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A B S T R A C T

Electromigration assessment and optimization of nano-interconnects is a complex task which ultimately demands an application of both experimental and modeling
methods. The goal of this work is to introduce and discuss a modeling concept that is not unnecessarily complex and that can be optimally combined with
experimental studies in order to assess the relative impact of diﬀerent factors on interconnect reliability. The presented model and related modeling methodology are
applied to a set of electromigration tests.

1. Introduction
Over the past decades, the electromigration (EM) reliability of onchip Cu wiring in the back end of the line (BEOL) has been a longstanding concern for the development of devices with high density and
performance. The multitude of impact factors determining the development of EM failure and interconnect lifetime [1] demands a close
exchange between experimental and modeling methods. From the very
beginning of EM investigation, diﬀerent types of modeling approaches
have been utilized to describe and understand the degradation phenomena and to predict lifetime of interconnect structures aﬀected by
EM. As interconnect technology moves to the nano-scale, changes in the
basic technology produce a need for updated EM models. There are
three principal challenges in the modeling of nano-scaled interconnects.
The ﬁrst challenge involves the layout of the studied interconnect
structure. In order to reproduce realistic mechanical conditions, all
materials in the layout and their corresponding properties need to be
included in the overall modeling framework. Only with this comprehensive approach the mechanical eﬀect of low-k materials can be
considered.
The second challenge is the physics of grain boundaries (GBs) and
interfaces that can be modeled with diﬀerent levels of complexity, either by applying dedicated local sub-models or by using cumulative and
average values. Interconnect scaling has led to signiﬁcant changes in
the microstructure of the Cu line where the polycrystalline sections
increasingly dominate large portions of the interconnect length [2,3].
As the thickness of interconnects decreases, the importance of EM-induced mass transport along GBs and interfaces increases.
The third challenge is the modeling of void growth, which leads to
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an increase in interconnect resistance and to its ﬁnal failure, at the
necessary level of accuracy. In down-scaled interconnect, smaller voids
are necessary in order to produce the fatal failure and the dynamics of
void growth strongly depends on the local microstructural features.
The goal of the work presented in this paper is to meet the above
mentioned challenges by a comprehensive modeling methodology
(Section 2) and to apply it for a comparative study of the failure behavior of a speciﬁc interconnect layout.
Particular emphasis has been put on the investigation of the causes
of bi-modal character of the failure (Section 3). Attained insights have
been used to draft a modeling methodology which is applied for predictive simulations (Section 4).
2. Models used for simulation
The development of EM failure goes through two distinctive phases:
void nucleation phase and void evolution phase. According to the usual
modeling approach, the lifetime of an interconnect structure, tf, consists
of a void nucleation, tN, and void evolution time, tE, corresponding to
two failure development phases,

t f = tN + tE .

(1)

Each of these two phases demands its own modeling approach, that
is why we are talking about void nucleation and void evolution model.
2.1. Vacancy migration
In the pioneering work by Sarychev, Zithnikov et al. [4], the general
framework for EM degradation modeling of metallic interconnects in
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2.2. Mechanics

microscaled regions is provided. Since then, the original model has
been extended and reﬁned to include treatment of various microstructural properties of metal and interfaces, such as crystal anisotropy,
stress-dependent diﬀusivities, etc. [5].
The central governing equations of EM models are the vacancy ﬂux
(2) and vacancy balance Eq. (3):

Both the void nucleation, as well as the void evolution model, are
solved simultaneously with the equations of mechanical model [5]:

∂εijv
∂t

→
→
C
C
* e| ρj + v f Ω∇p − ∇Cv ⎞,
Jv = Deff ⎛ v |Zeff
kT
⎝ kT
⎠

→
1 ⎡
Ω ((1 − f ) ∇ · Jv + fGeff (Cv )] δij.
3 ⎢
⎣

=

(6)

∇ ·σ = 0, σ = E (ε − ε v − ε th) + σ0.

