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ABSTRACT

Electromigration induced failure is one of the main reliability issues for the
microelectronics industry. The continuous scaling of the interconnect dimensions leads
to higher operating current densities and temperatures, which accentuates the
electromigration failure. As a consequence, electromigration still poses challenges for
the development of the new technological nodes. In industry semi-empirical models
with parameters of fitting calculated by distribution of experimental data obtained by
accelerated test are conventionally used to estimate the lifetime of interconnections.
More recently, it has been shown that these models are not reliable and moreover
degradation depends also on the wire topological parameters and the interconnection
network configuration. The study of the physical phenomena behind EM damage has
become more and more important, since it can provide a deeper knowledge basis to
anticipate the EM effect. In this context, experimental characterization coupled with
mathematical modeling becomes a convenient way to understand the EM-induced
failure. Therefore, the Mathematical modeling has become a fundamental tool for
explaining numerous experimental observations and, ultimately, can deliver a stronger
basis for design and production of reliable metallizations. The aim of this work is to
merge the two different domains: one hand side the experimental characterization of
interconnect structures conventionally done in industry and on other hand side the
development of mathematical models, suitable for the implementation in COMSOL, a
tool for numerical simulations, as these two domains are often too disconnected. This
original approach has brought excellent results and it has allowed to confirms
hypothesis formulated by experimental analysis. Moreover, it is proposed an original
methodology to evaluate the critical stress of nucleation, parameter hard to estimate

with conventional methods.
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Chapter 1:Introduction

I INTRODUCTION

1.1 Context

When an interconnect metal is traversed by a sufficiently strong electric current, there is
a diffusive motion of atoms along to the current flow and of vacancies in the opposite
direction. This phenomenon is named electromigration (EM)[1]. Though it had been
observed previously, the study of EM became of fundamental importance in the late
1960's, when semiconductor companies observed failures in integrated circuits (ICs) by
EM. From this point on, failure due to EM has been one of the main concerns regarding
reliability in ICs [2]. The principal objective of device scaling is to increase the
operating speed. Though, interconnects pose a significant delay to signal propagation in
chips. Consequently, device scaling should be accompanied by improvements in the
interconnect operation. In order to moderate the delay, low interconnect resistance and
capacitance is essential, which demands high conductivity metals and interlayer
materials with low permittivity.

At the same time, new integration processes have been developed and many materials
have been investigated to produce adequate characteristics and, eventually, reduce the
EM effect. These considerations contributed for example to the replacement of
aluminum in a interconnect metal to aluminum-copper alloys, and later to pure
copper [2]. Copper has a much lower electrical resistivity than aluminum and,

furthermore, is more resistant to EM failure. The introduction of copper metallization
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Chapter 1:Introduction

posed several defies, which ultimately resulted in the damascene fabrication process [3].
The interconnect structure is arranged in several levels of metallization with thousands
of inter-level connections such as vias, so that the density of on-chip interconnects has
increased from generation to generation of modern integrated circuits. This requires a
decrease in interconnect width and thickness and, consequently, the operating current
densities increase. Due to the continuous shrinking of interconnect dimensions, high
current densities and temperatures are unavoidable. Therefore, EM failure is likely to be
even more problematic for the next ICs generations, and the prediction of the long term
interconnect behavior is a major necessity.

Traditionally ICs are manufactured by mounting a single die in a package. Thus, bigger
dies in terms of space are needed to realize more complex circuits for a given
technology node. This approach leads to higher length interconnects. In contrast to the
transistors the propagation velocity of interconnects does not increase by scaling,
leading to higher signal propagation times.

The aim of this thesis is to improove the electromigration mechanism understanding by
the implementation of EM degeneration model in the simulation tool COMSOL before
the void nucleation, supported by innovative electrical characterization and
methodologies. Thereby, the localization of the areas with the highest failure probability
are addressed. Furthermore, the results of simulations based on the finite elements
method (FEM) coupled with the electrical and physical characterization allowed finding
parameters that are difficult to calculate classically, allowing the prediction of problems
for next ICs generation and the improvement of the reliabity of CMOS 28nm

interconnections.

1.2 Interconnect Structures in Microelectronics

Interconnect structures are responsible for the transmission of signals within electronic
circuits. The active devices and regions once manufactured have to be electrically
coupled to each other to make circuits. They are also connected to the outside world
through their inputs and outputs on bonding pads. Making these connections is the role
of contacts, vias and interconnects. Separating the interconnects from each other is the
function of dielectric layers. These components are part of the metallization or back-end
structure. The Figure 1-1 is a schematic cross-section showing these components in a

standard integrated circuit (IC) structure. Recently the relative importance of the back-
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end structures has significantly increased, and will likely continue as IC technology

progresses.
B L Vias
Network ot .
interconnections «—t— Interconnec
I g
[ B g |
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L1 N i
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(transistors...) -L 7S] A interconect

Figure 1-1: Cross-section of back-end structure, showing interconnects, contacts and vias,

separated by dielectric layers.

The first structures in use were single wire connections between the active, such as
electronic tubes and transistors, and passive elements like resistors, capacitors, and
inductors found for example in old days radios. The next step was the development of
printed circuit boards. These boards consist of copper layers laminated on polymeric
substrates. By etching lithographically developed patterns into the copper, conductive
tracks are obtained. This planar structure connecting the electric components exhibits
low aspect ratios and allows the application of low cost wet etching techniques [4].

In integrated circuits the active components are placed in the substrate, usually silicon,
whereon planar interconnect structures are grown. Besides the conducting lines several
other layers are placed between them such as dielectric, etch stop, anti-reflective
coating, diffusion barriers, and plugs realizing vertical connections, and thereby
realizing multiple metallization layers.

The function of interconnection in integrated circuit is the distribution of the clock
signals, the power, and the transmission of signals over the chip connecting various
system functions. Due to the desired development of fast integrated circuits the inter
connects have to meet the high-speed requirements for the clocks, the signals, as well as
the downscaling of sizes. A typical parameter for interconnect speed is the RC time
delay given by the product of the resistance and the capacitance of the line. To minimize

this delay the interconnect structures have to be properly designed and material systems
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with conducting materials exhibiting low resistance as well as isolation materials
between the lines with low permittivity (low-k) have to be developed and implemented
[4]. The conducting materials should further fulfill the following requirements:

e Low resistance
e High thermal conductivity
e High melting temperature

e Compatibility to the dielectric, the barrier, and capping layers

e Compatibility to the back-end-of-line process

1.3 Copper based interconnection fabrication

IBM began to develop metallization technologies based on copper in the 1990s. One
benefits is the reduced resistance compared to aluminum of about 40%. The process of
fabrication had to be modified as there is no reactive ion etching process for mass-
production, contrary to aluminum [4]. After the deposition of the silicon oxide a second
oxide layer is grown. This oxide is covered with a photoresist, which in turn is exposed
to UV light for the pattern transfer from the mask and subsequently dissoluted. After the
etching process the oxide remains only at those locations where no copper should be
located and the copper is deposited into the trenches and forms a layer at the top of the
wafer. By chemical-mechanical polishing the top layer is removed and only the filled
trenches remain. For the isolation another oxide layer is deposited and the steps
described are repeated until the last metallization layer is formed [4]. Therefore, the
processes forming the vias and the lines are very similar which enables the reduction of
the process steps by saving one isolation oxide deposition, diffusion barrier, copper
deposition, and planarization step [5]. The dual-damascene process takes advantage of
the possibility to omit several process steps and is explained in the following. First an
inter-level dielectric (ILD) layer is deposited on the wafer, followed by a
photolithographic pattern transfer, the dissolution of the exposed photoresist, and
etching of the vias holes. By depositing another photoresist and exposing it to UV light
masked by the line patterns the structure of the lines is transferred. After dissolution of
the photoresist and etching, the trenches of the lines are etched into the ILD and the vias
holes are further etched to the bottom of the layer. The last steps are a deposition of the
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barrier layer Ta/TaN and the copper, filling the vias and trenches, as well as forming a
layer at the top of the wafer which is removed by chemical-mechanical polishing and
covered by a non-conductive diffusion-barrier layer (i.e. SiCN) [5]. Figure 1-2
compares the single to the dual-damascene structure. In the dual-damascene structure
the inter-via dielectric (IVD) layer is missing giving an idea of the reduction of the

fabrication steps.

