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and Siegfried Selberherr 

3.1. Introduction 

The reliability of interconnects is affected by a complex degradation process driven by 
several driving forces, each of which being present from the very beginning of 
interconnect technology. These forces are electromigration (EM), stressmigration (SM), 
and thermomigration (TM). The driving forces induce a material transport in the 
interconnect metal, which damages the crystal structure and causes the formation of 
intrinsic voids. The increase of the metal resistance due to migration and growth of 
intrinsic voids leads finally to interconnect failure. 

The thermal budget in integrated circuits (ICs) represents a problem beyond TM in 
interconnect metals. The heat produced by Joule heating in the interconnects in addition 
to the heat produced by other devices induces thermomechanical stress throughout the ICs 
and also affects the reliability of transistors. 

Low-k materials have been introduced to ensure high performance of ICs with their low 
dielectric constant, but, unfortunately, they have brought additional thermal and 
mechanical problems. Low mechanical strength of low-k materials does not offer as much 
restraint for the degradation driving forces as sillca-based interlevel dielectric materials. 
Another problem with low-k dielectrics is their poor thermal conductivity which adds to 
the already severe thermal problems of ICs. As the thickness of interconnects decreases, 
the importance of material transport along grain boundaries (GBs) and interfaces increases 
[1-4]. Thus, the lifetime of interconnects becomes more sensitive to the values of the 
parameters which determine the transport, such as effective valences and diffusivities. The 
interconnect thickness also has an impact on the interconnect resistivity and the effective 
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valence, which have to be considered [5, 6]. The material transport is additionally 
determined by the GB distribution and the orientation of single grains. The metallic 
microstructure in a given interconnect is influenced by the specific process conditions, 
choice of materials, and interconnect dimensions [7]. Improvement of the reliability for 
future nano-scaled interconnects can be achieved with the introduction of copper 
technology modifications or application of new metals as replacement for copper. 
Significant improvement was achieved by introducing CoWP capping layers which 
efficiently suppressed EM along interfaces [8, 9]. Besides CoWP, several other capping 
layer materials like CuSiN, CuGeN, MnSixOy, etc. have been tested, which also improve 
the EM performance. Another possibility to influence the EM behavior is to change the 
barrier layer which covers the bottom and side walls of the copper interconnect from a 
typically Ti or Ta based material to Ru or its alloys etc. [10, 11]. In order to suppress EM 
along GBs (Fig. 3.1) dilute Cu alloys have been successfully applied. A significant 
reduction of material transport along the GBs has been achieved by alloying Cu with Al 
[12] and Mn [13-15]. 

 

Fig. 3.1. Interconnect line with its different migration paths for material transport. 

The necessity to wrap the Cu wires (in order to prevent copper migration into the 
neighboring dielectric) into metallic and dielectric diffusion barriers represents an 
additional major obstacle for scaling the dimensions of Cu interconnects below 10 nm, 
because the barrier itself is made of a material which has a higher resistivity than Cu. 
Therefore, the actual effective resistivity of the combined Cu interconnect and barrier 
layer is increased [10]. This barrier problem with Cu becomes even more apparent, when 
one considers that a practical realization of a via structure needs more barrier material 
than a straight interconnect line [3]. This is one of the important motivations to look for 
Cu replacement, besides more favorable EM properties. 

To use a metal with a higher bulk resistivity than Cu, but which does not demand a barrier 
layer, is a preferable option [16], provided that in total it may have a similar or even lower 
resistivity than Cu [16]. Several metals and alloys which have potential to replace copper 
in the future, like Co, Ru, Ni(B) etc., have been proposed and studied in recent years  
[1, 3, 4, 6, 16]. Some of the metals under investigation, like Co and Ni, are magnetic. 
Depending on the application, the interconnect geometry, the operation frequency, and 
the magnetic field have to be considered. 
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For each metal or alloy, the prediction of the actual location of the void embryo emergence 
represents a challenging issue. In the case of Cu, voids nucleate inside the interconnect 
line either at the cap interface or at the bottom of a via or in the bulk of the interconnect 
metal above the via, as presented in Fig. 3.2. These different sites of void nucleation and 
the subsequent void dynamics lead to a multimodality of interconnect failure [17, 18]. 

