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A B S T R A C T

We use a phase-field method to elucidate grain-boundary grooving as a mechanism of genesis and subsequent
propagation of intergranular slit in metal interconnects under concurrent surface and grain boundary diffusion.
Surface diffusion is assumed to be the rate limiting transport mechanism. Accelerated grain-boundary grooving
induced by electromigration is shown to ensue a narrow channel-like slit which advances at a steady state
along the grain-boundary preserving its shape near the tip region. The slit characteristics namely the width
and velocity dependence on electric field derived are shown to be in excellent agreement with the sharp
interface calculations which treat the tip region of the slit independently. Furthermore, the simulations reveal
that for the same magnitude of electric field, a slit conceived from a smaller grain exhibits a slower kinetics
and delay damage dissemination. The apparent discrepancy from the sharp interface description is resolved on
the basis of curvature gradient and electromigration-induced surface flux which heal the root during groove
to slit transition and is predominant in smaller grains. Finally, drawing analogy from the nucleation and
growth models of electromigration voids, failure due to intergranular slit is divided into serial process of
initial grooving followed by slit propagation stage. The lifetime analysis suggests the grooving stage to be the
rate determining step in the failure process, yielding an exponent of 1.33 in Black’s law.
1. Introduction

Passage of electric current across a metal conductor instigates an
‘‘electron wind’’, which imparts momentum to the metal ions thereby
ensuing atomic diffusion in the direction of electron flow. The phe-
nomenon, known as electromigration (EM), raises serious reliability
concern in modern integrated circuits [1–3]. EM damage in thin films
has garnered much attention due to its implication in efficient design-
ing of interconnects [4,5].

Experimental observations suggest that the damage typically com-
mences at microstructural heterogeneous sites such as grain boundaries
(GB) [6], triple junctions [7], metal–dielectric interfaces at the pas-
sivation layer and sidewalls [8] or at the intersection of GBs with a
free surface due to non-vanishing divergence of flux. A negative flux
divergence results in mass accumulation in form of hillocks leading
to short circuit between neighbouring vias [9]. While, a positive flux
divergence initiates voids due to material depletion [10]. The voids can
migrate along the line preserving its shape or evolve into various time
dependent configurations [11,12]. Perhaps, the most pervasive form

∗ Corresponding author at: Institute of Applied Materials (IAM-MMS), Karlsruhe Institute of Technology, Strasse am Forum 7, 76131, Karlsruhe, Germany.

of failure is the transition of migrating voids into finger or channel
like slits [13–15]. Depending upon the propagation path, the slits, can
be classified as transgranular advancing through the grains [16,17] or
intergranular that are localized along the GBs [18]. Slits have also been
known to result from surface roughness or perturbations at the edge of
the line [12,13,19].

Accelerated GB grooving represents another viable mechanism
through which slits manifest at external surfaces, passivation layer
or GB triple junctions [7,20]. While slits evolving from voids require
availability of heterogeneous sites for nucleation of void, those con-
ceived from GB grooving can occur without any nucleation event [7].
The preclusion of nucleation implies that the damage induced by
GB grooving will proceed at any level of vacancy accumulation. The
phenomenon is further exacerbated in wide polycrystalline line where
once a slit originates from a GB groove, subsequent propagation is
rapid along the line owing to contiguous GB network [6,21]. Slits have
also been observed in bamboo type lines emerging from side walls and
propagating transverse to the line along a tilted GB [8,22].
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Fig. 1. (a) Schematic illustration of the early stages of grain boundary grooving under
lectromigration. The GB flux, 𝐽𝑔𝑏 drains the material out of the GB, causing groove
xtension, while the surface flux, 𝐽𝑠, transports material to the groove root to maintain
he dihedral angle 𝜃𝑜. (b) Higher 𝐽𝑔𝑏 eventually localizes the groove to form a channel-
ike slit propagating along the GB. 𝐸 is the applied electric field and 𝜃 the surface
angent.

While slits originating from voids and edge perturbations due to
urface EM have been studied extensively [12,13,19,23,24], investi-
ations on the role of intergranular slits as a damage mode remain
ew [8,22,25]. The present work elucidates GB grooving as a mecha-
ism of genesis and propagation of intergranular slit under concurrent
urface and grain boundary diffusion. Surface diffusion is assumed to be
he rate limiting transport mechanism. Though seemingly impractical,
urface diffusion can be significantly inhibited due to the presence of
xides and contaminants as reported in [26,27]. GBs in such cases
merge as the dominant EM pathway especially in wide polycrystalline
ines [28].

The present article is organized as follows. In the next section we
escribe the sharp interface relation of the physical problem followed
y the phase-field description of the same. Thereafter, the phenomenon
f groove to slit transition is investigated in Section 4 and critically
ompared to those from sharp interface relations. We conclude the
rticle by a brief discussion regarding the implication of the results and
ossible extensions in Section 5.

. Sharp-interface relations

We briefly recall the sharp interface relations which might be
useful in benchmarking and interpreting the results derived from the
phase-field method. Moreover, the analytical calculations made in this
section are based on certain simplifying assumptions to make the
problem mathematically amenable, some of which will be relaxed in
the phase-field simulations.

Whenever a GB intersects a free surface, grooves develop at the
surface-GB intersection as a result of the system trying to attain the
equilibrium dihedral angle, resulting in the reduction of GB, while
expelling material onto the surface. This instigates curvature gradients
along the surface which further provides the impetus for mass flux [29].
The presence of external field such as applied stress or electric field as
in the present study, induces a GB flux which drains matter out of the
GB, additionally providing a driving force for GB reduction [7,30].

It was shown by Mullins that the governing partial differential
equation (PDE), describing the evolution of the surface under the small
slope approximation (SSA) can be written as [29],
𝜕𝑦
𝜕𝑡

= −𝐵𝑦′′′′ (1)

here, 𝐵 is a material parameter given by,

=
𝐷𝑆𝛾𝑆𝛺2𝜈𝑆

𝑘𝐵𝑇
(2)

where, 𝐷𝑆 is the surface diffusivity, 𝛾𝑆 the surface energy, 𝛺 the atomic
olume, 𝜈𝑆 the number of surface atoms per unit area, 𝑘𝐵 the Boltz-
ann constant and 𝑇 the temperature. The above PDE is solved under

he following initial (IC) and boundary conditions (BC) [7,29,30],
(i) the initial surface is flat i.e.

𝑦(𝑥, 0) = 0 (3)

(ii) constant slope at the root, which under the SSA translates into,

𝑦′(0, 𝑡) = 𝑚 = tan(90 − 𝜃𝑜) ≈ sin(90 − 𝜃𝑜) = 𝛾𝐺𝐵∕2𝛾𝑆 (4)

(iii) the continuity of the flux at the root,

𝐽 𝑟𝑡
𝐺𝐵 = 2𝐽 𝑟𝑡

𝑆 , (5)
𝐷𝐺𝐵𝜈𝐺𝐵𝑍𝐺𝐵𝑒𝐸𝑜

𝑘𝐵𝑇
=

2𝐷𝑆𝛾𝑆𝛺𝜈𝑆
𝑘𝐵𝑇

𝜕3𝑦
𝜕𝑥3

, (6)

𝑦′′′(0, 𝑡) =
𝐽 𝑟𝑡
𝐺𝐵𝛺
2𝐵

= 𝐼. (7)

𝐷𝐺𝐵 denotes the GB diffusivity, 𝛾𝐺𝐵 the GB energy, 𝜈𝐺𝐵 the number
of GB atoms per unit area, 𝑍𝐺𝐵 the effective valence of atom at GB,
𝑒 the electron charge and 𝐸𝑜 the applied electric field. Eq. (1) can
be solved using standard methods such as laplace transform suggested
by Mullins. Alternatively, the solution can also be derived employing
cosinus transform [31]. The basic solution step involves taking a laplace
transform in time or cosinus transform in spatial variables to convert
the partial differential equation to an ordinary differential equation
(ODE). The ODE is then solved using the IC and BCs (3), (4) and (5) and
applying inverse transform to obtain the solution at the root as [7,30],