1LD2 M2-Cu | M2-Cu | |
D2
VDI
Si02 Si02
[LD1 sioc MI-Cu ILDI1 sioc MI1-Cu
SiCN SiCN

(a) Single damascene structure. (b) Dual damascene structure.

Figure 1-2: Single and dual damascene structure [6].

1.4 Failure mechanism in interconnect

In interconnects, failures are the variation of parameters beyond critical values which
prevents the designated function of integrated circuits. The typical parameters are the
resistance of the interconnect and the resistive and capacitive isolation to neighboring
components like interconnects, devices, or to the bulk. Differences between the
experienced parameters and the designed parameter can be caused by defect-related
problems or by wear-out. The fabrication process causes defect related problems.
Missing process steps and especially dirt contamination can be responsible for regions
where the conducting material is missing, leading to higher resistance than designed.
Furthermore, the isolating layers can be thinner than engineered, leading to higher
leakage currents and capacitive coupling into other system parts, affecting there
function [7]. Wear-out, in contrast, is a failure phenomenon, which occurs or evolves
under the operation of the devices. This occurs under normal operating conditions.
Wear-out phenomena are for example material diffusion from the metal into the
semiconductor or the isolation/dielectric leading to a change in the electrical

characteristics, or temperature induced phenomena leading to stress induced failure (e.g.
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cracking or delamination) [7].
1.5 Electromigration induced failures

One of the processes leading to wear-out degeneration in interconnect structures is EM,
the directed transport of atoms under the influence of an electric field acting as one
force and a resulting electric current leading to a second force. The electric field force
(called direct force Fii ) is a result of the ionic character of atoms in a metallic lattice
as the valance electrons responsible for the electric conductivity are not bound to their
atom anymore. Furthermore, the conducting electrons driven by the electric field are
scattered at the atoms exerting a force on them, which is the so-called wind force

(Fwina)- Figure 1-1-3 shows these circumstances.

Cathode

Figure 1-1-3: The two force of EM.

Beside this phenomenon, other material transport inducing phenomena are acting in-
side metals. Some are uncorrelated to the EM induced flux, e.g., thermal migration [8],
and some are compensating partially the EM flux [9], e.g., diffusion. The transport of
material in interconnect structures is leading to a mechanical stress build-up in the
structures. These stresses can be tensile, when material is transported away; causing
cracking or void formation and thereby leading to degradation as the conducting cross-
sections are reduced. In the worst case an open circuit failure can be observed. The
stress can also be compressive, which can crack the passivation and isolation layers be-
tween interconnects or other devices and cause the formation of a hillock. This leads to

a reduction of the isolation gaps and thus degrades or even destroys the desired function
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of an IC. Therefore, ICs have to be checked against these phenomena [10]. For these
assessment tests under accelerated test conditions are carried out and the results are
extrapolated to normal operation conditions. An extrapolation of the data is only
reasonable, if the phenomenon leading to degeneration under accelerated conditions is
the same as under normal operation conditions. Therefore, these tests have to be
designed very carefully. Typical accelerated conditions are increased electric current
densities and elevated temperatures. Due to this and the long times needed for
experimental tests, numerical simulations are the method of choice to give designers a

tool for pretesting or even testing.
1.6 Historic outline of electromigration

Electromigration was first discovered by the French physicist M. Gerardin in 1861 [11].
In the 1960s electromigration was recognized as one of the main failure phenomena
leading to the development of different failure criteria and physically based models [12].
The subject first became of practical interest in 1966 when the first IC became
commercially available. The main observation of electromigration in thin films was
made by I. Blech [13]. Research in this field was pioneered by a number of investigators
throughout the fledgling semiconductor industry. As already mentioned EM lifetimes
acquired under accelerated tests have to be extrapolated to operating conditions. This
extrapolation has to appropriately take into account relevant EM physical parameters
and, consequently, it is normally performed based on empirical and semi-empirical

expressions.

1.6.1 Black’s equation

While working for Motorola in the 1960s, James R. Black was involved in the
understanding of the “cracked stripe” problem [14]. This phenomenon was found to be
electromigration induced. He carried out a systematic investigation and derived a model
for the failure time prediction [15]. The model is based on the concept that a failure
criterion is reached, if a structure specific mass is transported away.

TTF-M, x1 Equation 1-1
M, is the mass transported per time. This leads to the inverse proportionality of the time
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to failure (77F) to the rate of mass transport.

TTF 1/M Equation 1-2
r

This rate M, is modeled by the proportionality

M, « n,ApN, Equation 1-3

with n, being the conducting electron concentration, Ap the impulse transferred from
the electrons to the atoms while scattering, and N, the density of thermal activated
atoms. The first two variables n, and p are proportional to the current density J and N,

the density of activated atoms is modeled by the Arrhenius law [16].

E . )
N, < exp (- kb_aT> Equation 1-4

with the activation energy Ea, the Boltzmann constant kb and the temperature T. The
combination of Equation 1-2, Equation 1-3 and Equation 1-4 leads to Black’s

equation.

E, > Equation 1-5

A
TTF «< —exp (— K, T

J
The constant 4 comprises the material properties as well as the geometry and must be

empirically determined [15], [17]. The inverse J? dependence is a special case, which

can be extended to the generalized Black’s equation.

A
TTF ]—n exp

By substituting the exponent 2 by a second parameter » called the factor of current. The

(_ Eq > Equation 1-6
K, T

correct value for this parameter was extensively debated [18], [19]. According to
Clement [20], lifetime models can be roughly classified into two groups. Void growth
models, where the failure is triggered by the growth of a void over a critical size and
nucleation models, where the failure is triggered by the stress build-up in the structure
exceeding a critical value. For the void growth model the current exponent is found to
be 1, because the mass transported is proportional to the current resulting in an inverse
relation to the 77TF [21]. Models based on the nucleation show an exponent of 2 as in
the original Black equation due to the stress induced back flow flux [22].

For the prediction of the 7TF the generalized Black equation is used to extrapolate the
results from accelerated test conditions with increased currents and elevated
temperatures to normal operation conditions. Measurements reported in the literature
show values for n ranging from slightly greater than 1 to 6 [23]. Values above two are
explained by the improper treatment of the Joule heating. Values in the range between

one and two are interpreted as a failure based on a mixture of the two models, where a
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void is first nucleated and followed by a growth phase [17].
1.6.2 Blech effect

Ian A. Blech from the Technion in Israel carried out a study, where he deposited golden
islands onto a refractory underlay made out of titanium nitride. In his experiments, he
stressed the film with high current densities [13]. Due to the much higher resistivity of
the underlayer, the current mainly passed through the gold in the gold covered regions.
By observing the movement of the islands he discovered a length dependent behavior.
For long islands the edge, where the electrons pass into the gold, moved in the direction
of the stripes with the velocity v,.

D,|Z" |epj i -
v, o alZ"|epj Equation 2-7
k,T

where D, is the self-diffusion coefficient, A the effective charge, e the unit charge, the

specific electrical resistance, and j the current density. At the other side of the island,
extrusions were formed. For islands short enough the movement of the ends was not
observed. For islands in between, the side, where the electrons entered, also moved with
v, but stopped after a certain time, when a critical length was reached. At the other end,
no extrusion was formed. Blech discovered a critical value for the product of current
density j and the length [ of the islands under which electromigration does not occur.
This finding leads to the concept of the Blech length as a critical value for a given
current density.

The explanation for this phenomenon was found in the fact that different densities of
mass in the island lead to a mechanical back stress working against the electromigration
force. This compression stress has to be below the critical value of extrusion forming.
While the islands are in steady state, the back flux induced by the stress gradient is
totally compensating the EM flux. This back flux is proportional to the gradient of the
tensile stress. Therefore, the maximum stress divided by the island length 1 is
proportional to the back flux. With the fact that the EM flux is proportional to the
current j the following can be deduced.