 

Fig. 3.2. Three characteristic void nucleation sites inside a dual-damascene interconnect. 

3.1.1. Black’s Equation 

Since its publishing, Black’s equation [19] is a widespread and a very popular 
mathematical basis for modelling and predicting interconnect failure behavior. It 
expresses a median interconnect time-to-failure, tMTTF, in dependence of the following 
three parameters: the pre-exponential A coefficient, the current exponent n, and the 
activation energy Ea. 

 tMTTF = 
A

jn
ex p ቀ-

Ea

k T
ቁ (3.1) 

Particularly important here is the activation energy 𝐸௔, because this parameter has the 
largest impact on the predicted median interconnect time-to-failure (MTF), as we can see 
from (3.1). If we consider the physics of EM induced transport, it becomes clear that the 
activation energy as used in (3.1) is a result of the cumulative effect of several different 
activation energies related to the various different migration paths. For a complete picture 
of EM degradation, at least the following migration paths must be considered: 

 Grain bulk; 

 Barrier layer; 

 Capping layer; 

 Grain boundaries. 

Each of these migration paths is characterized its own diffusion coefficient which depends 
on the particular diffusion coefficient pre-exponential and on the particular activation 
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energy. Generally speaking, the cumulative activation energy, as used in (3.1), is not only 
a function of the activation energies of each of the above-mentioned migration paths, but 
also a function of the interconnect’s layout geometry and microstructure. 

3.1.2. Beyond Black’s Equation 

The cumulative activation energy, 𝐸௔, is routinely determined during EM tests and the 
knowledge of its value is quite useful for the prediction of interconnect lifetimes, but 
rather problematic, if one wants to study in detail the particular degradation mechanism 
which leads to the EM failure itself. The crucial question is to which extent each of the 
activation energies of the different acting migration paths actually contributes to the 
cumulative activation energy. The importance of this question becomes obvious, if one 
considers some new material for the capping or the barrier layer, or to modify the copper 
electro-deposition process in such a way that it influences the copper microstructure. In 
such a case, the real impact of the technological change must be estimated. There are two 
ways how this can be done. The first one is experimentally, where a dedicated 
measurement setup is used to estimate the activation energy of the new capping and barrier 
interface. The second approach is the application of simulation using physics-based 
models. This approach provides not only a far more comprehensive understanding of the 
impact of new materials, but also offers a deeper insight, how the whole degradation 
process leading to the failure unfolds. 

3.2. The Physics-BASED Modelling of Electromigration 

Physics-based modelling of EM uses the framework [20], which represents a further 
development from the original work of Sarychev and Zithnikov [21]. According to this 
modelling approach, the lifetime of an interconnect structure 𝑡௙  consists of a void 
nucleation time 𝑡ே  and a void evolution time 𝑡ா , corresponding to two failure 
development phases. 

 𝑡௙  ൌ  𝑡ே ൅ 𝑡ா  (3.2) 

Each of these two phases demands its own modelling effort. 

The central governing equations of EM models are the vacancy flux equation (3.3) and 
the vacancy balance equation (3.4). 

 𝐽௩ሬሬሬ⃗  ൌ  𝐷eff ቀ஼ೡ

௞்
|𝑍eff

∗ 𝑒|𝜌𝚥 ൅
஼ೡ

௞்
𝑓𝛺𝛻𝑝 െ 𝛻𝐶௩ቁ, (3.3) 