(0, 𝑡) = −
𝑚(𝐵𝑡)1∕4
√

2𝛤 (5∕4)
+

𝐼(𝐵𝑡)3∕4
√

2𝛤 (7∕4)
⋅ (8)

The former term of the above expression describes the groove evolu-
tion solely under capillary-induced surface diffusion. While, the latter
reflects the contribution arising due to the presence of external field.
The general solution of the PDE (1) can be written as [30],

𝑦(𝑥, 𝑡) = 𝑚(𝐵𝑡)1∕4𝑍[𝑥∕(𝐵𝑡)1∕4] + 𝐼(𝐵𝑡)3∕4𝑊 [𝑥∕(𝐵𝑡)1∕4], (9)

where 𝑍(𝑢) and 𝑊 (𝑢) are power series of the form ∑∞
𝑛=0 𝑎𝑛𝑢

𝑛. It is worth
noting that the slope of the profile (𝑦′(𝑥, 𝑡)) exhibits a 𝑡1∕2 dependence
due to external field-induced term. As a result, the groove is expected
to become steeper with time until SSA is no longer valid. Eventually,
the external field will localize the groove to form a channel-like slit
which, thereafter, propagates along the GB.

Once the slit forms, it can be analysed independently as in the
case of cavity growth problems [32]. The slit shape is assumed to
be parabolic at the tip while maintaining the equilibrium dihedral
angle. The slit surface is assumed flat further from the tip as shown
in Fig. 1(b). The GB flux 𝐽𝐺𝐵 and the surface flux 𝐽𝑆 in the flat portion
f the slit arise only due to the presence of electric field and can be
xpressed as [22,25],

𝐺𝐵 =
𝐷𝐺𝐵𝛿𝐺𝐵𝑍𝐺𝐵𝑒𝐸𝑜

𝛺𝑘𝐵𝑇
, (10)

𝐽𝑆 =
𝐷𝑆𝛿𝑆𝑍𝑆𝑒𝐸𝑜

𝛺𝑘𝐵𝑇
⋅ (11)

𝑍𝑆 denotes the effective valence of the species at the surface. 𝛿𝑆 and
𝛿𝐺𝐵 are the thickness of the surface and GB layer related the number
of surface and GB atoms as 𝜈𝑆 = 𝛿𝑆∕𝛺 and 𝜈𝐺𝐵 = 𝛿𝐺𝐵∕𝛺. The flux at
any point along the curved portion of the slit surface can be written as
a sum of the contributions arising from capillarity and electric field as,

𝐽 =
𝐷𝑆𝛿𝑆
𝛺𝑘𝐵𝑇

[

−𝛺𝛾𝑆
𝑑𝜅
𝑑𝑠

+𝑍𝑆𝑒𝐸𝑜 cos 𝜃
]

⋅ (12)

Using the relations, 𝜅 = 𝑑𝜃∕𝑑𝑠, 𝑑𝑋∕𝑑𝑠 = sin 𝜃 and substituting 𝐹 =
cos 𝜃, in the above expression yields,

𝐽 =
𝐷𝑆𝛿𝑆 [

−
√

1 − 𝐹 2𝛺𝛾𝑆
𝑑2𝐹 +𝑍𝑆𝑒𝐸𝑜𝐹

]

⋅ (13)

𝛺𝑘𝐵𝑇 𝑑𝑋2
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The mass conservation along the slit surface relates the flux to the
normal velocity 𝑉𝑛 as,
𝑑𝐽
𝑑𝑠

= −
𝑉𝑛
𝛺

⋅ (14)

The mass balance equation relates the slit velocity to the fluxes as,

𝑉 = (𝐽𝐺𝐵 − 2𝐽𝑆 )∕2ℎ, (15)

where 2ℎ = 𝑤 is the slit width.
Using the above relations and 𝑉𝑛 = 𝑉 sin 𝜃, integrating the above

equation and determining the integration constant utilizing the condi-
tion that at 𝑋 = 0, 𝐽 = 𝐽𝐺𝐵∕2 we arrive at,

(𝐽𝐺𝐵 − 2𝐽𝑆 )
𝑋
ℎ

= 𝐽𝐺𝐵 − 2𝐽 . (16)

Inserting the relations (10), (11) and (13) and rearranging we get,
2𝐷𝑆𝛿𝑆𝛾𝑆

𝑘𝐵𝑇

√

1 − 𝐹 2 𝑑
2𝐹

𝑑𝑋2
+ 𝐽𝐺𝐵(

𝑋
ℎ

− 1) + 2𝐽𝑆 (𝐹 − 𝑋
ℎ
) = 0 (17)

Non-dimensionalizing the above expression by introducing 𝑋 = 𝑋∕ℎ
nd dividing throughout by 2𝐽𝑆 yields,
√

1 − 𝐹 2 𝑑
2𝐹

𝑑𝑋
2
+ (𝐹 −𝑋) +𝑀(𝑋 − 1) = 0, (18)

where,

𝐴 =
𝛾𝑆𝛺

𝑍𝑆𝑒𝐸𝑜ℎ2
, (19)

=
𝐷𝐺𝐵𝛿𝐺𝐵𝑍𝐺𝐵
2𝐷𝑆𝛿𝑆𝑍𝑆

⋅ (20)

Owing to the highly non-linear nature of the governing PDE, (18) is
olved numerically subjected to the BC 𝐹 = cos 𝜃𝑜 at 𝑋 = 0 and 𝐹 = 1,
𝐹∕𝑑𝑋 = 0 at 𝑋 = 1. The numerical solution was obtained by Klinger
t al. [25] and hence we do not delve further in this direction. However,
ertain key points and limitations in the sharp interface description of
he problem needs to be highlighted.

(i) Firstly, the solution given by Eq. (9) describes the surface evo-
lution faithfully only at the early stages when the slope at the
root is small. However, as mentioned the SSA will eventually
be violated. It is also worth noting that Eq. (9) pertains to the
evolution of the entire surface and not only of the root. As a
result, groove to slit transition will never be predicted under the
SSA.

(ii) Secondly, while applying flux continuity at the root (Eqs. (5)
and (6)), the EM-induced surface flux has been neglected in RHS
of Eq. (6). As grooving progresses, the freshly exposed surfaces
come in contact with the electron wind force, thus engender-
ing an additional contribution to the surface flux. EM-induced
surface flux is time dependent (because the groove profile is
continuously changing) and hence the assumption of constant
flux 𝐼 in Eq. (7) is expected to be true only during early stages
when this contribution is marginal.

(iii) Thirdly, the dynamics of the slit stage is calculated indepen-
dently (i.e. starting from a pre-existing crack) without consid-
ering the initial grain size from which it is conceived. In other
words, this implies that for the same magnitude of electric
field, the slit characteristics namely the width and velocity is
independent of the grain size.

(iv) Electric field is assumed to be constant along the flat part of the
slit surface and approximated with a simple projection in the
vicinity of the tip. In reality, however, sharp corners and edges
lead to enhanced localized field, a phenomenon known as field
crowding.

The principle aim of the present work is to investigate the initiation
nd propagation of intergranular slit numerically. Besides, owing to the

on-linearity of the problem, it is impossible to pursue the complete
Fig. 2. Schematic of the simulation set-up used in the present study. The interconnect
consists of array of periodic grains with GB aligned along the direction of electric field.
The upper electrode is assigned a negative potential while the bottom one a positive
value. The electron wind is directed towards the bottom electrode.

groove to slit transition analytically. Phase-field method, with the
advantage of managing complex topological changes without explicitly
tracking the interface, lends as a natural numerical choice to study such
moving boundary problems. Moreover, all the above limitations which
can severely affect the lifetime of conductors can be addressed duly.
The phase-field model is presented in the following section.