(2)

(7)

Here E is the fourth-order elasticity tensor. ε is the volumetric
strain component which rises due to EM and εth represents an impact of
thermal loads.
From the stress tensor, σ, the normal stresses at all interfaces and
GBs can be obtained. The void nucleation phase ends when one of these
normal stresses surmounts the local critical stress-threshold.
v

→
∂Cv
= −∇ · Jv + Geff (Cv ),
∂t

(3)

where Cv is the vacancy concentration, p is the hydrostatic stress, ρ is
→
the interconnect resistivity, j is the current density, Ω is the atomic
volume, and f is the atom-vacancy relaxation factor. Geﬀ is the Rosenberg-Ohring recombination term and Zeﬀ* is the eﬀective valence which
are discussed in detail in Section 2.5. One of the most important differences between the vacancy ﬂux deﬁned in (2) and the ﬂux in the
original Sarychev, Zithnikov et al. [4] paper is the diﬀusivity tensor,
Deﬀ, which describes an anisotropy of vacancy transport caused by the
crystal deformation [5].
→
The dynamics of vacancy ﬂux, Jv , plays a crucial role in the devel→
opment of EM failure. When for Jv = 0 , the stress equilibrium state is
achieved (cf. Fig. 1), for a back-ﬂow stress which is lower than the
critical stress-threshold needed for void nucleation, the interconnect is
virtually “immortal” (arbitrarily long-lived). This situation corresponds
to Blech's eﬀect in 1D and it is its actual generalization. Blech's con→
dition directly follows from the zero-ﬂux condition ( Jv = 0 ) if we assume that the pressure and vacancy concentration are in a local equilibrium [6],

Ωp
⎞,
Cv = Cv0 exp ⎛Wf −
kT ⎠
⎝

2.3. Void nucleation
The conditions for void nucleation are established either due to
geometrical or microstructural features of interconnect metal and
layout. A particular geometrical feature can cause an interruption of a
vacancy ﬂux and local accumulation of vacancy concentration which
leads to the local increase of tensile mechanical stress. After a certain
stress-threshold is attained an initial void is nucleated [7]. A microstructural feature like grain boundary can also lead to the local disturbance of mass transport and subsequent rise of tensile stress at the
so-called triple-points (intersection of GB with interface). After an initial void is formed, the previously built stress relaxes. The volume of
the initial void is determined as:

V0 = −

Ω(1 + f )Δσxeq
Ω(1 + f )|σx (l) − σx (0)|
=
,
* e|
* e|
ρ |Zeff
ρ |Zeff

∫ p (x, y, z ) dx dy dz.
V

(8)

Here p(x, y, z) is the pressure distribution inside the interconnect at
the moment when the critical stress is reached and B the eﬀective
modulus [7]. In order to simplify the model's implementation, it is assumed that a cylindrical void with is formed around the triple-point and
spans the entire interconnect width, w. This assumption allows for the
calculation of the initial void radius, r0:

(4)

where Wf is the interaction energy between the vacancy and the stress
ﬁeld and Cv0 is the vacancy concentration in the absence of any stress
→
eﬀects. Inserting (4) into (2) for Jv = 0 we obtain for a 1D linear interconnect of the length l,

jx l =

1
B

r0 =

(5)

where p = − σx and σx(l) and σx(0) are stresses at the both ends of the
linear interconnect.
When the zero-ﬂux condition is attained for a certain back-stress
which is higher than the critical-stress needed for void nucleation, a
void embryo is formed.

2V0
.
πw

(9)

2.4. Void evolution
In order to estimate a duration of the second phase of failure development, it is necessary to model the void growth velocity vn. The
normal velocity, vn, of the void surface is calculated according to [5].

→
→
vn = Ω( Jv ·→
n − ∇ · Js ).