 
డ஼ೡ

డ௧
 ൌ  െ𝛻 ⋅ 𝐽௩ሬሬሬ⃗ ൅ 𝐺effሺ𝐶௩ሻ, (3.4) 

where 𝐷eff is the local diffusivity, 𝐶௩  is the vacancy concentration, 𝑝 is the hydrostatic 
stress, 𝜌 is the interconnect resistivity, 𝚥 is the current density, 𝛺 is the atomic volume, 
and 𝑓 is the atom-vacancy relaxation factor. 𝐺eff is the Rosenberg-Ohring recombination 
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term and 𝑍eff
∗  is the effective valence. In order to reproduce realistic mechanical 

conditions, all materials in the structure and their corresponding properties must be 
included in the modelling framework. Both the void nucleation model, as well as the void 
evolution model, are solved simultaneously with the equations of mechanics [21]. 

 
డఌ೔ೕ

ೡ

డ௧
 ൌ  

ଵ

ଷ
ൣሺ1 െ 𝑓ሻ𝛻 ⋅ 𝐽௩ሬሬሬ⃗ ൅ 𝑓𝐺effሺ𝐶௩ሻ൧𝛿௜௝, (3.5) 

 𝛻 ⋅ 𝜎 ൌ  0,  𝜎 ൌ  𝐸൫𝜀 െ 𝜀௩ െ 𝜀௧௛൯, (3.6) 

where 𝐸 is the the fourth-order elasticity tensor, 𝜀௩ is the volumetric strain component 
which rises due to EM, and 𝜀௧௛ represents the 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 the normal stresses surmounts the local 
critical stress threshold 𝜎crit, which is discussed in the next sections. The time needed for 
the critical stress threshold to be reached is the void nucleation time 𝑡ே. 

3.2.1. Blech’s Equation 

The dynamics of the vacancy flux Jvሬሬ⃗ , plays a crucial role in the development of EM failure. 
When for Jvሬሬ⃗  ൌ 0 the stress equilibrium state is achieved (cf. Fig. 3.3) for a back-flow stress 
which is lower than the critical stress-threshold needed for void nucleation, the 
interconnect is virtually “immortal” (arbitrarily long-living). This situation corresponds 
to the generalization of the one-dimensional Blech effect. 

 

Fig. 3.3. Stress dynamics depending on the zero-flux condition. 

If one assumes that the pressure and vacancy concentration are in a local equilibrium [20] 

 Cv = Cv
0exp ቀWf - 

Ωp

kT
ቁ, (3.7) 
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where Wf is the interaction energy between the vacancy and the stress field and Cv
0 is the 

vacancy concentration in the absence of any stress effects, the Blech’s condition follows 
directly from the zero-flux condition (Jvሬሬ⃗  ൌ 0), by inserting (3.7) into (3.3). One obtains 
for a one-dimensional linear interconnect of length l 

 jxl = 
Ωሺ1 + fሻΔσx

eq

ρቚZeff
* eቚ

 = 
Ωሺ1 + fሻ|σxሺlሻ - σxሺ0ሻ|

ρቚZeff
* eቚ

, (3.8) 

where p ൌ -σx and σxሺlሻ and σxሺ0ሻ are the stresses at 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. 

3.2.2. Effective Valence and Resistivity 

The bulk effective valence 𝑍bulk
∗ , and the resistivity 𝜌  are related on a fundamental 

physical level, because both parameters characterize different aspects of electron 
scattering in a current carrying metal [22]. 

 𝑍bulk
∗ ሺ𝑇ሻ ൌ 𝑍ௗ ൅ 𝑍௪ሺ𝑇ሻ ൌ 𝑍ௗ ൅

௄

ఘሺ்ሻ
 , (3.9) 

where 𝑍ௗ is the direct valence which is assumed to be equal to the bare valence of Cu, and 
𝐾 is the proportionality factor which has been fitted for 𝑍bulk

∗  for a thick interconnect at 
room temperature. Various advanced models can be used for modeling the interconnect 
resistivity [23]. 

Because on average, there are fewer atoms inside the GBs than in the bulk, the GB region 
presents a repulsive potential to the electrons. Consequently, the electron wind force in 
the GB region is lower than in the bulk. As shown by Sorbello [24] even for a low GB 
potential (1/10 of the Fermi energy), the wind force inside the GB is about 20 % smaller 
than in its immediate vicinity outside the GB. 