3. Phase-field formulation

3.1. Model

We seek to construct a simplified model that can correctly capture
the diffusion driven EM phenomenon. Following [33–36], we employ a
set of conserved and non-conserved order parameters to distinguish be-
tween the underlayer and the polycrystalline interconnect domain. The
simulation set up is a Blech-type test geometry [37] which comprises of
an array of periodic grains of the metal interconnect separated from the
dielectric underlayer as shown in Fig. 2. A conserved order parameter,
which, in the present case is the scaled density variable 𝜌, distinguishes
the underlayer (𝜌 = 0) and the interconnect (𝜌 = 1) domain. While, a
set of 𝑁 non-conserved order parameters (𝜂1, 𝜂2,… .., 𝜂𝑁 ) are chosen
o describe the multiple grains in the interconnect microstructure. The
on-conserved order parameters are chosen such that the 𝑖th grain of

the interconnect is described by 𝜂𝑖 = 1 and 𝜂𝑗 = 0 ∀ 𝑗 ≠ 𝑖, where as the
underlayer domain is defined by 𝜂𝑖 = 0 ∀ 𝑖 ∈ {1, 2,… ., 𝑁}.

With the above description, GB is defined as the region between 𝑖th
nd 𝑗th grain where 𝜂𝑖 and 𝜂𝑗 varies smoothly between 0 < 𝜂𝑖, 𝜂𝑗 < 1.

Surface, on the other hand is the region between the underlayer and
the 𝑖th grain of the interconnect exhibiting smooth variation of 𝜌 and
𝜂𝑖 as 0 < 𝜌, 𝜂𝑖 < 1. Using the definition of conserved and non-conserved
rder parameters the free energy functional is defined as,

= ∫𝑉
𝑓 (𝜌, 𝜂𝑖) + 𝜅𝜌|∇𝜌|

2 + 𝜅𝜂
𝑁
∑

𝑖=1
|∇𝜂𝑖|

2𝑑𝑉 (21)

where, 𝜅𝜌 and 𝜅𝜂 are the gradient energy coefficients which penalizes
gradients in 𝜌 and 𝜂 respectively. 𝑓 (𝜌, 𝜂𝑖) is a Landau-type poten-
tial which creates (𝑁 + 1) distinct minimas at (𝜌, 𝜂1, 𝜂2,… .., 𝜂𝑁 ) =
(1, 1, 0,… .., 0), (1, 0, 1,… .., 0),… .., (0, 0, 0,… .., 0) in the free energy land-
cape. The explicit expression of 𝑓 (𝜌, 𝜂𝑖) can be derived considering

simple symmetry arguments as [33],

𝑓 (𝜌, 𝜂𝑖) = 𝐴𝜌2(1 − 𝜌)2 + 𝐵𝜌2𝜉(𝜂𝑖) + 𝐶(1 − 𝜌)2
𝑁
∑

𝑖=1
𝜂2𝑖 (22)

here the function 𝜉(𝜂𝑖) is a multiwell in 𝜂𝑖,

(𝜂𝑖) =
𝑁
∑

[ 𝜂4𝑖
4

−
𝜂2𝑖
2

+ 2
𝑁
∑

𝜂2𝑖 𝜂
2
𝑗

]

+ 1
4
. (23)
𝑖=1 𝑗>𝑖
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𝐴,𝐵 and 𝐶 are the energy barrier with units of energy per unit
volume. The first term in Eq. (22) results in two degenerate states
in 𝜌, corresponding to the interconnect and the underlayer domain.
It is to be noted that the prefactor 𝜌2 and (1 − 𝜌)2 in the second and
third term alters the free energy landscape in the interconnect and the
underlayer domain respectively. The second term in Eq. (22) exhibits
𝑁 minima in 𝜂𝑖, (𝜂1, 𝜂2,… .., 𝜂𝑁 ) = (1, 0,… .., 0), (0, 1,… .., 0), (0, 0,… .., 1)
corresponding to various grain orientations in the interconnect defined
by 𝜌 = 1. The underlayer i.e. 𝜌 = 0 is characterized by a single minimum
n 𝜂𝑖, (𝜂1, 𝜂2,… .., 𝜂𝑁 ) = (0, 0,… .., 0) according to the third term.

The kinetic equations of the conserved and the non-conserved order
parameters are obtained from the free energy functional by varia-
tional derivatives. Thus, the non-conserved order parameters follow the
dynamics of Allen–Cahn Eq. as [38],
𝜕𝜂𝑖
𝜕𝑡

= −𝐿𝛿𝐹
𝛿𝜂𝑖

(24)

= −𝐿
[ 𝜕𝑓 (𝜌, 𝜂𝑖)

𝜕𝜂𝑖
− 2𝜅𝜂∇2𝜂𝑖

]

(25)

where, 𝐿 is the relaxation coefficient for the non-conserved order
parameters. The conserved order parameter, on the other hand, is
governed by Cahn–Hilliard Eq. as [39],
𝜕𝜌
𝜕𝑡

= ∇ ⋅𝑀(𝜌, 𝜂𝑖)∇𝜇 (26)

where,

𝜇 = 𝜇 + 𝑧𝑒𝜙. (27)

The chemical potential 𝜇 is defined from the variational derivative as,

𝜇 = 𝛿𝐹
𝛿𝜌

. (28)

is the effective valence of the diffusing species which according to the
harp interface definition is a sum of direct electrostatic and the wind
orce contributions. Thus Eq. (26) translates into,
𝜕𝜌
𝜕𝑡

= ∇ ⋅𝑀(𝜌, 𝜂𝑖)∇(𝜇 + 𝑧𝑒𝜙) (29)

The above Eq. implies the motion of diffusing species under the com-
bined influence of gradient of chemical potential as well as electric
potential. To account for enhanced diffusivities at the surface and GB,
the mobility is expressed as a scalar function of 𝜌 and 𝜂𝑖 as [33,40],

𝑀(𝜌, 𝜂𝑖) = 𝑀𝐵 + 16𝑀𝑆𝜌
2(1 − 𝜌)2 + 4𝑀𝐺𝐵

∑

𝑗>𝑖

√

𝜂2𝑖 𝜂
2
𝑗 (30)

where 𝑀𝐵 , 𝑀𝐺𝐵 and 𝑀𝑆 stands for the atomic mobility in the bulk, at
the GBs and at the surface respectively.

Few comments are in order regarding the specific choice of mobility
function. The second term in Eq. (30) represents surface diffusion
at the interconnect-underlayer interface. 𝜌 by virtue of its conserved
nature exhibits the Gibbs–Thomson effect, as a result of which, 𝜌 may
vershoot the prescribed limit of 0 < 𝜌 < 1 depending upon the
ocal curvature. Since we adopt a scalar mobility function (instead of
tensorial form [41,42] which inherently restricts diffusion along the

urface), the higher degeneracy specifically suppresses the additional
ulk diffusion contribution arising from the local variation of 𝜌 and
s able to recover pure surface diffusion limited motion i.e. motion
y surface laplacian of the mean curvature as demonstrated via rig-
rous asymptotic analysis [43]. Moreover, the biquadratic mobility
n conjunction with the fact that we investigate interface feature of
he order of few nanometers suffices in restricting diffusion currents
long the surface and ensures vanishing normal fluxes as will be shown
ater. Biquadratic mobility also has the attractive feature that it always
eturns a non-negative value thus obviating any numerical instabilities.

Since the time scale of electrodynamics is much smaller in compar-
son to the diffusion process, we solve the laplace equation assuming
 i
Table 1
Non-dimensionalized numerical parameters used in the present study and corresponding
interfacial properties.