%ocj - o« (jI) Equation 1-8

By taking a critical stress value into account a critical product (jI). follows [24] [25]. As

the stress build-up due to electromigration in microelectronic structures is highly

depending on the surrounding materials, on the physical design and on the fabrication
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process, the Blech length or product can hardly be pre-determined.

1.7 Experimental Lifetime Estimation

EM tests are carried out operating simple test structures and stress conditions which
accentuate the EM degradation. This can be done by stressing an interconnect line at
considerably higher current density and temperature than those found at operative
condition. Classically, current densities in the order of 1 to 10 MA/cm® are used, and the
test temperature is situated in the range from 170 to 350 C [26]. Under such conditions,
interconnect failure is found much faster than it would be possible at use conditions. An
significant matter here is that the results from the EM experiments have to be correlated
to the real operating conditions, which means that the lifetimes found from the
accelerated tests have to be extrapolated to the operative conditions. Additionaly, only a
limited quantity of interconnect structures are tested, whereas often hundreds of
millions of interconnects exist on a chip. Consequently, the extrapolation needs to take
into account, how to evaluate on-chip reliability from the EM sample test lines
structures. Lately, the use of 1/f noise measurements has been explored for the purpose
of finding faster techniques for electromigration (EM) Black’s parameter extraction
with excellent results [27].

In copper interconnects EM failures are primarily caused by void nucleation and growth
at the cathode end of the line [28]. As the void grows, the electric current is forced to
pass across the highly resistive barrier layer (TaN/Ta), which leads to a rise of the test
line resistance. When this rise reaches a given threshold value (commonly more than
5% of the initial resistance), the line is considered to have failed. In this way, the EM
lifetime of a given interconnect structure is obtained by monitoring its resistance change
[29]. Because of the statistical character of EM lifetimes, it is indispensable to carry out
EM experiments on a certain number of test structures, 32 samples for temperature-
current condition is considered sufficient. The time to failure (TTF) or lifetimes
obtained from these electricals characterizations are statistically analyzed and
commonly presented in probability plots following a certain distribution which is
characterized by a mean time to failure (MTF) and standard deviation [30].

EM lifetimes are normally described using a lognormal distribution. However, it has

been discussed whether this choice is the most appropriate one [31], and it is debated
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that EM lifetimes are more appropriately described by a multi-lognormal
distribution[32]. This has been recently confirmed by several EM experiments [33] [34].
It should be pointed out that the understanding of the electromigration phenomenon is
crucial to interpret the lifetime distribution for a correct evaluation of lifetime to real

operating conditions.

1.8 COMSOL for Electromigration Simulation

Since the 1960s, numerous models have been suggested to describe electromigration.
Mathematical modeling can meaningfully contribute to the understanding of EM failure
mechanisms. It is an essential tool for explaining several experimental observations and,
ultimately, it can deliver an improved basis for design and production of reliable
metallizations. The principal problem is that EM is influenced by an extensive variety
of physical phenomena and differs on a large number of intrinsic and extrinsic effects.
Furthermore, the intricate interconnect geometries and technological process-related
features of modern interconnects, such as a typical dual-damascene line, make modeling
even more puzzling.

Numerous of the available models are founded on simplifying assumptions so that
analytical solutions can be found. Though, as the development and improvement of
diverse experimental techniques has permitted a deeper analysis of the EM failure, the
complexity of the models has progressively increased, in order to be able to reproduce
these experimental observations. Such intricate models cannot be analytically solved
and, therefore, numerical solutions are now required. At the same time, the development
of computational methods and resources has permitted to model complex systems and
carry out numerical simulations in a proficient way. Therefore, the use of numerical
solver tools for EM simulation in interconnect lines has become more common. As
previously mentioned, EM failures can typically be described by a void nucleation and a
void evolution phase. Due to the fact that each of these phases are related to different
physical phenomena, it is suitable to treat them separately. A schematic design of such
tool for EM simulation is then shown in Figure 1-4. In this thesis the modeling problem

before “the void nucleation” has been addressed, while the modeling of void growth
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has been studied previously trough 2D modeling [35], and recently trough 3D modeling
[36].

Initial mesh W, H. Zisser
adaptation Dissertation

Electro-thermal
Electro-thermal Problem
Problem
Vacancy Dynamics
Vacancy Dynamics Problem
Problem
Mechanical stress

Problem

Mechanical stress
Problem

Failure

Critical criterion

stress of
nucleation

Simulation end

Void nucleation

Figure 1-4: schematic design of a COMSOL tool for EM simulation.

1.9 Outline of this thesis

The main aim of this dissertation is to investigate the CMOS 28 nm backend technology
regarding EM failure. This investigation includes experimental characterization and
numerical analysis. In order to cover the full range of failure development, several
experimental characterizations and simulations with the numerical model implemented
in the software COMSOL have been carried out. The validity of the implemented model
is demonstrated. This accomplishment is the basis for the EM failure assessment of
interconnects structures taking also voiding into account.

This thesis is logically structured into 3 mainly chapters more introduction and
conclusion. Chapter 2 gives a historic outline of the discovery of EM and the
development of its modeling originating from the compact model developed by Black
[15] relating current densities and lifetime. This is followed by Blech’s findings [13], a
critical length times current product for the occurrence of EM-induced voiding and

hillock development. After the description of these simple models more advanced and
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complex models are introduced, where the impact of the vacancy dynamics and the
stress build-up is gradually incorporated, finally resulting in the state of the art model
for EM. The typical characteristic of EM-induced vacancy accumulation featuring a
three-phase behavior in time is used as an initial verification and is therefore discussed
subsequently. In Chapter 3, the different test structures and methodologies used to
characterize the electromigration are shown. The first part of the chapter is devoted to
explain the electrical characterization; their relatives test structures used and statistical
studies carried out. A new experimental time has been defined; the time nucleation
(TN), and the relative test structure that allowed this explained extensively.
Morphological analysis necessary to gain complementary information and for further
investigations are presented. Subsequently, the different relevant parameters and their
relative statistical analysis are shown in detail. Complementary, the study of specials
structures that reproduce crucial aspects of interconnect design is shown. Finally, it is
presented in detail how the calculation of the effective charge (Z*) is performed with the
morphological analysis together with the electrical characterization.

In Chapter 4 the full mathematics of the model PDE and the connecting quantities are
presented in detail. To describe EM failure a variety of different physical phenomena
have to be considered, resulting in the need to simulate a Multiphysics problem. This
includes in bulk regions the electro-thermal problem, as the current is the driving force
for EM, the vacancy dynamics, and the continuum mechanical model. Subsequently
discuss the entire assessment of an interconnect structure with simulation results and
their implications such as the sites of void formation at high hydrostatic stress. A new
method to extrapolate the critical stress of void formation is proposed elaborating the
data gathered experimentally. The specials structures for focused design study have
been reproduced to confirm the experimental data interpretation. Finally, some
meaningful simulation to anticipate problems of the future technologies will be been
shown. Lastly, the thesis is concluded giving an outline for possible further

improvements by taking atomistic and microstructural properties into account.
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Chapter 2:Physics of electromigration

2 PHYSICS OF
ELECTROMIGRATION

2.1 The electromigration driving force

Electromigration is a process of current induced atomic transport; which in a metal
leads to void formation and so damages metal lines. This phenomenon, mainly activated
by current stress and temperature, is explained by the collision between the conduction
electrons in the metallic line and the metal ions [37]. It leads to the drift of the vacancies
and so the ions. At the local scale, a divergence of the ions flux creates micro-voids at
the cathode side and hillocks at the anode side. The force produced by this momentum
transfer from the electron to the atom ion is the so-called “wind force”.