3.2.3. Conditions for Void Nucleation 

The conditions for void nucleation are determined by either the geometrical and/or the 
microstructural features of the interconnect metal and layout. One particular geometrical 
feature can hinder vacancy flux and thus cause a local increase in the concentration of 
vacancies, which in turn leads to a local increase in the tensile mechanical stress. After a 
certain stress-threshold is attained, an initial void is nucleated [25, 26]. A microstructural 
feature, such as a GB, can also lead to a local disturbance of material transport and to a 
subsequent rise in tensile stress at so-called triple points (an intersection of a GB with an 
interface). The absolute critical value of stress σcrit can be expressed as 

 σcrit ൌ ቀkGcB

hCu
ቁ

1/2
, (3.10) 
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where 𝐺௖  is the interface energy per unit area related to the top interface of the line 
between Cu and the cap layer. 𝐵 denotes the confinement/effective modulus, ℎCu denotes 
the height of the line, and 𝑘  is a calibration parameter. All parameter values are set 
according to previous works [27, 28]. 

3.3. Modelling of the Microstructure 

The microstructure of Cu interconnects generally depends on the technological process, 
the interconnect geometry, and the choice of surrounding materials. Different choices of 
materials for barrier and cap layers may influence properties of the microstructure [28]. 
There are several studies dealing with the impact of the Cu microstructure on the EM 
failure behavior [29, 30]. They describe, how the GBs distribution and the texture inside 
single grains influence the interconnect failure and the failure time distribution. For a 
complete modelling of the microstructure, besides a description of the grain 
crystallography, an appropriate understanding of the GB physics is a necessity. The 
following three aspects of GB physics must be considered [31]: 

 The GB as a fast diffusivity path; 

 The GB as a site of vacancy production and annihilation; 

 The GB as an obstacle to material transport. 

In the case of typical microstructures for small interconnects, two additional aspects must 
be considered. First, the microstructure strongly depends on the interconnect width and 
second, due to the increased temperatures during operation, the microstructure may 
undergo transformations. Experimental SEM/FIB/EBSD [32-35] studies of interconnects' 
microstructures provide the grain size distribution and the crystal orientations inside 
grains. The studies show that the grain sizes inside Cu interconnects are distributed 
according to the lognormal distribution and tend to have several predominant crystal 
orientations [34]. An "effective values" approach has been used for a long time to model 
the cumulative effect of different atomic transport paths on the overall diffusivity. The 
main advantage of this approach is its simplicity, because one basically needs only the 
geometrical dimensions of the interconnect line and some characteristics of the 
microstructure to calculate an effective value of diffusivity and effective valence. The GB 
volume fraction ϵp  dependent effective values of the Rosenberg-Ohring term Geff, the 
effective valence Ze

∗
ff, and the effective diffusivity Deff, are given by the following terms, 

respectively [27]: 

 GeffሺCvሻ = -൫Ceq - Cv൯ ൬
1 - ϵp
τbulk

+
ϵp

τgb
൰, (3.11) 

 Zeff
*  = Zbulk

* ൫1 - ϵp൯ + Zgb
* ϵp, (3.12) 

 Deff = Dbulk + Dlin ቀ2

w
 + 

1

h
ቁ δI-lin + Dcap

δI-cap

h
 + ϵpDgb, (3.13) 
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where h is the interconnect height and w is the interconnect width. Each transport path is 
characterized by its diffusivity and its thickness: bulk (Dbulk, h), cap layer (Dcap, δI-cap), and 
liner (Dlin, δI-lin). 

Equations (3.11), (3.12), and (3.13) can be directly used for parametrization of the 
vacancy dynamics model given by equations (3.3) and (3.4). However, this type of 
"cumulative" microstructure description is inadequate to capture microstructural features 
important for interconnect reliability. A model which is able to capture all the relevant 
microstructural aspects requires a detailed description of the vacancy dynamics at a single 
GB as introduced in [31]. 