Parameter Non-dimensional value

𝜅𝜌 1
𝜅𝜂 0.33
𝐴,𝐵, 𝐶 1
𝑀𝐵 10−6

𝑀𝐺𝐵 1
𝑀𝑆 0.1
𝑧𝑒 −5
𝜎𝑚 3
𝜎𝑢 0.3
𝛥𝑥, 𝛥𝑦 0.5
𝛥𝑡 0.001
𝛾𝑆 0.6
𝛾𝐺𝐵 0.42
𝛿𝑆 3.7
𝛿𝐺𝐵 2.3

no charge accumulation to evaluate the electrostatic field distribution
as,

∇ ⋅
[

𝜎(𝜌)∇𝜙
]

= 0 (31)

here 𝜎 is the conductivity taken to be 𝜌 dependent to distinguish the
lectrical property of the metal interconnect and dielectric underlayer.
e use a linear interpolation between the interconnect and underlayer

s,

(𝜌) = 𝜎𝑚𝜌 + 𝜎𝑢(1 − 𝜌) (32)

hus Eqs. (25), (29) and (31) combines a degenerate Cahn–Hilliard,
Allen–Cahn and Laplace Eq. which constitutes coupled PDEs for the
electromigration problem. All the quantities are rendered non-
dimensional by selecting a characteristic energy scale 𝐸′ = 𝐴′, a length

scale 𝐿′ =
( 𝜅′𝜌
𝐴′

)1∕2
and a timescale 𝑡′ =

𝐿′2(𝜌′𝑖𝑛𝑡−𝜌
′
𝑑𝑖𝑒)

2

𝑀 ′
𝐵𝐸

′ where 𝜌′𝑖𝑛𝑡 and
𝜌′𝑑𝑖𝑒 are the densities of the interconnect and the dielectric underlayer
respectively.The interested readers are referred to Ref. [44] for the
details of the non-dimensionalization procedure. To avoid confusion,
we drop the tildes hereafter.

3.2. Relation to sharp interface models

We next relate the phase-field parameters to their tradition sharp
interface counterparts. The gradient-energy coefficients and the poten-
tial well heights in phase-field model can be related to the interfacial
energy (𝛾) and width (𝛿). The interfacial energy of the present system
considering a one dimensional domain, can be written as [38,39],

𝛾 = ∫

+∞

−∞
𝛥𝑓 (𝜌, 𝜂𝑖) + 𝜅𝜌|∇𝜌|

2 + 𝜅𝜂
𝑁
∑

𝑖=1
|∇𝜂𝑖|

2d𝑥 (33)

where 𝛥𝑓 (𝜌, 𝜂𝑖) is the excess free energy of the homogeneous system
with respect to the free energy of equilibrium two phase system. It
can further be shown that at equilibrium, the contribution arising from
gradient terms and excess energy are equal so that [39],

𝛾 = 2∫

+∞

−∞
𝛥𝑓 (𝜌, 𝜂𝑖)d𝑥 (34)

Though the above integral can be routinely solved analytically for
simple quartic potentials, the same is not possible for the potential
selected here. Hence, we integrate Eq. (33) numerically to determine
the surface (𝛾𝑆 ) and GB (𝛾𝐺𝐵) energies. To compute 𝛾𝐺𝐵 , we start
with a planar 1 − 𝐷 domain between two grains with their respective
equilibrium configuration i.e. (𝜌, 𝜂1, 𝜂2) = (1, 1, 0) and (1, 0, 1). We solve
Eqs. (25) and (29) and allow the interfaces to diffuse until no appre-
iable change is observed between two successive timesteps. Eq. (33)

s then integrated numerically to determine 𝛾𝐺𝐵 . 𝛾𝑆 is also defined
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Fig. 3. Groove profiles depicting (a) initial, (b) intermediate and (c) late stages of evolution of a slit from an initial GB groove. The applied electric-field initiates a morphological
instability at the triple junction in the form of a narrow channel-like slit, propagating along the grain-boundary. (d) Slit propagates along the GB preserving its shape near the tip
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along similar lines. Since the interconnect is essentially a pure metal,
the parameters 𝐴,𝐵, 𝐶, 𝜅𝜌, 𝜅𝜂 are selected such that 𝛾𝑆 is greater than
𝐺𝐵 . This is achieved by selecting a higher value of 𝜅𝜌 than 𝜅𝜂 . The
pecific values are reported in Table 1. The interfacial widths (𝛿𝐺𝐵 and
𝑆 ) are defined heuristically as the region where the respective order
arameters vary between 0.1 and 0.9.

We next turn our attention towards the kinetic parameters namely
he atomic mobilities and the relaxation coefficient. The bulk atomic
obility in phase-field models can be related to the bulk diffusivity by

omparing the Cahn–Hilliard Eq. (26) to Fick’s law implying

𝐷𝐵 = 𝑀𝐵
𝜕2𝑓
𝜕𝜌2

. (35)

he relationship between surface mobility and surface diffusivity can
e established by performing a matched asymptotic analysis and com-
aring the expression for the normal velocity of the interface with the
harp-interface description, yielding, [44]

= 𝛾𝑆𝑀𝑆 (36)

where 𝑀𝑆 = ∫ +∞
−∞ 16𝑀𝑆𝜌2(1 − 𝜌)2d𝑥. Similarly, the GB mobility and

diffusivity can be related by comparing the GB flux from sharp-interface
and phase-field model leading to the expression
𝐷𝐺𝐵𝛿𝐺𝐵
𝑘𝐵𝑇

= 𝑀𝐺𝐵 , (37)

where, 𝑀𝐺𝐵 = ∫ +∞
−∞ 4𝑀𝐺𝐵

√

𝜂2𝑖 𝜂
2
𝑗 d𝑥. Since we intend to study surface

diffusion limited slit formation, we choose 𝑀𝐺𝐵 an order of magnitude
higher than 𝑀𝑆 , while the bulk atomic mobility 𝑀𝐵 is set to a very
low value of 10−6.

It is worth mentioning that since 𝜌 roughly maintains a constant
alue across the GB, the motion is governed by the Allen–Cahn equa-
ion, but only approximately. Consequently, GB exhibits the standard
otion by mean curvature assuming no solute segregation. Accord-

ngly, a comparison of the expression of the interfacial velocity from
the classical sharp-interface theories of curvature-driven motion and
the phase-field model yields [38],

𝐿𝜅𝜂 = 𝜇𝐺𝐵𝛾𝐺𝐵 (38)

here 𝜇𝐺𝐵 is the GB mobility. Physically, the surfaces evolve via
he mechanism of surface diffusion. If we look at the construction of
he present phase-field model, the surfaces i.e. the interface between
nderlayer and interconnect are represented by gradients in both 𝜌
nd 𝜂. Both Cahn–Hilliard and Allen–Cahn equations are solved along
hese interfaces and the kinetics is determined by the respective kinetic
oefficients i.e. 𝑀𝑠 for Cahn–Hilliard and 𝐿 for Allen–Cahn. Both these
quations model different physical phenomenon viz. Cahn–Hilliard
odels motion of surface by atomic diffusion (or more precisely surface

aplacian of the curvature in case of surface diffusion) where as Allen–
ahn dictates motion by surface attachment kinetics. To ensure that
he motion of the surface is governed by atomic diffusion, the kinetics
f Cahn–Hilliard equation needs to be slower (rate limiting step) than
llen–Cahn equation. This can be achieved by setting a value of 𝐿 such

hat results are independent of this value. To achieve this property,
he value of 𝐿 is selected to be 1 such that the interface movement is
iffusion controlled. The details of the asymptotic analysis of the model
nd some numerical results regarding the effect of the kinetic parameter
can be found in Ref. [44]
Moving on to the electrical parameters, as mentioned before, the

ffective valence 𝑧𝑒 is a resultant of a direct electrostatic and wind
orce. In most commercial metallic interconnects, the wind force is
ominant which implies that 𝑧 is negative. Moreover, effective valence
s also an interfacial property and can assume different values at GB
nd surfaces. However, in the present work it is assumed to be a
onstant and we select a representative value of −5. Furthermore, the
irection of electron flow is chosen such that there is net EM flux out
f the groove root (negative 𝑦 direction) which is necessary for slit
volution. This is attained by prescribing a negative potential at the
op edge and a positive potential at the bottom edge. Following the
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Fig. 4. Vector plots denoting the surface (blue arrow) and GB (green arrow) diffusion currents at (a) the groove root region corresponding to 𝑡 = 3000, (b) the groove tail (surface)
orresponding to 𝑡 = 3000 and (c) the slit tip corresponding to 𝑡 = 75 000. The length of the arrows denotes the magnitude of the respective fluxes which have been upscaled for
larity. Flux density maps at (d) 𝑡 = 3000 and (e) 𝑡 = 75 000 indicate triple junctions as potential flux divergence sites. A positive flux divergence at the triple junction implies a
et outflow of material due to the higher GB atomic mobility in comparison to the surface atomic mobility.
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tandard electrostatic convention, the electric field is directed towards
he positive 𝑦 axis. The conductivity of the metal interconnect is set to
e 10 times higher than the dielectric underlayer. All the simulation
arameters are summarized in Table 1.

