
©
>
=
-1.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
x-position [m] le-5

Figure 8: Comparison of the stress profile for EM (red lines)
and combined EM-TM simulation (yellow lines) in a straight
interconnect line with L=30 pm, w=h=0.1pm, j=10 MA/cm?,
Z=5,r=0.9 and Q=0.5 eV. The dotted lines show the impact of
temperature-dependent resistivity.

The results are shown in Fig. 9. First, we compared the maximum
occurring stress in both cases. We can conclude that the relative
stress reduction caused by TM grows as Q increases (i. e., stronger
TM) and Z decreases (i. e., weaker EM). The maximum value for the
stress reduction in our simulations was 26.7 %. On the other hand,
the minimum occurring stress can be more than 2.6X greater than
we would expect it to be when only EM is considered. Even though
compressive stress is considered less critical, this phenomenon
should be investigated in order to prevent failures due to hillocks.

Consequently, technologies should be carefully characterized to
obtain the material parameters relevant for migration robustness as-
sessment. They are the prerequisites for precise chip modeling and
migration verification. Please note, that Z and Q are only two of the
parameters with a bearing on the steady-state stress profile. Other
material properties, such as the specific resistivity, are also highly
relevant — especially, as they vary with shrinking technology sizes.
The specific resistivity, for example, increases in small technologies
and thus affects EM and Joule heating (and, thus, TM) [1].

Unfortunately, information on these material properties is sparse
in today’s process design kits (PDKs). Our models are a foundation
for technology characterization based on germane parameters that
directly impact the steady-state stress distribution and, thus, migra-
tion robustness. Knowledge of these parameters is in our opinion
crucial for future migration-robust IC design.

Our FEM models, including all material parameters used for
simulations, are available online [26].

4.3 Stress Results for Short Wires

Finally, we compare our analytical model presented in Sec. 3.2 with
the FEM simulations described in Sec. 3.1. Specifically, our goal is
to estimate the error introduced by the assumptions made in [1]
considering wire length. We found, that the results are in excellent
agreement as long as Ty >> Ty and L >> I". We improve the model
from [1] by deriving the exact equation for the location of the stress
maximum. Thus, we can precisely locate the point where the risk
of voiding is greatest and calculate the stress. However, the shorter
the wire length, the greater the calculation error than in the FEM
simulation. Our model still accurately locates the maximum stress
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Figure 9: Stress extrema caused by combined EM and TM sim-
ulation normalized to the values that are found for EM simu-
lation without considering TM for Z=[1,10] and Q=[0.1,0.9] eV
(these are typical parameter ranges reported in literature).
We simulated the same wire as in Fig. 8. It is obvious that
knowing Z and Q is essential to perform migration robust-
ness verification in a given technology.

for shorter wires but underestimates tensile and overestimates
compressive stress.

To illustrate this error, we plotted the stress profiles obtained by
FEM simulation and the stress points calculated with the analytical
method in Fig. 10. The green line (L=30 pm) represents the setup we
used in Figs. 8 and 9. In this case, analytical and FEM solutions show
excellent agreement. When the wire length is reduced, however,
errors occur as in the simulations with L=10 pm and L=5 pm.

It is worth noting that the tensile stress error is even greater
when using the FEM models with temperature-dependent resistivity
and the danger of underestimating the risk of voiding is exacerbated
(cf. Sec. 4.1).

Our results show that the available analytical models have
reached their limitations for the simple case of straight wires.
The stress profile in more complex (and thus, realistic) interconnect
structures can only be estimated by analytical methods or by labori-
ous simulation with FEM. This is especially true for AC lines where
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Figure 10: Comparison of our FEM results (solid lines, for con-
stant specific resistivity) and the stress values calculated with
the analytical model presented in Sec. 3.2 (marked with X)
for wires with L=30 pm (green, upper diagram), 10 pm (yellow,
lower diagram), and 5 pm (red, lower diagram). Our results
show that the analytical solution underestimates the (posi-
tive) tensile stress and overestimates the (negative) compres-
sive stress in shorter wires.

TM plays are greater role in the migration robustness assessment
of these lines due to self-healing.

5 SUMMARY AND CONCLUSION

This work aims to close the gap in combined EM, TM, and SM
simulation in AC lines. To this end, we introduce new models and
utilize them, among other things, to characterize TM in AC lines (a
factor that has been ignored up to now). We also revisit available
models for combined EM, TM, and SM calculations and improve
their precision. It should thus be possible to apply these models in
the assessment of AC migration robustness — a measure that has
been neglected so far but is fast becoming a hot topic in advanced
technology nodes.

More specifically, we propose a novel methodology for combined
EM, TM, and SM simulation in AC interconnects using FEM. Our
models consider self-healing by integrating the self-healing factor
into the diffusion equation for EM. Moreover, we supplement ex-
isting models for DC lines by taking into account the temperature
dependency of the specific resistivity. Thus, our FEM models (pub-
licly available [26]) can precisely calculate the temperature profile
along a wire and the stress arising from TM.

In addition, we adapt existing analytical models for AC migration
and improve their precision: We transfer the method for considering
self-healing in the EM diffusion equation to the analytical solutions
introduced in recent works. Furthermore, the equation for the exact
location of the stress maximum on a straight wire is derived in this
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paper. The equation for the temperature profile along the wire is
also enhanced by considering temperature-dependent resistivity.

We can conclude from our results that TM indeed has significant
impact on migration robustness - especially in AC lines where the
EM effect is moderated by self-healing. Here, TM can potentially
diminish the risk of voiding by reducing the tensile stress in a wire.
However, it increases the compressive stress and, thus, the danger
of hillock formation. What is more, AC lines cannot be assessed
for their migration robustness with traditional models only, as they
are unable to find the location of the stress maximum.

Sound knowledge about material parameters is mandatory for
meticulous migration modeling. The steady-state stress profile is
especially dependent on the specific resistivity, the effective charge
number and the heat of transport — all of which must be determined
for every technology. The temperature profile along the intercon-
nect needs to be known for considering TM. However, calculating
such a temperature profile remains a key challenge that has to be
solved for more complex (and thus, realistic) interconnect structures
and when taking the environment into consideration.

Finally, we note that our publicly available models [26] can be
used for technology characterization. Subsequently, the obtained
material parameters can be fed back into the models in order to use
them for the verification of migration robustness of IC layouts.
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