For the implementation in the GB plane (Fig. 3.4), the model is described by the 
Rosenberg-Ohring term 

 Gg = -
1

τg
ቆCv

eq - Cv
im ቀ1 - 

2ωR

ωTሺCv1 + Cv2ሻ
ቁቇ,  (3.14) 

and a segregation condition at the GB, which regulates the vacancy transport from the 
Grain 1 to the Grain 2. 

 J12 = ωT൫Cv
eq - Cv

im൯ሺCv1 - Cv2ሻ,  (3.15) 

where Cv1 and Cv2 are the vacancy concentrations in Grain 1 and Grain 2, respectively, ωT 
is the vacancy-trapping rate, ωR is the vacancy release rate, Cv

im  is the concentration of 
vacancies trapped in the GB, Cv

eq is the equilibrium vacancy concentration, and τgb is the 
vacancy recombination rate. The model is complete with the diffusivity DGB in the GB 
plane. The detailed GB model, combined with the vacancy dynamics equations (3.2) and 
(3.3), produces pile-ups of vacancies at triple points in three-dimensional microstructures, 
as shown in Fig. 3.5. The corresponding peaks of the mechanical stress are presented  
in Fig. 3.6. 

 

Fig. 3.4. Schematic picture of the two-dimensional GB plane. 

The detailed GB model can be applied at the surface of an arbitrary shape defining the GB 
between two adjacent grains. The only condition is an appropriate FEM discretization of 
the surface. 
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Fig. 3.5. Increase of the vacancy concentration (1/cm³) close to a triple point along the capping 
layer. The locations of the peak vacancy concentrations correspond to the peaks  

of the tensile stress. 

 

Fig. 3.6. Peak of mechanical stress (MPa) close to a triple point along the capping layer. 

3.4. Analytical Model for Void Growth 

In order to estimate the duration of the second phase of failure development, it is necessary 
to predict the void growth velocity. The normal velocity vn  of the void surface is 
calculated according to [20]. 

 vn = Ω(J⃗v∙nሬ⃗  - ∇∙J⃗s)  (3.16) 

From (3.16) it can be seen that the void surface evolves due to the vacancy transport in 
the normal direction, J⃗v∙nሬ⃗ , and the divergence of the surface vacancy flux, ∇∙j⃗s (Fig. 3.7). 
The surface vacancy flux J⃗s itself rises due to the tangential component of the current 
density j⃗t and the surface gradient of the chemical potential μs. 
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 Jsሬሬሬ⃗  = -
Dsδs

kTΩ
൫หZs

*eหρjtሬ⃗  + ∇sμs൯,  (3.17) 

where 𝐷௦ is the surface diffusivity and 𝛿௦ is the thickness of the diffusion surface. The 
surface chemical potential 𝜇௦ is given as 

 𝜇௦  ൌ  𝛺ሺ𝑊௦ െ 𝛾௦𝜅ሻ (3.18) 

where 𝛾௦ is the surface energy, 𝜅 is the local curvature of the surface, and 𝑊௦ ൌ ሺ𝜎: 𝜀ሻ/2 
is the local elastic strain energy density. From (3.16)-(3.18) follows that there are four 
components of the surface velocity: the elastic strain energy velocity component 𝑣௡

௦, the 

EM velocity component 𝑣௡
௘ , the surface free energy velocity component 𝑣௡

௙ , and the 
vacancy absorption velocity component 𝑣௡

௩. 

 𝑣௡  ൌ  𝑣௡
௦ ൅ 𝑣௡

௘ ൅ 𝑣௡
௙ ൅ 𝑣௡

௩  (3.19) 

 

Fig. 3.7. Atom migration along the void surface and the resulting normal velocity. 

We assume that the void possesses throughout its growth a half-cylindrical shape and that 
the EM velocity component (𝑣௡

௘) dominates over the other three velocity components. 