The governing Eqs. (25) and (29) are solved using explicit finite
ifference scheme where the spatial derivatives are discretized us-

ing a combination of forward, backward and central differences in a
staggered grid which is second order accurate. While, the temporal
derivatives are discretized using an explicit Euler scheme. Laplace
Eq. (31) is solved iteratively using successive-over-relaxation (SOR)

ethod with relaxation parameter of 1.7. The convergence criteria is
et such that the maximum difference between successive iterations is
ess than 10−6. No flux boundary conditions are applied for 𝜌 and 𝜂𝑖 at
op and bottom edges by prescribing,

̂ ⋅ ∇𝜌 = 𝑛̂ ⋅𝑀∇𝜇 = 𝑛̂ ⋅ ∇𝜂𝑖 = 0 (39)

eriodic boundary conditions are applied at the left and right edges
or 𝜌 and 𝜂𝑖. For the potential field 𝜙, dirichlet boundary condition are
rescribed at top and bottom edges and no flux at left and right edges.

. Results

A few comments on the general applicability of the results. Firstly,
e neglect the effect of back stress along the line. In Blech-type

est geometries as the conductor drifts in the direction of electron
ind a back stress is generated across the line which impedes the

urther movement [45]. This essentially implies that the slit evolves
nd propagates along an infinite GB. Secondly similar to Ref. [19], EM
luxes are not blocked at the domain edges. Consequently, the slit can
ncrease its area, although the mass is locally conserved. Finally, all
he properties of the interconnect namely interfacial energy, atomic
obility and the conductivity has been assumed to be isotropic. The
 l
Fig. 5. Variation of the mean curvature 𝜅𝑠 along the surface profile given by 𝜌 = 0.5
contour. A transition from a convex (positive) to a concave (negative) curvature at the
roove root signifies the initiation of the instability in form of slit.

ssumptions, considerably simplifies the analysis, however, we remark,
hat anisotropy in either of the property can easily be incorporated and
s not a limitation of the phase-field modelling in general. Anisotropy
n atomic mobility can have marked influence on the slit propagation
ynamics as reported in previous works concerning single crystals [13,
9,23,24].

.1. GB slit propagation : Role of surface and GB

To begin with, we consider the morphological evolution of surface
iffusion limited grooves under the concomitant influence of capillarity
nd EM. The temporal evolution of surface defined as the 𝜌 = 0.5

evel set is presented in Fig. 3. Three distinct regimes can be observed
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bout 𝑥 = 0 and the two slit surfaces carry field of equal magnitude but opposite sign.
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ategorized as early (Fig. 3(a)), intermediate (Fig. 3(b)) and late stages
Fig. 3(c)).

The early stage is characterized by accelerated grooving, which as
ompared to the surface diffusion mediated thermal grooves is roughly

times deeper at similar timestep. The ridges that emerge at the
urface on either side of the GB are less prominent than its thermal
roove counterpart. This can be attributed to the fact that unlike matter
edistribution from groove root to the surface in thermal grooves, EM-
nduced flux, in the present case, additionally drains material out of
he root. Consequently, the area of the profile representing the net
aterial emerging from the groove is non-zero. It is also worth noting

hat during the initial stages the change in the slope at the groove root
s not evident.

The groove, however, becomes wider and steeper at intermediate
imes (Fig. 3(b)) and eventually forms a narrow channel-like slit. The
railing edge continues to evolve via surface diffusion as evident from
he circular arcs in Fig. 3(c). Once the groove forms a slit-like channel,
t propagates along the GB maintaining a constant slit width (distance
etween the parallel walls). Furthermore, if the profiles at various
imesteps are translated such that the slit tip coincides, it can be
ealized that the slit propagates along the GB self-similarly, preserving
ts shape near the tip region as observed in Fig. 3(d).

In order to gain deeper insights on the role of surface and GB
n slit formation mechanism, we plot the surface (blue arrow) and
B (green arrow) fluxes depicting the direction of diffusion currents.
he magnitude of the vector has been upscaled for visual clarity. An
nlarged region near the groove root corresponding to early stage
= 3000 is shown in Fig. 4(a). Owing to the enhanced mobility the
isible diffusion currents are limited to the surface and GB. Moreover,
he diffusion currents are restricted along the surface with no visible
ormal fluxes. Since the GB is planar, essentially all the GB flux (𝐽𝐺𝐵)
s EM-induced (𝐽𝐸

𝐺𝐵). The surface flux, 𝐽𝑆 on the other hand, is an
ggregate of two contributions viz. (i) curvature gradient-induced 𝐽∇𝜅𝑆

𝑆
nd (ii) EM-engendered 𝐽𝐸

𝑆 . It is evident in Fig. 4(a) that the surface
nd GB fluxes act in tandem in series near the groove root. We consider
ach of the fluxes in detail one by one.

To understand the direction of 𝐽∇𝜅𝑆
𝑆 (which is dictated by the
radient of curvature), we calculate the curvature 𝜅𝑆 along the groove m
rofile. The details of the curvature calculation is provided in the ap-
endix. For the sake of comparison, the curvature variation of thermal
rooves is also presented in Fig. 5. Thermal grooves are characterized
y a convex curvature (𝜅𝑆 > 0) with a maximum at the groove root,
ollowed by a decrease leading to diffusion currents out of the groove
.e. from higher curvature to lower curvature. The EM-induced grooves,
owever, undergo a sign change in the curvature gradient close to the
roove root as evident from a steep increase to a maximum followed by
decrease. This prompts 𝐽∇𝜅𝑆

𝑆 towards the groove root which in general
s absent during thermal grooving. Beyond the maximum, there is a
eversal in the direction of 𝐽∇𝜅𝑆

𝑆 which promotes the flattening of the
urface ridges as shown in Fig. 4(b). Moreover, with time, the curvature
t the groove root (in Fig. 5) exhibits a convex to concave transition,
ignature of the slit forming tendency of the groove.