(10)

From (10) it can be seen that the void surface evolves due to the
→
n , and the divergence of
vacancy transport in the normal direction, Jv ·→
→
→
the surface vacancy ﬂux, ∇ · Js . The surface vacancy ﬂux itself, Js , rises
→
due to the tangential component of the current density, jt , and the
surface gradient of the chemical potential μs

→
→
Dδ
Js = − s s (|Zs*e| ρjt + ∇s μs ),
kT Ω

(11)

where Ds is the surface diﬀusivity and δs is the thickness of the diﬀusion
layer. The surface chemical potential, μs, is given as

μs = Ω(Ws − γs κ ),

(12)

where γs is the surface energy, κ is the local curvature of the surface and
Ws = (σ : ε)/2 is the local elastic strain density. By further assuming that
the void not only begins as a half-cylinder but that it also remains in this
shape throughout its growth, the calculations (10), (11), and (12), can

Fig. 1. Stress dynamics in dependence of zero-ﬂux condition.
2
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be signiﬁcantly simpliﬁed (e.g. ∇sκ = 0) and the relationship vn = vn(r)
established. The void evolution time, tE, is obtained by integration:

tE =

∫r

rc

0

dr
.
vnmax (r )

(13)

For the integral evaluation, the worst case scenario is assumed, i.e.,
the whole void surface moves with a maximum velocity vnmax calculated on its surface. Here, the critical void radius, rc, is the solution of
the equation

Fig. 2. Test structure consists of M1 and M2 metallization and the via. [13].

(14)

Rfailure = Rtotal (rc ).

determined only by means of molecular dynamics. For the purpose of
this study they are set in such a way that the condition for void nucleation at the triple-point is fulﬁlled.
From (19) and (20) the original Rosenberg-Ohring term can be
derived [12]:

2.5. Eﬀective values
The crucial parameter for an estimation of the eﬀective values for
diﬀusivities, eﬀective valences, and recombination times for interconnect metal containing a network of GBs embedded in diﬀerent types
of interface layers is the volume fraction, ϵ, of GBs in the metal body.
This parameter can be estimated by Smith's theory [8], from SEM/TEM
pictures or by means of microstructural simulation [9].
The volume fraction dependent eﬀective values of the RosenbergOhring term, Geﬀ, the eﬀective valence, Zeﬀ*, and the eﬀective diﬀusivity, Deﬀ, are given by the following terms, respectively:

1−ϵ
ϵ ⎞
Geff (Cv ) = −(Cv0 − Cv ) ⎜⎛
+
⎟,
τgb ⎠
⎝ τbulk

(15)

* = Zbulk
* (1 − ϵ) + Zgb
* ϵ,
Zeff

(16)

δI‐cap
2
1
Deff = D bulk + D lin ⎛ + ⎞ δI − lin + Dcap
+ ϵDgb ,
h
h⎠
⎝w

(17)

K
.
ρ (T )

1 ⎛ eq
2ωR
im ⎛
⎞⎞
⎟⎟
⎜Cv − Cv ⎜1 −
τgb ⎝
ω
(
C
T
v
,1 + Cv,2 ) ⎠ ⎠
⎝

(21)

τgb =

δ
ωT (Cv, a + Cv,2 )

(22)

By choosing ωT(Cv, 1 + Cv, 2) ≫ 2ωR expression (21) reduces to the
Rosenberg-Ohring term.
Besides the described model, also a function of GB as a fast diﬀusivity path needs to be considered. This is done by setting Dgb into the
geometrical plane separating two grains. Fluxes (19) and (20) regulate
vacancy transport through this plane.
3. Experimental and simulative settings
The test structure shown in Fig. 2 consists of 170 μm long and 23 nm
wide Cu M2-line connected to 80 nm wide M1-feeder line [13]. The
microstructures of the Cu lines were examined by the transmission
electron micrographs. Bamboo-like, near-bamboo, and polycrystalline
structures were found in the M2 line. The samples were tested in a
vacuum furnace at temperatures ranging from 230∘C, 280∘C, and 330∘C
with a current density of 1.68MA/cm2 through the via. Once the line
resistance change ΔR/R becomes equal to or greater than 20% the test
for that line was terminated.