 𝑣௡
௘ ൌ

஽ೞఋೞఘ|௓ೞ
∗௘|

௞்
𝛻௦𝚥௧ሬሬ⃗   (3.20) 

The lower limit (the worst case) of the void evolution time tE is obtained by assuming that 
the whole void of radius r grows with the maximum velocity at its surface, vn

maxሺrሻ [27]. 

 𝑡ா  ൌ ׬ 
ௗ௥

௩೙
೘ೌೣሺ௥ሻ

௥೎

௥బ
  (3.21) 

Here, the critical void radius rc is the solution of the equation 

 𝑅௙௔௜௟௨௥௘  ൌ  𝑅௧௢௧௔௟ሺ𝑟௖ሻ,  (3.22) 

where 𝑅failure  is the predefined failure resistance (usually 20 % of the nominal 
interconnect resistance) and 𝑅totalሺ𝑟௖ሻ is an analytical function estimating the resistance 
of an interconnect containing a half-cylindirical void with radius 𝑟௖. The initial radius of 
a void r0 is estimated based on the local pressure distribution near the triple point, where 
the void is assumed to emerge (see Section 3.5). 
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Even in case of a fully three-dimensional simulation, due to the assumption of a  
half-cylindrical void, the tangential component of the current density jtሺr,θሻ  can be 
estimated for all void sizes and interconnect thicknesses h ( = 2w) as 

 𝑗௧ሺ𝑟, 𝜃ሻ  ൌ  
௝బ௛ ௦௜௡ ఏ

௛ି௥ ௦௜௡ ఏ
𝑞ሺ𝑟ሻ,  (3.23) 

where j0 is the current density far away from the void surface (in a region unperturbed by 
the presence of a void) and the angle θ (cf. Fig. 3.8) determines the position on the void 
surface. q(r) is an additional fitting function [36] introduced to closely match the 
analytical surface velocity calculations with those calculated with COMSOL Multiphysics 
[37]. 

 qሺrሻ  ൌ  ∑ ሺെ1ሻ୧ ቀ୰

୦
ቁ

ଶ୧
୬
୧ ୀ ଴  (3.24) 

By substituting (3.24) in (3.23) and then (3.23) in (3.20), the following expression is 
obtained: 

 𝑣௡ሺ𝑟, 𝜃ሻ  ൌ  
஽ೞఋೞఘ|௓ೞ

∗௘|

௞்௥

ௗ௝೟ሺ௥,ఏሻ

ௗఏ
 , (3.25) 

The comparison of analytical surface normal velocity calculations (3.25) and COMSOL 
Multiphysics calculations for h = 2w = 46 nm and a current density j = 1.0 MA/cm² for 
two different void sizes (r1 = 0.6h and r2 = 0.8h) and for a typical operating condition 
temperature of 100 °C is shown in Fig. 3.9. Since the worst case scenario is of interest, 
i.e., void growth with the maximum surface velocity, for the estimation of the void 
evolution time tE in (3.21) the following expression is used: 

 𝑣௡
௠௔௫ሺ𝑟ሻ ൌ

஽ೞఋೞఘ|௓ೞ
∗௘|

௞்௥
𝑚𝑎𝑥

଴ஸఏஸగ
𝑣௡ሺ𝑟, 𝜃ሻ, (3.26) 

 

Fig. 3.8. Structure used in the derivation of equation (3.23). 

3.5. Estimation of Initial Void Size 

After an initial void is formed, the previously built stress (pሺx,y,zሻ) relaxes. The volume 
of the initial void is determined as 
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 𝑉଴  ൌ  െ
ଵ

஻
׬ 𝑝ሺ𝑥, 𝑦, 𝑧ሻ

௏  𝑑𝑥 𝑑𝑦 𝑑𝑧 (3.27) 

In order to simplify the model implementation, it is assumed that a cylindrical void 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. 