Classically, atomic diffusion is an arbitrary process, in the sense that there is no favorite
direction of atomic jumps. However, during an atomic jump, when the atom is out of
the lattice equilibrium position, it is subject to a greater electron scattering, in this way
the momentum transfer from the electron to the atom affect the atomic jump in the
direction of the electron flow [38], [39].

Huntington and Grone [1] represent the wind force using a semi-classical ballistic
model of scattering:

Equation 2-1

Fying =
ngapm*

GM — December 2016 15



Chapter 2:Physics of electromigration

Where n and n, are respectively the density of conduction electrons and the density of
defects, p; and p are the defect resistivity and the metal resistivity, m, is the free-
electron mass and m* is the effective electron mass. Following e as the elementary
charge, and E is the macroscopic electric field. Huntington and Grone derived this
equation assuming that the electrons are scattered only by the atomic defects and that
the defects are decoupled from the lattice. A general expression for the wind force is

given by the following equation of quantum mechanics theory [5]:
Fuina = Z 8f (k) f|IIJ(E)|ZV§V dr Equation 2-2
k

where the electron-point defect interaction potential is V and the electron scattering

wave function for an electron incident upon the defect complex is 1/1(%), the perturbed

electron distribution function caused by the applied field is §f (E), which has the form
[40]:

- - _O0f(s . i
5f(k)=erE - v );i) Equation 2-3

Where the transport relaxation time is T, the velocity is U , and the energy of an electron
is €.

Furthermore to the wind force, the so-called '‘direct force" [41] is the second
contribution to the force acting on an atom. This force is due to the direct action of the
macroscopic electric field on the migration ion. So, the sum of the direct force and the

wind force represents the whole driving force acting on a metal ion:

= = = - Equation 2-4
F = Fairect + Fwina = (Zairect + Zwina)€E q

where the direct valence is Zg;0ct, the wind valence is Z,;,4. The direct valence
Zgirect 1S the nominal valence of the metal, when screening effects are neglected.
Though, considerable controversy has emerged, when screening effects are taken into
account. In fact, Z,i,q represents the magnitude and direction of the momentum
exchange between the conducting electrons and the metal ions. It is convenient to write

Equation 2-4 as

F=7'eF Equation 2-5

where Z* = (Zgirect + Zwing) 1S named effective charge or valence. So, the
microscopic, quantum mechanical effects of the electromigration phenomenon are

included in the effective valence parameter, which can be theoretically evaluated and

experimentally measured [42], [43], see also G.Marti IRPS 2016 [44].
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Using the Nernst-Einstein relation, the drift velocity,v,, of metal atoms and the atomic

flux due to electromigration are calculated, respectively, by

3, = Dap_Dag. g Equation 2-6
Vg kT T e
And
D,C, - D,C ) _—
]a = Caﬁd —__a aZ*eE —_a aZ*ep] Equatlon 2-7

kT kT
Where D, is the atomic diffusion coefficient, C, is the atomic concentration, k is

Boltzmann's constant, and T is the temperature. Regarding the current density J, (since
E = pJ), the last equality in Equation 2-7 is written.

From 2-6 and 2-7 one can see that the sign of the effective valence determines the
direction of atomic migration. Thus, a negative effective charge means that the atoms
diffuse in the same direction of the electron flow, i.e. a direction opposite to current
density or the external electric field. Moreover, the mass flow is directly proportional to
j and to D,. This means that the whole material transport due to electromigration is a

function of the accessible atomic diffusivity paths.

2.2 Diffusivity paths

There are some possible diffusivity paths in an interconnect line, so the entire material
transport is determined by the summation of the mass transport resulting along each of
these paths. Generally, an effective diffusion coefficient of the form Equation 2-8, [3],
[45] is taken into account to evaluate the material flux through these paths.
Deff=Dl+fnggb+fiDi+chc Equation 2-8

Where D, is the effective diffusion coefficient, the diffusion coefficients for diffusion
through the lattice are: D, lattice, Dy, grain boundary, D; material interfaces, D,
dislocation cores (“pipe diffusion”). The correlative fractions of atoms diffusing along

these paths are: f;, grain boundary, f; interface, f, dislocation core.
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Figure 2-1: diffusion paths of lattice, grain boundaries, material interfaces and dislocations

for a dual-damascene interconnect

For a classic dual-damascene interconnect the effective diffusivity is given by [46]

w—d) 2(w+h)
Deff = Dl + 6ngng + 8lT

Where 8,, 8; are the grain boundary and interfaces thicknesses, respectively, d is the

Equation 2-9
Di + pcach q

average grain diameter, p, is the dislocation density, a. is the cross-sectional area of a
dislocation core, w is the line width, and h is the line height. The Arrhenius law

expresses the diffusion coefficients

D = Dgexp (_ %) Equation 2-10
Where D, is the pre-exponential factor and E, is the activation energy. From these
equations, it is possible to realize that the fastest diffusivity path (i.e. the dominant
diffusion mechanism) settles the effective diffusivity. The fastest diffusivity path
revolves around several factors, as the temperature, the microstructure, and the quality
of the interface between the metal, the capping layer adjacent and metallic barrier.
Typically, lattice or bulk diffusion has the highest activation energy, being the slowest
path for mass transport. Instead, the activation energy for diffusion along grain
boundaries and interfaces is rather lower. Generally, surface interfaces have the lowest
values, being the fastest diffusivity paths. Equation 2-9 allows examining the relative
influence of each path on the material transport due to electromigration. For example,
when the line width is larger than the grain size, w > d, it is probable that grain
boundaries constitute a continuous path in a way that grain boundary diffusion might
meaningfully contribute to the total mass transport along the line. Instead, interfacial
diffusion becomes more important, when the line width is less than the average grain
size, w < d (“bamboo-like structures”), because there is no continuous path for atomic

transport along grain boundaries.

For example, in aluminum interconnects, the activation energy for grain boundary
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diffusion is considerably lower than that for interfacial diffusion. This is credited to the
formation of a stable native oxide on the aluminum surface, which reduces the
interfacial diffusivity [3]. Therefore, for polycrystalline lines diffusion along grain
boundaries is likely to be the main transport mechanism. For a bamboo-like structure

the interfacial diffusion becomes the dominant path, as mentioned previously.

Therefore, the activation energy for interfacial diffusion in copper seems to be lower
than for diffusion along the grain boundary [47], [48]. Accordingly, the interface
between copper and surrounding layers is the main diffusivity path, for both
polycrystalline and bamboo lines. However, it has been suggested that there should be a
important influence of grain boundary diffusion to the entire electromigration induced
mass transport in copper polycrystalline lines [49], [50]. This may become a main issue
for the new technological nodes (28 nm and below), since the copper lines are expected

to have polycrystalline structures at such nanometric dimension [49].

2.3 Electromigrations induced material transport

Though electromigration refers to the transport of material produced by the momentum
transfer from conducting electrons to metal atoms [16], the total atomic migration is
influenced by other physical mechanisms. Electromigration is a diffusion-convection
problem, where atomic transport along the interconnect line occurs due to a
combination of numerous driving forces. Because the atomic migration occurs via a
vacancy exchange mechanism, the material transport can be, in general, described in

terms of vacancies as

. _DyG,

Jo =~z Ty + |Z*|epy)

Equation 2-11

J,, is he vacancy flux, D, is the vacancy diffusivity, C,, is the vacancy concentration,
v Y v Yy Y, Ly Yy

and U, is the chemical potential of vacancies. In sites of flux divergence vacancies can

accumulate or disappear depending on the sign of the divergence, and the material

balance is specified by the usual continuity equation

5C,
5t

Equation 2-12

= -V J,+G
Where G is the generation or annihilation term. Equations 3-11 and 3-12 are the basic
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continuum equations which describe the total mass transport along an interconnect line

due to electromigration and associated driving forces.