where h is the interconnect thickness and w is the interconnect width.
Each of the transport paths is characterized by its diﬀusivity and its
thickness: bulk (Dbulk, h), capping layer (Dcap, δI−cap), and liner (Dlin,
δI−lin). The GBs are characterized by their diﬀusion coeﬃcient and the
GB volume fraction, ϵ: (Dgb, ϵ).
τbulk and τgb (τbulk ≪ τgb) are vacancy recombination times in the
bulk and GBs respectively.
The bulk eﬀective valence, Zbulk*, and resistivity, ρ, are related on
the fundamental level since both of these parameters characterize different aspects of electron scattering in a current carrying metal,

* (T ) = Zd + Z w (T ) = Zd +
Zbulk

Ggb =

3.1. Analysis of experimental results
(18)

The most striking feature of the experimental results in the focus is
the bi-modality of the failure (see Fig. 3). TD-SEM pictures clearly show
(see [13] for more details) that the early failure occurs due to the void
nucleation in the via at the end of the line (Mode I) and late failure
(Mode II) due to the void in the line (M2) itself. Regarding microstructure, study of TD-SEM pictures reveals a very uneven distribution

Here Zd is the direct valence which is assumed to be equal to the
bare valence of Cu. K is the proportionality factor which has been ﬁtted
for Zbulk for the thick interconnect at the room temperature.
Diﬀerent advanced models can be used for the modeling of interconnect resistivity [10]. In reference to [11], for the value of the effective valence in GBs, an estimate Zgb* ≈ 0.8 Zbulk*, is used.
2.6. Grain boundary model
In order to capture mechanism of void nucleation at a triple-point,
more detailed modeling than provided by expressions (15), (16), and
(17) is necessary. The corresponding model was derived in [12]:

Jv,1 = ωT (Cveq − Cvim ) Cv,1 − ωR Cvim,

(19)

− Jv,2 = ωT (Cveq − Cvim ) Cv,2 − ωR Cvim.

(20)

The model describes trapping and release of vacancies inside a grain
boundary with the rates ωT and ωR, respectively. The trapped vacancies,
from both sides of the grain boundary become immobile vacancies with
corresponding concentration Cvim. The relationship between the GB
model (deﬁned by (19) and (20)) and the Rosenberg-Ohring term (15)
is discussed in [5]. The parameters ωT and ωR can ultimately be

Fig. 3. Time-resistance curves for 230 °C [13]. The tested samples show bimodal behavior.
3
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Table 1
Mechanical properties [7].
Layer
Cu bulk
Co liner
TaN liner
SiCN capping
ULK (2.5)

Fig. 4. TD-SEM picture of interconnect's microstructure [14].

Young modulus (GPa)

Poisson coeﬀ.

117
207
186
100
9

0.30
0.31
0.36
0.24
0.20

failure's mode is the grain size of the large grain in the M2 line. In other
words a certain grain size can lead to the faster rise of stress at the
nearby triple-point than at the via's bottom. Modeling of vacancy ﬂux
and mechanical stress in each single grain and at the GBs is possible but
it would be a time-consuming venture, particularly if, for the sake of
accuracy, we need to include in the simulation as large portions of interconnect's layout as possible. To reconcile these demands, and with
regard to the two tasks deﬁned above, we choose to describe the portions with ﬁner grains by utilizing the eﬀective values (Section 2.5) and
to simulate GBs of the larger grains with a detailed model (Section 2.6).
The basic layout used for the simulation is presented in Fig. 6. Mechanical parameters and diﬀusion coeﬃcients used for simulation are
given in Tables 1 and 2.
Pre-exponentials for SiCN, Cu GBs, and Cu surface are not found in
the literature. In the reference to the Cu bulk value they are set to
10−5 m2/s. Mass transport along Co liner has been neglected.
4. Comparative studies

Fig. 5. TD-SEM picture of the microstructure in the via [14].