Secondly, although the surface is initially perpendicular to the
irection of electric field, the development of groove allows a marginal
art of the surfaces to come in angular contact with the electron wind.
hus, in addition to 𝐽∇𝜅𝑆

𝑆 , EM-induced surface flux 𝐽𝐸
𝑆 also instigates

healing flux towards the groove root. It is worth mentioning, that,
𝐸
𝑆 at initial stages of grooving is not or rather difficult to account
or analytically due to the ever changing shape of the groove cavity.
owever, as the slit develops, more and more part of the surfaces come

n direct line of the electron wind as can be observed in the parallel
hannel of the slit profile in Fig. 4(c) where 𝜅𝑆 and consequently 𝐽∇𝜅𝑆

𝑆
s zero. The slit tip region, however, will have contributions from both
∇𝜅𝑆
𝑆 and 𝐽𝐸

𝑆 .
The potential EM-induced damage sites can be assessed by consider-

ng the flux divergence. A positive flux divergence implies a net outflux
cross a closed surface, while a negative value denotes a net influx
f matter. The flux divergence plot at two representative timesteps
orresponding to Fig. 4(a) and (b) is shown in Fig. 4(d) and (e)
espectively. The triple point (surface-GB intersection) can be identified
s flux divergence site from the early stages of grooving. The positive
egion near the root is sustained throughout the slit propagation stage
uggesting a higher out going flux 𝐽𝐸

𝐺𝐵 than incoming flux (𝐽∇𝜅𝑆
𝑆 +𝐽𝐸

𝑆 ).
Thus, based on the above arguments, it is evident, that contrary

o the popular belief, the surface does not act as an independent EM-
athway. Rather, the surface fluxes 𝐽∇𝜅𝑆

𝑆 and 𝐽𝐸
𝑆 act as a healing
echanism which replenishes the groove root. However, owing to the
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Fig. 7. Temporal evolution of the groove depth (calculated from the initial flat surface)
at different applied electric-field strengths plotted on a log–log scale. After an initial
power law growth with an exponent of 0.75, a linear regime implying a steady state
is attained at all field strengths.

faster mass transport along the GB, 𝐽𝐺𝐵 is able to localize the groove
damage to a slit-like channel and will lead to the phenomenon of slit
merging and splitting in a wide polycrystalline line [26].

4.2. Electric field

We next discuss the effect of groove to slit transition on electric
field distribution. The formation of slit leads to distortion of field
vectors which follow the arc of the slit surface in Fig. 6(a). Electric
field contours 𝐸𝑦 along the surface contour (solid black line) at two
representative timesteps corresponding to intermediate stage 𝑡 = 10 000
and late stage 𝑡 = 75 000 are shown in Fig. 6(b) and (c) respectively.
Isofield lines follow the groove profile near the top surface at both
timesteps and the magnitude decreases as we move further. However,
the isofield contours form circular loops (not to be confused with
electric field lines which do not form closed loops) with increasing
intensity and radius ahead of the groove root. The arrangement is
reminiscent of equipotential lines around a monopole (single charge).
Furthermore, as the slit develops initial monopolar-like arrangement
evolves to a dipolar one near the tip as evident in Fig. 6(b) and (c).

The contours of 𝐸𝑥 for similar timesteps are plotted in Fig. 6(d) and
(e) Contrary to 𝐸𝑦 field strength is maximum near the groove or slit tip
and dissipates as we move further along either side of 𝑥 = 0 line. In
addition, the field lines are symmetric about 𝑥 = 0 and the slit surfaces
carry field of equal magnitude but opposite sign.

A few subtle points also warrants further discussion. Neither 𝐸𝑥 nor
𝑦 is constant along the slit surface as is assumed in the analytical
alculations of transgranular [13,16] and intergranular slit propaga-
ion [22,25], a result consistent with the work of Ouyang and Lee [46]
ho derived the electric field solution using a conformal mapping

echnique. Secondly, the isofield lines are more dense near the tip
egion, a phenomenon known as field crowding. The localized intense
ield region is known to cause premature electric discharge breakdown
n interconnections. Furthermore, isofield lines tend to flatten as they
raverse from the interconnect to the underlayer. This is due to the
ifference in the electrical conductivity of the interconnect which is
metal (higher conductivity) and the underlayer which is a dielectric

lower conductivity).

.3. Kinetics of groove deepening

The kinetics of the groove extension can be extracted from the dis-
lacement of the groove root, measured from the initial flat surface. The
osition of the groove root is calculated from the minimum value of the
rdinate corresponding to 𝜌 = 0.5 contour. The resulting displacement–
ime curve at different applied field strengths is presented in Fig. 7. At
 T
Fig. 8. Dependence of slit width on applied electric-field strengths. Higher field
strengths result in narrower slit width selection.

initial stages, rate of groove deepening exhibits an exponent of 3∕4(0.75)
at all field strengths, as evident from the near parallel slopes. The
power law kinetics is consistent with expression (10) sans the capillary-
induced term. Owing to the lower surface diffusivity selected here, the
entity 𝐵𝑡 becomes smaller in both the terms in Eq. (10). However, the
external flux 𝐼 which appears as a prefactor, makes the second term
dominant as compared to the first term.

It is to be noted that the phase-field simulations differ principally
from the analytics on two counts. Firstly, the selected values of 𝛾𝐺𝐵 and
𝛾𝑆 in the simulations do no satisfy the small slope approximation (SSA),
indicating that the SSA is not restrictive in its scope and in fact serves as
an excellent approximation for the early stage behaviour. Moreover, the
EM-induced surface flux 𝐽𝐸

𝑆 , not accounted for in analytical calculation,
plays a minor role during early stages and does not alter the growth
exponent.

The 3∕4 exponent, however, is not persistent throughout, as the
deepening rate increases overtime as apparent from the prerupting
of the 𝑑𝑔 − 𝑡 curve. As the groove progressively transits into the slit
stage, a linear growth regime, implying a steady state, is attained. The
behaviour is observed over a magnitude of electric field. Higher electric
field strength results in a sharper and a faster transition to the steady
state.

4.4. Selection of slit width and velocity

We next consider the selection of slit width and velocity and its
explicit dependence on applied field strength, once the steady state
is attained. The slit width is calculated from the difference of the
abscissa of the slit profile and averaging the values in the central
parallel portion. While, the velocity is extracted from the slope of 𝑑𝑔 − 𝑡
curve (Fig. 7) in linear regime. Higher electric field strengths result in
finer slit as seen in Fig. 8. The tip velocity, however, increases with
increasing field strength as evident in Fig. 9. Slit width and velocity
scales as 𝐸−1∕2 and 𝐸3∕2 respectively which is consistent with the
sharp interface description of Klinger et al. [25]and Liu et al. [22] as
discussed in Section 2.

It is worth noting that the traditional sharp interface description
of the problem approximates the applied electric field 𝐸𝑜 by a simple
projection along the slit surface 𝐸𝑜𝑐𝑜𝑠𝜃. However, as highlighted in the
phase-field simulations (Fig. 6), high curvature at the tip can lead to
significant field crowding. Despite the differences in the electric field
distribution, the correspondence between sharp interface relation and
phase-field simulation is not entirely fortuitous. In fact if we rearrange
Eq. (19) we arrive at the width dependence on electric field as, ℎ = 𝑤

2 =
𝛾𝑆𝛺

𝑍𝑆 𝑒𝐸𝑜𝐴
)1∕2 ∝ 𝐸−1∕2

𝑜 . Similarly, substituting this expression in Eq. (15)
nd using Eqs. (10) and (11), it can easily be seen that 𝑣 ∝ 𝐸3∕2

𝑜 .
hus, the scaling laws arise purely on dimensional grounds independent
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Fig. 9. Dependence of tip velocity on applied field strengths. Higher field strengths
result in larger tip velocities.

on the exact solution of laplace equation. Moreover, since higher field
leads to narrow slits with smaller tip radius (or in other words higher
curvature), the field crowding effect would also be more prominent,
thus proving to be more fatal.

4.5. Effect of finite grain size

Since the phase-field simulations allow to track the events leading
to slit evolution, the proposition of grain size invariance on slit charac-
teristics can easily be verified. The 𝑑𝑔−𝑡 curve corresponding to highest
field strength is shown in Fig. 10(a). The initial stages of grooving are
almost indiscernible (until 𝑡 = 2000), after which a deviation in the
kinetics of deepening can be observed. The variation is significant for
the smallest grain. The velocity extracted from the slope of the linear
region of the 𝑑𝑔 − 𝑡 curve exhibits a difference of about 25% between
the largest and smallest grains.