Shatzkes and Lloyd proposed this model [16], it was the first that rigorously derived the
interconnect lifetime with an inverse square dependence on current density. Only the
influence of diffusion and electromigration on the vacancy flux is taken into account.
The continuity Equation 2-12 along the interconnect length direction can be written as

éc, #*c, D,|Z*|epjacC, Equation 2-13

8t U ax? kKT  ox
Here, the source term G = 0 is used. For a semi-infinite line under the boundary
conditions:
C,(~,t) = C,o and j,(0,t) = 0 Equation 2-14
Which has the meaning that the vacancy concentration at x = —oo is fixed at an initial

equilibrium value, Cy,q, and that there is a perfect blocking boundary (fv =0)atx =

0, the solution of 3-13 at the blocking boundary is given by Laplace transformation
[16]:

SO _ g terfp) +2 {32 [1+erf (B)] + +-exp (—32)} Equation 2-15
CvO \/E
Where
g = |Z1;p] \/D_vt Equation 2-16
And

X
2 ) )
erf(x) = \/_Ef exp (—x2) dt Equation 2-17
0

is the error function. Presuming that the failure happens, when the vacancy
concentration reaches a certain critical value Cy significantly higher than the initial

equilibrium value C,, and that § > 0 , then Equation 2-15 is approximated [16] by:

Cot . (1Z°lep] ’ Equation 2-18
C_O =~ 4B = thf
v

Since the diffusion the Arrhenius law expresses coefficient:

E, Equation 2-19
D, = D,gexp (_ ﬁ) quation
Where Dy, is the pre-exponential factor for vacancy diffusivity, Equation 2-18 yields

the mean time to failure of the form:
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AT?
MTF = ]—Zexp (—

This equation is alike to the original Black's equation (Equation 1-6) [15], excluding

ﬂ) Equation 2-20
kT

the multiplying term T2, and it also predicts a mean time to failure with an inverse
square current density dependence. This is a result of the statement that the failure takes
place, when the vacancy concentration reaches a specified critical value, which
corresponds, in fact, to a void nucleation condition. A comparable model to Equation
2-13 had already been proposed by Rosenberg and Ohring [51] including a source term,
so that

éc, #*Cc, D,|Z*|epjoC, C,— Cy Equation 2-21

5t Y 9x? kT ax T

Where C,, is the equilibrium vacancy concentration and 7 is the characteristic vacancy
relaxation time. The last term of this equation represents a source function which
models vacancy annihilation/generation. This means that vacancies are annihilated, if
their concentration is greater than the equilibrium value, or its are produced, if their
concentration is smaller than the equilibrium one. The vacancy relaxation time, T,
characterizes the effectiveness of the sites acting as sinks/sources. In fact, smaller values
of 7 result in shorter times for the vacancy concentration to reach the steady state
condition, and vice versa. As outcome, high vacancy supersaturation cannot be achieved
near vacancy sinks, since vacancies are extinguished as rapidly as the local vacancy
concentration gets higher than its equilibrium value.

The above-mentioned models, where material transport only due to gradients of
concentration and due to electromigration itself is considered, have two main
inadequacies: First, the time scale to reach the steady state vacancy supersaturation is of
the order of minutes, which is a too short time related to the characteristic failure times.
Second, the maximum vacancy supersaturation is very low. In this way, the energy
barrier for void formation would be extremely high. This would impede void formation
by vacancy condensation mechanism and, therefore, a critical vacancy concentration
cannot be used to conclude the failure of the interconnect [52]. In the following will be
shown that with the inclusion of mechanical stress in the model equations these

inadequacies have been solved.
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2.4 Electromigration and mechanical stress (Blech effect)

There are three primary sources of mechanical stress in interconnect lines. The first is
the thermal stress, consequential to the difference in thermal expansion between the
dielectric, the capping layer and metal upon cooling from high deposition temperatures.
Metallization processing can expose an integrated circuit to temperatures of more than
400 °C. The second source of stress is non-equilibrium film growth. As wafer curvature
measurements have shown, this source of stress is even more important than the thermal
stress. The third major source of stress is the electromigration itself. Though the
measurements significantly contribute to the understanding of thin film stresses, they
are, most of the time, limited to simple test structures. Moreover, the full stress
distribution within a material cannot be experimentally determined. For the dual-
damascene technology high tensile stresses at interfaces, such as in the metal/capping
layer interface, are generally critical, and electromigration can increase (anode) or
reduce (cathode) this local tensile stress.

The adoption of passivating film material and corresponding process technology origins
tensile or compressive stress in the interface between the metal test line and the
passivating film. Interfacial compressive stress diminishes electromigration along
interfaces by reducing the diffusivity [53]. Although, numerous experimental
observations have shown that tensile stress in the interface increases the possibility of
failure [53]. Elevated thickness and rigidity of the capping layer impede relaxation of
both electromigration and thermally induced stress, which outcomes in dielectric
cracking and metal extrusion.

The development of mechanical stress in interconnects lines depends on vacancies that
can be created or annihilated such that their equilibrium is retained. For mechanical
stresses to develop, there must be both a volume expansion and contraction of the line
with complying to the surrounding material and a mechanical constraint due to the
surrounding material. Because atoms swap places with vacancies and travel in the
direction of the anode, there is a flow of vacancies in the opposite direction towards the
cathode end. In the absence of vacancy sources and sinks, this would result in a vacancy
supersaturation on the cathode end and an absence at the anode end. Since there is a
small relaxation of the lattice surrounding a vacancy, vacancy accumulation would
produce volume contraction at the cathode. Instead, the depletion of vacancies would

produce volume expansion at the anode end. But, due to the constraints imposed by the
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surrounding layers i.e. the passivation, the barrier layer and the capping layer of the
dual-damascene interconnects, these volumetric variations cannot be accommodated,
which origins the development of mechanical stress in the test line. Tensile stress is
developed at the cathode end, while compressive stress develops at the anode end of the
test line. Afterward, it is shown, that the stress gradient acts as further driving force for
material transport and must be taken into account in the vacancy flux equation.

Moreover, mechanical stress is a crucial parameter for the void nucleation condition.

2.5 Blech effect

Blech [13], [54], [55] designed an experiment where conductor islands were deposited
upon a titanium nitride (TiN) film and stressed at a large current density. Considering
the conductor resistivity was considerably lower than that of the TiN layer, the
conductor stripe would transmit most of the current and the resulting movement of the
ends of the stripe could be estimated. So, the electromigration induced drift velocity is

determined by

D,|Z"|epj Equation 2-22
i

Blech observed that only the upstream end (about the electron flow) of the line moved
according to Equation 2-22, and that the upstream end stopped moving, when the test
line was shortened to a certain length. Additionally, he observed that no drift could be
detected below a threshold current density.

These observations can be explained by considering the flux due to electromigration and
the gradient of the chemical potential via a gradient of mechanical stress [13], [54], [55]

according to:

D,C,
kT

6_0) Equation 2-23

Z|*epj — 2
(Ilem Fp

Jo =
where the atomic volume is {2, and the hydrostatic stress is o. This equation indicates
that a gradient of mechanical stress acts as driving force against electromigration.
Therefore, electromigration stops, when the opposing stress gradient, generally referred

to as “Blech stress”, equals the electromigration driving force, so that fv = 0. This

steady-state condition is called “'Blech Condition", given by:
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9o _ |Z|*epy Equation 2-24
x 0
Integrating over the length of the interconnect line yields:

|Z|*epfx Equation 2-25
0
where 0 is the stress at x = 0. This equation shows that the stress varies linearly along

o(x) = gy +

the line, when the backflow flux equals the electromigration flux.
Assumed that the maximum stress the conductor line can tolerate is 0y, a critical

product for electromigration failure can be stated as:

Q (o4, — 09) Equation 2-26
1Z|*ep

gL =
This is the so-called “Blech Product”. The critical product furnishes a measurement of
the interconnect resistance against electromigration failure and numerous experimental
works have disclosed that the critical product for modern copper interconnects is in the
range from 2000 to 10000 A/cm [28], [56]. From the above equation, for a given current
density, j, a critical line length can be identified, so that shorter lines will not fail due to
electromigration. This is well known as “Blech Length”, given by:

_ (o4 —0y)

lp = Zepj Equation 2-27

Similarly, for a given line length, L, the maximum current density that can be applied
for which electromigration failure does not occur is:

. _ 2(g¢n — 090) Equation 2-28
]C |Z|*epL

A significant consequence of the Blech effect is that the jL product during

electromigration tests have to be significantly higher than the critical product (L) for

the corresponding test structure. Otherwise, the test structure might fail at a later time
than it would normally do, giving a false sense of safety[57]. Another point to be
evocated is that the presence of residual stresses from the fabrication process. In fact, it
has been shown by Lloyd [57], that the stress produced by electromigration in order to
reach the maximum value which a line can endure, can be reduced by the residual
stress. So it means, that smaller values for the Blech length and smaller maximum
operating current density than that given by Equation 2-27 and Equation 2-28 are

obtained indeed.
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2.6 Models of Stress Build-up due to Electromigration

Though Blech had shown that electromigration transport was closely related to
mechanical stress development, the first model that related the rate of stress generation
to electromigration was proposed by Kirchheim [58]. In the total vacancy flux equation,
he added the gradient of mechanical stress as a driving force, as follow:

= ac, |Z'lepj  f2 0o Equation 2-29
]"__D"<ax— kit Trr“vox

Where f = 0,,/0 and 02, is the vacancy volume. Thus, the continuity equation can be

written as
aC, — _i _ ac, _ 1Z"|epj + f_'QC 0_0 _ C, - Cveq Equation 2-30
at ax v\ ax kT kT "7 ox T

The generation/annihilation function is the last term, similar to that suggested by
Rosenberg and Ohring [51], (see Equation 2-21). Though, Kirchheim used the more
general expression for the equilibrium vacancy concentration in a grain boundary

(1-f)2e Equation 2-31
kT

Cyeq = Croexp [
which relates the equilibrium vacancy concentration with mechanical stress. The
following equation represents the volumetric strain in a grain produced by the
generation of vacancies [58]

% — - f)ﬂgACv Equation 2-32
where (1 — f){2 is the volume change due to lattice relaxation, when a vacancy is
treated as a substitutional atom with smaller volume (0 < f< 1), is the grain
boundary thickness, d is the grain diameter, and AC, is the generated vacancy
concentration. Thus, the strain rate is given by [58]:

19V 6C, — Cpeq Equation 2-33
——=(1-f-T4
var - 1Dy

which together with Hooke's law yields [58]

do 6§C,—C . )
—=B(1- f)ga% Equation 2-34

at
where B is the rigid modulus of the test line.
This equation indicates that the stress build-up is connected to the deviation of the
vacancy concentration from its equilibrium value and 7 can have a substantial impact on

the stress development. It is central to highlight that this model consents different
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mechanisms of vacancy annihilation or generation to be defined. In fact, it is sufficient
to set different T for the different characteristic zone of an interconnect line, such as
grain boundaries, bulk, interface between capping layer and the metal. This leads to
smaller values for grain boundaries and interfaces and to larger values for the bulk of
the line.

Equation 2-30 and Equation 2-34 compose a non-linear system of differential
equations, which has to be solved numerically. However, Kirchheim derived analytical
solutions for some limiting cases and identified three main phases for vacancy and
stress evolution [58], as shown in Figure 2-2. The first phase corresponds to a short
period of time, where the initial stress is very low. Consequently, the equilibrium
vacancy concentration remains unaffected and the vacancy concentration grows until a
quasi steady-state condition is reached. The quasi steady-state phase is relatively long,
and the vacancy concentration does not change very much, while the stress grows
linearly with time. It continues until the stress becomes large enough to affect the
equilibrium vacancy concentration. Next, a non-linear growth of stress with time is
detected and the vacancy concentration almost follows the development of the
equilibrium vacancy concentration.This means, that vacancies and stresses are in

equilibrium and the true steady-state condition has been reached, (more details in [52]).
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Figure 2-2: Evolution of the increment of the vacancy concentration (Cv/Cv0 — 1) at x=0

with Cv as the vacancy concentration and Cv0 the initial vacancy concentration.

Additionally, Kirchheim [58] disclosed that, if the electromigration lifetime is set by the
time to reach a certain critical stress. The current density exponent of Black's equation

depends on the magnitude of the stress and ranges from n = 1 at low stresses (the time
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to failure is determined by the quasi steady-state period, see Figure 2-2) ton = 2 for
higher critical stresses (the time to reach the true steady-state condition determines the
lifetime).

Korhonen et al. derived a rather simplified model for the stress development in a
interconnect subject to electromigration [59]. The generation/recombination is
considered by them a dislocation climb mechanisms either in grain boundaries or at
lattice dislocations. This cause changes to the concentration of lattice sites, C; ,
producing stress according to Hooke's law:

dac, _ do Equation 2-35
¢, B
Using the source term [46], [60]:

_oac, Equation 2-36
t

G

the vacancy continuity equation can be written as:

ac, _ d], C,0c0 Equation 2-37

at  dx B at

Assuming that the vacancy concentration is in equilibrium with the mechanical stress

via [61]:

(%) Equation 2-38
C, = Cveq = Cype kT

Equation 2-37 becomes:

(C,,BQ 1) C,do _ 9 [DvCu ( do | Z*Iepj)] Equation 2-39

C,kT Bot oxlwr \Yox

when ], from Equation 2-23 is used.

Korhonen et al. observed that (C, BQ)/(C, kT) « 1 at typical electromigration test
conditions. The meaning of this is that most of the transported vacancies initiate
climbing dislocation which produce mechanical stress, while only a small number of
vacancies is needed to keep the local equilibrium concentration [59]. Therefore, the
above approximation lead to:

90 _ 0 |D,BQ (00 |Z'|epj Equation 2-40
at odx| kT \dx Q

where D, = D,C,/C;.

Following the same approach as Korhonen et al., Clement et al., derived an equivalent

equation in terms of vacancies, [46], [59]:

aC, D,BQ(3*C, |Z'|epjac, Equation 2-41
at kT \ ox? kKT ox
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This equation has the same form as Equation 2-13 the Shatzkes and Lloyd formulation,
but with D, replaced (D, BQ)/kT . Since it was assumed that vacancies are in
equilibrium with stress, the stress can be calculated from Equation 2-38 as

Equation 2-42

kT C,(x,t
o(x,t) =31n[ UC(' )
v0

where C,(x,t) is determined by the solution of Equation 2-41.

Assuming that the electromigration failure is determined by the time to reach a given
critical stress, the above models can predict void nucleation time.

Figure 2-3 shows the stress development with time at x = 0 according to Korhonen's
solution, Equation 2-42. This demonstrates the concern of taking into account the
mechanical stress in the model, along with the stress dependence in the
generation/annihilation term term of the continuity equation. In Figure 2-4, the stress
distribution along the line for some representational times is presented. At steady-state
the stress changes linearly, as predicted by Blech [13], [54], [55]. It is clear that high
stress can develop in the interconnect line, which is a necessary requirement for void

nucleation [62], [63].
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Figure 2-3: Stress build-up at x = 0 according to Korhonen's model.
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Figure 2-4: Stress build-up along the interconnect at different times.

These models were very acknowledged in explaining the origin of mechanical stress and
calculating the hydrostatic stress which develops in a metal test line due to
electromigration. Though, they are based on numerous simplifying assumptions and are
applicable to elementary interconnect lines only. For example, the modulus B taken into
account all the mechanical properties of the line and the effect of the constraints
imposed by the surrounding materials. Consequently, a more general description of the
problem is mandatory, in order to better find out the distribution of mechanical stress

and its effects on the interconnect structures.