 𝑟଴  ൌ  ටଶ௏బ

గ௪
 (3.28) 

 

Fig. 3.9. Comparison between analytically calculated surface normal velocity using (3.25)  
with FEM calculation performed in COMSOL Multiphysics for 100 °C and for a current density  

j = 1.0 MA/cm². 

3.6. Resistance Calculation 

An increase of the interconnect resistance leads to interconnect failure. The resistance 
increase is caused by the emergence, subsequent growth, shape change, and movement of 
intrinsic voids. The evolving void surface can be modelled with different levels of 
accuracy, but more accurate modelling is always more computationally demanding. For 
the sake of simplicity and speed of calculation, we use three-dimensional void shapes with 
a simple geometrical basis, like a half-circle and a half-ellipse. 

The resistance of an interconnect segment containing a cylindrical void with elliptical 
basis (2a and 2b are the minor and major axes, respectively, cf. Fig. 3.10) is 

 R0ሺa,bሻ = 
aρ

bw
ቂπ ቀh

s
 - 1ቁ +

2h

s
arctan ቀb

s
ቁቃ , (3.29) 

with s ൌ ൫h2 - b2൯
1/2

. The total resistance Rtotalሺa,bሻ  for a void placed in a straight 
interconnect line is calculated according to the equivalent circuit presented in Fig. 3.11: 

 
1

Rtotalሺa,bሻ
 = 

1

Rcap
+

1

Rlin
+

1

Rmetalሺa,bሻ
, (3.30) 
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 Rmetalሺa,bሻ = 2R2ሺbሻ+R0ሺa,bሻ, (3.31) 

 R2ሺbሻ = 
ρmetalሺl - 2bሻ

2wh
, (3.32) 

 

Fig. 3.10. Structure used in the derivation of equation (3.29). 

 

Fig. 3.11. Replacement schema for a segment of an interconnect containing a cylindrical void. 
The resistances of the cap layer, Rcap, and of the liner, Rlin, are included. 

With the expressions (3.21) and (3.25), and the resistance calculation based on (3.30), the 
dependence of the void growth time on the interconnect dimensions can be determined. 
Fig. 3.12 shows the resistance increase for a 1 μm long and 23 nm wide interconnect 
section for three different temperatures and a current density j = 1.0 MA/cm2. 

3.7. Overall Scheme 

In order to estimate the interconnect lifetime (tf), both the void nucleation (tN), as well as 
the void evolution time (tE) must be estimated as accurately as possible. The complete 
simulation scheme utilized in this work is presented in Fig. 3.13. As one can see, the overall 
simulation procedure is divided into two parts: estimation of tN (void nucleation time), 
which is performed numerically by application of the FEM, and the estimation of tE (void 
evolution time), which is carried out analytically. The equation system solved in the FEM 
part of the simulation consists of equations (3.3)-(3.6) together with the Laplace equation 
for the electric field (cf. Fig. 3.13). The solution of the Laplace equation provides the 
distribution of the current density j inside the metallization, which is needed for solving 
the vacancy balance equations  (3.3) and (3.4). 
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Fig. 3.12. Resistance change for three different temperatures. 

 

Fig. 3.13. Overall two-part simulation scheme. The void nucleation time is determined in the “3D 
FEM Simulation” part and the void evolution time in the “Analytical Calculations” part. 

The solution of the vacancy balance equations determines the vacancy concentration Cv 
throughout the metal bulk. The redistribution of vacancies, driven by EM and the 
accompanying forces, gives rise to mechanical stress calculated by simultaneously solving 
equations (3.5) and (3.6). The vacancy balance equation and the mechanical equations are 
solved in a time loop, until the critical stress is reached at some triple point at the capping 
layer. This event also marks the end of the 3D FEM part of the simulation flow. The results 
from the 3D FEM solution, which are carried over to further processing are: the void 
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nucleation time tN, the current density j0, and the radius of the initial void r0. The current 
density j0 and the void radius r0 are needed for the calculation of the void evolution time. 
The critical void radius rc is obtained by solving equation (3.22). 