The above trends can also be argued based on the sharp interface
relation. Assuming an infinite slit propagating with a steady state, the
tip velocity is dependent on the magnitude of the surface and GB
flux remote from the tip through the relation (15). However, during
transient stages, when a slit originates from a GB groove, the local flux
balance at the tip similar to relation (15) will dictate the tip veloc-
ity. For a given magnitude of electric field (and identical conductor
length) 𝐽𝐺𝐵 = 𝐽𝐸

𝐺𝐵 is constant and independent of grain size, while
𝐽𝑆 = 𝐽∇𝜅𝑆

𝑆 + 𝐽𝐸
𝑆 will depend on the curvature of the evolving profile.

Groove profiles corresponding to two grain sizes at a similar timestep
are shown in Fig. 10(b). Due to smaller grain size, the tails of the
neighbouring grooves start overlapping causing the surface to circular
arcs. Moreover the trailing edge also undergoes drifting from early
stages. In larger grains, the freshly exposed surfaces coming in contact
with the electron wind is higher as apparent in Fig. 10(b) such that
𝐽𝐸
𝑆 is higher. The curvature variation across the profile is presented

in Fig. 10(c). Curvature-gradient ∇𝜅𝑆 does not change sign in smaller
grain implying 𝐽∇𝜅𝑆

𝑆 along the entire inner surface towards the root.
While for larger grain, the curvature-gradient ∇𝜅𝑆 undergoes a sign
change at around 𝑥 = 10 as a result of which 𝐽∇𝜅𝑆

𝑆 reverses direction.
hus, while the contribution of healing flux from 𝐽𝐸

𝑆 is higher for larger
rains, 𝐽∇𝜅𝑆

𝑆 is higher for smaller grains. The flux divergence across the
roove profile for the larger and smaller grains is shown in Fig. 10(d)
nd (e). respectively. Although, in both cases the root exhibits a positive
lux change (roughly 𝐽𝐸

𝐺𝐵 − (𝐽∇𝜅𝑆
𝑆 + 𝐽𝐸

𝑆 )), the magnitude of the change
s lower for smaller grains implying a net higher healing flux (𝐽∇𝜅𝑆

𝑆 and
𝐸
𝑆 ). Healing flux is the precise reason, a slit conceived from a smaller
rain will exhibit a slower kinetics and delay damage dissemination.
t is worth mentioning that the grain size does not alter the velocity
ependence on electric field as evident in Fig. 11(a), but modify only

he prefactors resulting in different slopes. However, if we examine the
width of the slits emanating from different grain sizes (Fig. 11(b)), the
difference is barely perceptible. The slit eventually attains the same
shape irrespective of the grain size which is governed by the magnitude
of electric field and the dihedral angle.

Another implication of healing flux is that a sufficiently high mag-
nitude of 𝐽𝑆 will outweigh 𝐽𝐺𝐵 as a result of which the breakaway
henomenon of the root will not be observed. Fig. 12(a) depicts the
ffect of neighbouring grains in suppressing the tendency of slit forma-
ion. The magnitude of electric field corresponds to 𝐸 = 0.0039 where
lit was observed at larger grain size (Fig. 3). Although the curvature
t the root becomes negative during evolution as seen in Fig. 12(b), the
oncavity is subsequently arrested at a later stage owing to the healing
lux. Rather the damage proceeds via a global thinning of the test
eometry reminiscent of the Blech-type drift velocity experiments. Such
damage mechanism is expected to be operative at low grain sizes (due

o which 𝐽∇𝜅𝑆
𝑆 and 𝐽𝐸

𝑆 will be higher) or at lower 𝐽𝐸
𝐺𝐵 (either due to

ower atomic mobility 𝑀𝐺𝐵 or applied electric field 𝐸). The result can
lso be interpreted in terms of flux divergence. While intergranular slit
esults from a localized positive flux divergence at the root (Fig. 4(d)
nd (e)), overlap of diffusion fields from the neighbouring grains lead
o a divergence along the entire surface as seen in Fig. 12(c) and (d)
hich ensues a surface drift.

.6. Time to failure

Since most EM tests are performed at accelerated conditions (to
peed up the failure process), the results need to be extrapolated to
ctual service conditions to predict the lifetime of the device. The key
arameter of interest is the median-time-to-failure (MTTF) 𝑡𝑓 , which
xhibits a power law dependence on current density 𝑗 (or electric field
ecause of their linear dependence due to Ohm’s law) according to
odified Black’s law as [47],

𝑓 = 1
𝑗𝑛

exp
( 𝛥𝐻
𝑘𝐵𝑇

)

, (40)

where 𝛥𝐻 is the activation energy for failure. The value of exponent 𝑛
depends on the rate limiting step of failure. For instance, an exponent
of 1 and 2 is associated with the phenomenon of void growth and
nucleation respectively [4,48]. Other integral as well as non-integral
values have also been reported previously [48,49]. Fractional values
of the exponent can be understood by splitting the MTTF into the two
distinct stages, namely the time consumed during the nucleation and
time elapsed in the growth process. Thus a value of 𝑛 closer to 1 implies
a void growth dominated failure while a slow nucleation phenomenon
yields an exponent tending to 2 [48].

Similarly, drawing analogy from the nucleation and growth model,
the failure due to intergranular slit can be thought of comprising of two
independent processes, the initial grooving stage (𝑡𝑔) followed by the
slit propagation stage (𝑡𝑝) i.e.,

𝑡𝑓 = 𝑡𝑔 + 𝑡𝑝 (41)

Assuming the conductor (GB) length to be 𝐿𝑐 and neglecting the
capillary-dominated term in Eq. (8), we calculate 𝑡𝑔 as,

𝑡𝑔 = 1
𝐵

(

√

2𝐿𝑐𝛤 (7∕4)
𝐼

)

4∕3

∝ 1
𝐸4∕3

(42)

In the slit propagation stage, the velocity exhibits a 3∕2 dependence
on electric field reading,

𝑡𝑝 ∝
1

𝐸3∕2
(43)

Thus the exponent in Eq. (40) is anticipated to lie within the range of
1.33 − 1.5.

The time to failure 𝑡𝑓 , is extracted from the phase-field simulations
as the time taken by the root to translate 85% of the conductor length.
The electric field dependence on the time to failure in a double loga-
rithmic plot is presented in Fig. 13. A straight line fit (shown by dashed
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Fig. 10. (a) Temporal evolution of groove depth corresponding to 𝐸 = 0.0156 for different grain sizes. Larger grain leads to faster propagating slit. (b) Comparison of the groove
profile at two different grain sizes at 𝑡 = 3000. Smaller grains lead to overlap of tails from neighbouring groove profiles to form circular arcs. (c) Curvature variation along the
groove profile corresponding to the groove profiles. Flux divergence along the groove profile for grain size (d) 2𝐿 = 100𝛥𝑥 and (e) 2𝐿 = 400𝛥𝑥. In both the cases the root exhibits
a positive flux change (𝐽𝐸

𝐺𝐵 − (𝐽∇𝜅𝑆
𝑆 + 𝐽𝐸

𝑆 )), however, the magnitude of the change is lower for smaller grains implying a net higher healing flux (𝐽∇𝜅𝑆
𝑆 + 𝐽𝐸

𝑆 ).
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Fig. 11. (a) The variation of steady state tip velocity with electric field for different
grain sizes. Although the slit conceived from a smaller grain exhibits slower kinetics,
the scaling law is not altered. (b) Slit profile at 𝑡 = 17 000 for different grain sizes
corresponding to 𝐸 = 0.0156. The slits eventually attain the same shape (slit width)
independent of the grain size.

ine) yields a slope of 𝑛 = 1.33, suggesting that the initial grooving is the
ate controlling step in the failure process. The interpretation is quiet
onsistent with Fig. 7 where it can be realized that the majority of the

time is consumed in attaining the slit shape.
One might however argue that with increasing field strength, the

time consumed during the slit advancement will also be significant
as evident in Fig. 7 (𝐸 = 0.0156). As a result the exponent can be
expected to shift towards 1.5. A similar prognosis can also be made
as the length of the conductor increases. However, it is to be kept in
mind that the field strength considered here already corresponds to
accelerated conditions. Moreover, with increasing conductor length, the
Blech effect [45,50] i.e. the generation of back stresses will retard slit
propagation. Therefore, for most practical purposes, the exponent can
be presumed to be closer to the lower bound of 1.33 than 1.5.