2.7 Void nucleation

Originally, void nucleation was imputed to the accumulation of vacancies at sites of
flux divergence induced by their drift due to electromigration. At the time that the
vacancy concentration at a particular site reached a certain critical amount, vacancy
condensation would cause to the formation of a void [28,] [64], [65]. Though, an
unrealistically high vacancy supersaturation would be needed for spontaneous void
formation by vacancy condensation [51]. So, according to classical thermodynamics
homogeneous, void nucleation by a vacancy condensation mechanism cannot be

sustained under electromigration.
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In the meanwhile, several works investigated the impact of mechanical stress on void
nucleation under various conditions [66], [67]. The relevance of mechanical stress
build-up in an interconnect line under electromigration was acknowledged, so that the
development of a critical stress emerged as the main criterion for void formation
“nucleation” [58], [59], [68]. However, the stress threshold value is still an open issue,
varying from work to work, in Chapter 4 a new methodology is proposed to evaluate the
critical stress of nucleation.

Voids are commonly observed to nucleate at the metal/capping layer interface
intersected by a grain boundary [69]. Flinn [62] evocated that a void could form at a
pre-existing free surface. Free surfaces can result from contamination during the line
fabrication process, which impedes the bonding of the surrounding layer to the metal
surface. Then, assuming a circular flaw of radius R, and the surface free energy of the
metal y; the critical stress oy, for void nucleation is given by [62]:

2Ys Equation 2-43
R,

Oth =

Clemens et al. [70] presented that the above equation is valid as long as the void grows
in the contaminated region. Therefore, it is possible that the void extends beyond the
flaw area, as shown by, once the equilibrium contact angle, 6c, is attained. The
equilibrium contact angle is calculated by interfacial energy balance, and lies in the
range 0 < Oc < 90°. In this circumstance, the threshold stress is given by [63], [70]:

2y,sinf, Equation 2-44

which may exhibit a small decrease in the nucleation energy barrier compared to

Equation 2-43.

Capping layer

R

) o 4

Figure 2-5: Schematic of void nucleation at an interface site of weak adhesion.
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The critical stress is meaningfully reduced as the flaw area increases. For instance, for a
flaw radius as small as 10 nm the critical stress is oy, = 340 MPa [68]. Because of the
contaminated region can extend trough the whole line width, for a 100 nm wide line the
critical stress becomes o, = 70 MPa. Experimental works have reported values of
critical stress for void nucleation of about the same order of magnitude [44], [71].
Similar stress value is rather low and can be easily obtained in an interconnect line

under electromigration.

2.8 Void evolution

The development of fatal voids (i.e. voids that trigger the line failure) is the ultimate
cause for the electromigration induced interconnect failure [28], [30]. The failure
criterion is typically set as a maximum resistance increase tolerated (generally 5% or
10% more than the initial resistance) for the corresponding interconnect. Once a void is
nucleated it can grow, until it causes a substantial resistance increase or even completely
separates the line.

The void evolution phase can include several processes: a void can drift along the
interconnect [72], interact with the local microstructure [50] and grow, or even heal in
certain conditions [73], before it definitely causes interconnect failure. Additionally,
multiple voids can form in a line, so that their migration and agglomeration at a certain
critical site can be the mechanism chargeable for the interconnect failure [72][74].

The void surface acts as an additional path for atomic migration. The chemical potential

of an atom on the void surface is given by [75]:

fe = o + QW — 7,K) Equation 2-45

where (1, is a reference chemical potential, w = (o: €)/2 is the elastic energy density of
the material adjacent to the void, y; is the surface free energy, and & is the curvature of
the void surface. Therefore, the atomic flux on the void surface due to gradients in

chemical potential plus electromigration has the form:

. D,

j Equation 2-46
ST kT

(Vous + elZ*|Ey)

where D; is the diffusion coefficient on the surface, & is the surface thickness, E s 1s the

electric field tangential to the void surface, and V denotes the gradient along the
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surface. The normal velocity at any point on the surface by mass conservation is given
by the following [75]:

= Equation 2-47
vy, =V Js 1

Void evolution due to electromigration is a complex dynamic process, for which
modeling is a challenging task due to difficulty for tracking the shape of the void
changing during the experience. Then, demands the application of numerical methods
and special techniques for tracking the void during the growth.

The most generally used numerical method is based on sharp interface models [76] [36],
which demands an accurate tracking of the void surface and, therefore, a continuous
remeshing procedure. As the void drifts, grows, and changes shape this precise tracking
becomes very tough. Then, it can be reasonably applied only for simple two-
dimensional cases and cannot be further extended. This inadequacy can be overcome
with the introduction of the level set method [35]. The main advantage of these methods
is that the void is indirectly represented by a field parameter or level set function, so that
void evolution is indirectly determined by the calculation of these functions. Therefore,
the tough direct void surface tracking can be avoided, detailed information can be found

in the ref [77] .
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2.9 Conclusions

In this Chapter all the main physical phenomena related to electromigration have been

described in detail. The following points are necessary for the understanding of the

whole document:

The electromigration driving force as a result of the action of the “wind force"
has been derived and the origin of the charge effective Z* explained.

The role of the several paths for atomic migration in an interconnect line is
discussed and the material transport equations are presented, highlighting the
fact that only the diffusion paths of metal/capping and grains boundaries really
contribute to the electromigration process.

The Blech-effect has been explained in detail and why if jL< (jL). the line is
defined “immortal”, leading designer to project power grids interconnection
respecting these limits when it is possible.

Several earlier continuum models of electromigration have been then described.
Here, the impact of mechanical stress is explained. These are the basis for the
developing of the actual 3D model of this document.

The void nucleation condition is discussed in detail and, finally, the basic void

evolution equations and associated numerical methods are briefly presented.
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3 CHARACTERIZATION OF
ELECTROMIGRATION

3.1 Objectives

In the following Chapter, the different test structures and methodologies used to
characterize the phenomenon of the electromigration are shown. The first part of the
chapter is devoted to explaining the electrical characterization, its relative test structures
used and statistical studies carried out. The lifetime test electrical characterization is the
principal experimental method used by the community to gather information about the
reliability of the different technologies and designs of the interconnect network. A new
designed test structure that allowed finding the time at which the first degradation
occurs in the test line is shown, defined as “time nucleation” TN. Morphological
analysis necessary to gain complementary information and for further investigations
have been done. Subsequently, the different relevant parameters are shown and their
relative statistical analysis is detailed. Finally, it is shown in detail how the calculation
of the effective charge (Z*) is performed with the morphological analysis together with

the electrical characterization.

3.2 Electrical characterization

The lines are tested until all or most of them have failed. Usually, the median failure
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conditions to operating time and the standard deviation of the assumed lognormal
failure distribution are then estimated to characterize the sample reliability. Tests are
performed at higher temperatures and current densities compared to operating
conditions to obtain lifetime distributions in a reasonable time. As a consequence,
extrapolations from EM stressing conditions according to the following equation [15]

arc necessary

i\ [E./1 1 :
_ Js/. [ a( _ )] Equation 3-1
TTF, = MTTF,( /]0) exp |2 (7~

where TTF is the time of failure , MTTF the median lifetime, j the current density, n the
factor of current, Ea the activation energy, k the Boltzmann’s constant, T the
temperature, an example is shown in the Figure 3 1. The subscripts o and s correspond
to mean operative conditions and accelerated conditions, respectively. The result of EM
in copper interconnects is void that span the whole line width and height. The main way
to analyze these phases is the observation of the behavior of the resistance on which we
base all our suppositions. Figure 3-2 shows the typical resistance versus time in
accelerated conditions (high current density and high temperature) using a single

standard via structure.

Accelerated conditions Operative conditions
Ex: j=2.2 MA/ecm?, T =300 °C Ex: j = 220 kA/ecm?, T = 125 °C
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Figure 3-1: example of estimation of TTF distribution in operative conditions knowing the

Energy of activation (E,) and the factor of current (n)
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Figure 3-2: Resistance versus time curve of classic structure (SSV) that is subjected to
electromigration stress. Different phases of the degradation process, representing the

evolution of the degradation of the test line, are shown.