3.8. Simulation Results and Discussion 

The modelling framework described above is used to study the failure time  
dependence on: 

a) Interconnect thickness; 

b) Mechanical and material transport properties of SiNx and Co caps. 

COMSOL Multiphysics [37] was used for the simulations. The 1 µm long Cu interconnect 
is placed between two contacts and encapsulated in a Ta barrier layer on all sides except 
the top, which is covered with the cap layer. The Cu interconnect with all interface layers 
is fully embedded in SiO2 (cf. Fig. 3.14). Typical material properties for all involved 
materials and interfaces are assumed, including a stress threshold of 20 MPa stress 
threshold for void nucleation at the SiNx cap and of 30 MPa at the Co cap. The interface 
diffusivity at the SiNx/Cu interface is assumed to be 100 times higher than at the Co/Cu 
interface. The temperature for the simulations is set at 300 °C. The detailed modelling 
approach allows for the observation of different physical characteristics as the  
failure develops. 

 

Fig. 3.14. Structure used for simulations. A cylindrical void nucleation is assumed  
at the triple point. 

As one can see from (3.21), an estimation of the void evolution time (tE) demands the 
extraction of the function vn

maxሺrሻ, which can be studied in detail by the simulation results 
presented in Fig. 3.15, obtained by the overall simulation schema discussed in Section 3.7. 

The interconnect lifetimes for both types of capping layers are significantly reduced for a 
thinner interconnect (cf. Table 3.1), but the benefit of replacing SiNx with Co is clearly 
recognizable. This behavior is confirmed by numerous experimental results (e.g. [3, 16, 
27, 38]), as expected, because for thinner interconnects a larger portion of atoms is 
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transported along the interfaces and a smaller void volume is sufficient to produce  
the fatal failure. 

 

Fig. 3.15. Normal velocity (vn) of the void surface in dependence on the void radius (r) for SiNx 
and the Co cap. 

Table 3.1. Lifetime dependence on interconnect thickness. All failure times are normalized  
to the tF, the failure time of a 22 nm wide interconnect with a SiNx cap. 

Capping Thickness [nm] tN /tF tE/tF tf /tF 

SiNx 10 0.200 0.099 0.299 
SiNx 22 0.395 0.605 1.000 
Co 10 0.304 1.598 1.902 
Co 22 0.608 5.379 5.987 

 

3.9. Conclusion 

By reducing the width of interconnects to 10 nm and below, while at the same time 
considering Cu-replacement metals, interconnect reliability studies are on the verge of 
entering uncharted territory for the first time in more than 20 years. While experimental 
methods for the analysis of interconnect failures have been gradually improved and 
refined, mathematical models, which were directly applied for study of experimental 
results, have remained to a large part basically one-dimensional models. These models 
inevitably rely on effective and average properties of crucial parameters, e.g. diffusivity, 
and mostly ignore explicit three-dimensional features, which indubitably influence these 
parameters. As we know today, the reliability of downscaled interconnect increasingly 
depends on the atomic migration along interfaces, whereas the interconnect metal 
microstructure plays an important role and thus must be addressed accordingly. To meet 
the challenges of current and future interconnect reliability, an application of advanced 
physically based models is a necessity. The development of these models took place in 
parallel to the development of advanced experimental methods, but they have never been 



Chapter 3. Models and Techniques for Reliability Studies of Nano-scaled Interconnects 

109 

fully utilized for the study of experimental results. We presented an EM reliability model 
which considers different effects related to the narrowness of the interconnect, as well as 
to the particular material choice needed for a layout realization. Among the particular 
effects taken into account are the effective valence dependence on the microstructure and 
interconnect thickness, the effects of interfacial EM paths, and void growth under the 
assumption of a narrow interconnect. The dependence of interconnect lifetimes on length, 
thickness, and the diffusivities of the cap layers obtained by simulation fully match known 
and published results. 
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