In order to estimate interconnect lifetime (tF), both void nucleation
(tN), as well as the void evolution time (tE), need to be estimated as
accurately as possible. In its simplest form, an estimation of tN demands
that Eqs. (2), (3), (6), and (7) be solved simultaneously. The same group
of equations needs to be solved for the interconnect containing a void in
order to determine the function vn(r) and subsequently to estimate tE by
the integral (13). COMSOL Multiphysics [18] was used for the simulations.
The capping layer (SiCN) and liner (Co/TaN) are implemented using
COMSOL-shell model, the whole structure is embedded in a box of dielectric. All dimensions, materials, and material properties are set in
accordance to the experimental conﬁguration (Section 3.1 and Figs. 6
and 7).

of grain sizes. Polycrystalline regions are interrupted by a single, larger
grain (c.f. Fig. 4).
If we take a closer look on the position of the nucleated voids, we
frequently ﬁnd that voids are nucleated inside a larger grain. However,
most failures are observed in the via itself (Mode I). Via clearly represents an obstacle to the mass transport and, with or without any
microstructure, it is prone for development of fatal void. Typically, vias
are ﬁlled with 2–3 larger grains (c.f. Fig. 5). The detailed structure of
the layer including Cu line, cap and barrier layer is presented in Fig. 6.

3.2. Choosing a model for simulation
4.1. Failure bi-modality

On the basis of analysis of experimental results from the previous
section we deﬁne two tasks for modeling and simulation:

According to our working assumptions, during the simulation, the
stress component normal to the via bottom (Mode I) and the normal
stress component normal to the Cu/capping interface at the triple-point
connected to a large grain in the line (Mode II) were monitored. In
Fig. 7 an example of the structure used for simulations is presented.
Both Grain 1 and Grain 2 domains are meshed with a ﬁner mesh in
order to obtain accurate values of the stresses at the via bottom and at
the triple-point. In order to determine a possible cause for the failure bimodality we gradually change the volume of the Grain 2 and at the
same time monitor how the peak stress changes at the triple-point belonging to the Grain 2. For the smaller Grain 2 volumes, stress reached

1. Explanation of the failure's bi-modal feature.
2. Prediction of lifetimes at 280 °C and 330 °C using the model calibrated at 230 °C.
The working hypothesis is that peak stresses are reached at the
bottom of the via and at some triple-point connected to a larger grain in
the M2 line. As a possible, decisive, impact factor determining the

Table 2
Diﬀusion coeﬃcients.
Layer
Cu bulk
SiCN
Cu GBs
Cu surface

Fig. 6. Structure used for simulations. Cylindrical void nucleation is assumed at
the triple-point for Mode II failure.
4

Pre-exponential (m2/s)

Act. energy (eV)

7.8 × 10−5 [15]
NA
NA
NA

2.2 [15]
0.9 [7]
0.8 [16]
0.7 [17]
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Fig. 7. Grain 1 at the bottom of the via and Grain 2 inside the M2 line. The
embryo of cylindrical void with radius r0 (see (9)) is placed at the triple-point
where stress-threshold is reached.
Fig. 8. Stress-time dynamics for Mode I and Mode II failure sites. The stressthreshold is reached at the triple-point belonging to the large grain in the M2
line that corresponds to the Mode II failure.

at the bottom of the via and inside the Grain 1 is not only higher but it
also grows faster. The situation changes when the volume of the Grain 2
reaches a certain threshold size in which case we observe a higher stress
dynamics at the triple-point belonging to the Grain 2. These simulation
results support the original assumption that the bi-modality of EM
failure rises due to this speciﬁc feature of the microstructure. In the
considered cases (cf. Fig. 7), due to the current direction, geometry
alone cannot be the cause of the Mode II failure. The size of the large
grain, lying directly in the M2 line, reveals itself as the main cause.