5. Discussion and concluding remarks

Utilizing a phase-field method, we have explored the viability of GB
grooving as a mechanism of origin of intergranular slits. In fact, the
phase-field method is able to unify the problems of GB grooving under
external effect and intergranular slit propagation which are treated as
independent problems in sharp interface description.

The early stages of grooving are described by a power law exponent

of 3∕4 which is in accordance with the work of Genin et al. [30] and b
Rosenberg et al. [7]. We mention that both the works considered the
evolution of grooves under the influence of external stress with a steady
state GB diffusion and SSA assumption, which, in general is valid only
at early stages when the change in the GB segment is marginal. GB
grooves eventually transit into a narrow channel slit which does not
arise under SSA assumed in these works. The slit, thereafter, advances
in a steady state by preserving its shape near the tip region as assumed
in the work of Klinger et al. [25]. It was further shown in [25] that the
steady state solution exists for all values of 𝑀 > 1 in Eq. (20), which
also happens to be the case for the numerical parameters selected in
the present work.

Our work builds upon the semi-analytical work of Klinger et al. [51]
on the effect of GB flux on thermal grooving and emphasizes the role
of healing flux not accounted for. The healing surface flux plays an im-
portant role during groove to slit transition by replenishing the groove
root and delaying slit propagation. This implies that the calculation
in Ref. [51] will underestimate the lifetime of interconnect. Another
pertinent implication of the healing flux is that it incorporates a grain
size dependency on the slit velocity which hitherto has been obscure.
Our results suggest that failure can be delayed by about 25% in smaller
grains. The scaling laws of slit width and velocity from Ref. [51],
however, remain unaffected, because they arise solely on dimensional
grounds.

Intergranular slit have been observed in a number of experimen-
tal studies [27,52,53]. Narrow slit-like void along GB was reported
n Ref. [27,52] in copper interconnects especially in samples with
ontaminated surface which inhibits surface diffusivity. The activation
nergy was found to be 0.95 eV using resistance measurement changes
uring failure phenomenon [52]. The above value is closer to the
ctivation energy of GB diffusion suggesting atomic transport through
he GB as rate limiting step. This justifies our choice of atomic mobility
alues and highlights the role of GB to surface diffusivity ratio in slit
ormation.

Slit initiating at interconnect-passivation sidewall was reported by
iege et al. [8,53]. Electron wind in such cases is directed along the
urface with a component along the tilted GB. The slit originated in
orm of triangular shaped void similar to Fig. 3(a) in the present study.
hape preserving slit propagation along GB was observed amongst
ther failure mechanisms. Healing phenomenon was also observed
uring slit propagation. Insights gained in the present study can easily
e extrapolated to explain such damage mechanisms. While 𝐽𝐸 drains
𝐺𝐵
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Fig. 12. (a) Groove profile depicting the effect of neighbouring grains in suppressing the tendency of slit formation. (b) Variation of curvature along groove profile. Although,
curvature at the root becomes negative, the concavity is arrested subsequently. Flux density map corresponding to timesteps (c) t = 1000 and (d) t = 30 000. Overlapping of
eighbouring grains results in a constant surface flux divergence, leading to a homogeneous surface drift.
Fig. 13. Electric field dependence on the time to failure on a double logarithmic plot.
The time to failure (𝑡𝑓 ) is defined as the time taken by the groove tip to translate 85%
of the conductor length. A straight line fit yields a slope i.e. an exponent 𝑛 = 1.33 in

lack’s law Eq. (40).

atter from the root, 𝐽𝐸
𝑆 heals along one surface and depletes material

from the other. Depending upon the curvature variation along the
surface, 𝐽∇𝜅𝑆

𝑆 can also provide an additional healing effect. However,
the velocity and width dependence on electric field is expected to be
consistent with the present work on dimensional arguments.

The intergranular slit propagation in interconnects also bears a
strong resemblance to related phenomenon of cavity growth under
applied stress [32,54–56]. Interestingly, surface diffusion limited cavity
growth rate also follows a power law dependence on stress (at large
stress) with an exponent of 3∕2 [54], similar to the present study
indicating the universal nature of such problems. As such, most of
the scaling laws derived in the present work are anticipated to hold
for any intergranular slit whatever be the cause of the external of GB
flux. In fact the slit width dependence on electric field (𝑤 ∼ 𝐸−1∕2)
has been recently employed to fabricate nanowires of desired dimen-
sions from a single layer conducting islands on crystalline conducting
substrates [57].

A similar groove to slit transition has also been observed in a chem-
ical system by Vogel and Ratke [58] in their experiments concerning Al

and Cu bicrystals in contact with In-Al and Bi-Cu melt respectively. A
Fig. 14. Three dimensional phase-field simulation depicting intergranular slit propaga-
tion at triple junction and grain boundary, (a) side view and (b) top view. Each grain
orientation is assigned a different colour. Slit originating at triple junctions appears
wider and propagates faster than the ones at grain boundaries. The trailing edge
continues to evolve via surface diffusion.

mathematical model extending the theory of thermal grooving revealed
GB diffusion of the solute as a source of such instability.

Although we have considered a simple bicrystalline set up, exten-
sion of present work to include triple junctions and multiple junctions
in a polycrystalline network is straightforward. We close the article
with some interesting food for thought. An exemplary simulation of
slit formation at triple junction is presented in Fig. 14. A mere visual
inspection suggests that the slit emanating at the GB triple junction
(TJ) propagates faster than the one at GB. Moreover, the slit at the
TJ appears to be wider. This raises the following important concerns
regarding the slit manifesting at TJ. How does the slit characteristics
at TJ differ from those at GB ? Does the width and velocity scaling
laws hold for slit at TJ ? What is the role of healing flux at TJ ? What
happens if for a certain magnitude of electric field the slit solution exists
at TJ but not at GB ? Such a scenario was already envisaged by Klinger
et al. [51] in which they postulated that the trailing edge evolving via
surface diffusion will form a bridge resulting in a slit closure. This will
result in a transition of a slit to a void advancing along GB. This event
is anticipated to repeat successively leading to a relay of migration
voids at GB. We look forward to address these compelling problems in
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future. In this regard, it is worth mentioning that phase-field method
coupled with machine-learning techniques [59–63] can accelerate our
understanding of potential failure modes in metal interconnects.
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ppendix. Calculation of the mean curvature

The curvature along the groove profile is defined as the divergence
f the normal vector as,

𝑆 = ∇ ⋅ 𝐧 (A.1)

where 𝐧 = ∇𝜌
|∇𝜌| . Simplifying the above expression yields,

𝜅𝑆 =
𝜌𝑥𝑥𝜌2𝑦 − 2𝜌𝑥𝜌𝑦𝜌𝑥𝑦 + 𝜌𝑦𝑦𝜌2𝑥

(𝜌2𝑥 + 𝜌2𝑦)3∕2
(A.2)

The curvature is calculated along the 𝜌 = 0.5 contour. Since these
oints not necessarily lie on regular lattice points, the location of
uch points are first calculated from neighbouring two lattice points
hrough a linear interpolation. Following [64], the derivatives are also
inearly interpolated from these nearest neighbouring lattice points.
he derivatives on the lattice points are discretized using a central finite
ifference scheme. Thus, the first and second derivatives in the above
xpression consist information from 4 neighbouring lattice points, while
he mixed derivatives from 8 neighbouring lattice points.
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