At this temperature, due to thermomechanics, the initial stress in the
interconnect line is compressive.
With the model calibrated at 230 °C the interconnect lifetimes at
temperatures 280 °C and 330 °C are estimated by simulations (c.f.
Fig. 8). As we can see in Table 3, the average lifetimes (tf) are predicted
with a moderate error. Having in mind the procedure applied for the
simulative estimation of lifetimes, it seems straightforward, that the
results can be further improved by including statistics of large grain
sizes and positions into the model.

4.2. Reproducing the experimental results
In the calibration process a chosen set of model parameters is adjusted in order that simulation accurately reproduce average interconnect lifetime for 230 °C. The parameters essential for the failure
dynamics are activation energies for Cu-bulk, cap, liner, and GBs and
the corresponding pre-exponentials for diﬀusivity Arrhenius's law.
Parameters chosen for calibration are Arrhenius's law pre-exponentials
for GB diﬀusion (DGB0) and diﬀusion along void surface (Ds0), needed
for void evolution model and an estimation of the void evolution
(growth) time tE (Section 2.4). The corresponding activation energies
are obtained from the published results (see Table 2). After ﬁtting
procedure is performed the following values are obtained

0.8eV ⎡ m2 ⎤
⎞
DGB = 3.1 × 10−3 exp ⎛−
,
⎢ s ⎦
⎥
⎝ kT ⎠ ⎣

5. Conclusion and outlook
In this paper we applied a comprehensive, physically based, modeling of EM degradation in order explain bi-modality of the failure
behavior and to assess the capability of the model to predict interconnect's lifetime for two diﬀerent temperatures. Obtained simulation
results imply that the possible reason for an occurrence of Mode II is the
presence of grains in the M2 line larger than a certain grain size
threshold. The diﬀerences between the lifetimes predicted by the simulation and the measured lifetime suggests that, while the proposed
model has a clear potential to be a useful tool for reliability assessment,
there is a still work to be done both at the model itself as well at the
calibration and simulation methodology.

(23)

for the average grain size of 5 nm (in the polycrystalline sections of the
interconnect line) and

0.7eV ⎡ m2 ⎤
⎞
.
Ds = 0.12 exp ⎛−
⎝ kT ⎠ ⎢
⎣ s ⎥
⎦

Declaration of Competing Interest
(24)

The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.

for the surface diﬀusivity. While values of activation energies for different migration paths are abundantly available in the literature there is
to our best knowledge no such information for pre-exponentials. Some
related research [15,19] indicates that DGB0 is more than 100 times
lower than the value presented in (23). As the next step in the research
will also include the statistics of Cu line microstructure, it is to be expected that pre-exponential values will be further adjusted.

Table 3
Comparison between experimental tfexp and simulated tf average Mode II failure
times.

4.3. Predictive simulations
Determining stress-threshold needed for void nucleation is of crucial
importance (Section 2.3). Here we rely on the model developed at IMEC
and calibrated to the experimental results [7] which allows us to estimate stress-threshold for SiCN: σth(230∘C) = 201.77MPa and
σth(230 ° C)MPa. At 330 °C the stress-threshold is very low, almost zero.

T [°C]

tN [h]

tE [h]

tf [h]

tfexp [h]

err [%]

230
280
330

72.98
6.41
0.01

74.41
20.84
7.70

147.49
27.25
7.71

147.49
21.93
6.53

0.0
24.26
18.7

The times denoted in bold font in the ﬁrst row of the table, tN, tE, and tf, are
extracted from the experiments performed at 230 °C (see Fig. 8).
These experimentally determined times are used for model calibration and for
estimation of tN, tE, and tf at 280 °C and 330 °C.
5
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