Three phases of resistance evolution have been observed in an EM test conducted with a
classic structure (Figure 3-2). In the first phase, the voltage increase cannot be
individuated with classic structures (SSV = single standard via). This is the “plateau” of
a typical EM test, the phase less explored in the literature [78], where our analysis has
been focused in order to define an experimental time of void formation (TN). The
abrupt change of resistance corresponds to the second phase used to record the failure
time TTF, currently the time that matches to an increment of 5% of initial resistance to
facilitate the gathering of data; it’s possible to evaluate size and form of the void
proportional to the jump step [28]. The time that the void takes to reach the metallic
barrier is called TG, so TTF = TN + TG [17]. In phase 3 is observed a linear increasing
of resistance as a function of the time Ryqp.. This increase is linked to void growth.
Quite a lot of literature exists about the drift velocity in metal liner after fully void
formation [28]. In the usual method single-via, as the resistance increase caused by void
formations is very small less than 1% of the resistance initial, EM systems are not able
to detect any resistance change below this value, so void formation cannot be
electrically detected. Herein an innovative structure the local sense structure LSS [78]
has been characterized that allows measuring void formation through a design artifice,
detailed afterward.

Moreover, with the normal structure, we individuated a phenomenon of resistance

lowering in the plateau that we have studied and characterized. This phenomenon
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suggests us that the EM result can also give information about the evolution of the strain
in the line. The aim is to have a complete modelization of physics mechanism during

electromigration.

3.3 Test structures

In the industrial context, the electromigration test is usually based on lifetime tests. The
objective is to analyze the evolution of the resistance to evaluate time to failure, recently
“time of nucleation” [78], [79] and drift velocity. Herein, all the test structure are dual
damascene Cu line embedded in low-k dielectric of the 28 nm node CMOS technology
process, that includes a CuMn seed layer [80] , that decreases of one order of magnitude
the drift velocity of copper (see Chapter 2) [81]. The line is surrounded bottom and side
walls by a thin TaN/Ta diffusion barrier of few nanometers because very resistive and
capped with SiCN. The ILD is in porous carbon silicon dioxide SiOC to reduce the
parasitic capacitance. The line is ended at each extremity by one via where the electrons
flow in the line (cathode via) or out the line (anode via) respectively. All the

electromigration test structure used have the following characteristics in common:

e The width of the test line if no specifically detailed is 45nm (Wmin) and the
height 90 nm. The via side on the test line have a length of 60 nm and a width of

45 nm.

e Two current ports supplying the current into the test structure and two voltage
taps sensors to evaluate the electrical potential difference allowing the

calculation of the resistance (Figure 3-3).
Ve Voltage sensor "

I+ I-
Current supply

Via Ground

Test line

Figure 3-3: Test line scheme.
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e The current taps and the voltage tap have to be at different positions of the test
line under investigation to not interfere with EM process. The connection

between the line, the current taps, and the voltage taps is done by via (Figure
3-4)

e This is recommended to isolate the line by the insulators that can act as a
reservoir of copper as it happens for mono-level test structure (copper reservoir).

The current injector has to be large enough to avoid electromigration in it.

Figure 3-4: In the example is shown a cross section TEM analysis centered on the cathode via
on the technology dual damascene Cu line embedded in low-k dielectric of the CMOS 28nm
technology process, which includes a CuMn seed layer. In the figure, it is possible to clearly

distinguish the SiCN barrier and Ta/TaN barrier.

e Detectors of extrusion have to be positioned around the copper line undergoing
the electromigration, as shown in Figure 3-5. In the eventuality of an extrusion a

leakage current can be detected thanks to these parallel copper lines.

GM — December 2016 39



Chapter 3:Characterization of electromigration

Extrusion detectors

Figure 3-5: Test line scheme seen above showing the extrusion detectors.

Electromigration tests are conducted in accelerated conditions i.e. higher density current
and higher temperature than operative conditions. This is done to have results in
reasonable time imposed by industry, constraints some hundreds of hours. However,
much high current can induce significant heat generation by Joule effect. An excessive
self-heating leads to a failure by thermic gradient that it is not representative of a failure
in operative condition. So generally the current is chosen to limit the joule effect under
5 °C. In order to respect these requirements, the silicon wafer is cut and every chip
containing the test structure is then bonded and packaged.

The assembly of the structures brings additional time in comparison with other tests
carried out directly on wafer. This is the main inconvenient of this technic. The test
structures are then placed in the adapted test machines that allow setting current
(generally between 0.1 and 0.3 mA) and temperatures (temperature generally between
250 and 300 °C). The interest of this method is the possibility to test groups of
structures (in this case 16 test structures each oven) at fixed current and temperature.
The lines are tested until all or most of them have failed. The median failure time and
the standard of deviation of the assumed lognormal failure time (TTF) distribution are

then estimated to characterize the sample reliability.

3.3.1 Single standard via

The single test structure is the most commonly used in industry to evaluate the
reliability of each technology. The line is ended at each extremity by one via where the
electrons flow in the line (cathode via) or out the line (anode via) respectively. The line
can be tested in upstream or downstream configurations (see Figure 3-6). All the

structures investigated in this paper are in downstream configuration.
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Vil ’ SiCN Barrier
\ i/ Ta/TaN

& .
Cu barrier

Test line

Figure 3-6: Single standard via (SSV) dual damascene Cu line downstream configuration.

The SSV was used also in order to characterize the phenomenon of resistance lowering
in the plateau detailed in [82]. The evolution of resistance in this first phase can be fitted
with decreasing exponential laws that give complementary kinetics information,
phenomenon analyzed subsequently in this chapter (see paragraph 3.5).

Frequently this corresponds to an abrupt change of resistance since the void arrives at
the bottom of the line on the metallic barrier and so the only metallic barrier with much
higher resistivity ensure the passage of the current (see Figure 3-7). This structure
allows the observation of phase 3 where currently a linear increasing of resistance as a
function of the time is observed. This increase is linked to void growth ([28] Doyen) as
shown in Figure 3-8. For the sake of simplification, only the predominant contribution
of the metallic barrier to the total increment of resistance for interconnection is

considered, so the drift velocity (V;) of the void front can be calculated as shown in

Figure 3-8.
30 1
25 1 [
|

20 4
$ Void formation
E’ 15 and \_/ S
= void growth Ime fallure
& 10- |

e- Void

5 Y

\ VT

-100 0 100 200 300 400 500 600 700

t(h)

~ Void length

Figure 3-7: Electromigration degradation during the stress is followed by monitoring the
resistance evolution of the line with time. The failure time (TTF) is recorded for each tested
line at the resistance step increase of 5% of the initial resistance. The jump step of

resistance is proportional to the length of the void.
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Figure 3-8: Experimental graphical example that shows the methodology to calculate Rgope

and V4

3.3.2 Local sense structure description

The new structure LSS presents the same characteristic of the standard single-via
structure, but the anode voltage terminal is put much closer to the cathode via [78] (see
Figure 3-9). This design artifice allows the measurement of the resistance of a smaller
part of the line without influencing the conditions of EM, analyzing a zone where the
void appears the most of the time frequently [73], confirmed by simulations and
experimental data previously in literature and in this work. Thus considering that the
precision of the electrical characterization tool is less than 1%, the sensitivity to
resistance changes of “void nucleation” (TN) is increased. Since voids are typically
formed within less than 1 micron from the cathode via [83], two LSS with the

respective potential terminal V+ at 0.35 and 0.7 pm from the cathode were studied.
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V+ |+ V- -

—‘ SiCN Barrier
‘0.35 um or 0.7 pm

Cu

Ta/TaN
barrier

Test line

Figure 3-9: Test structure used a) Standard single-via (SSV) EM-structure and b) Local sense

structure (LSS) test structure with voltage-senses closer to the via.

In the following, SSV and the LSS are compared and the void formation characteristic
time is defined. In Figure 3-10 an example of the resistance evolution as a function of
time for both structures is shown. In SSV there is no resistance increase, conversely a
slight decrease around 1%, followed by jump, which indicates the full formation of the
void (phase2). The time of resistance jump defines the time to failure (TTF). The
behavior of resistance with LSS is clarified and gives additional information about the
“the plateau” (see Figure 3-2). A smooth resistance increase is observed before the
jump. The resistance shift has been considered as a “time of nucleation” (TN), note that
the TN as defined here is quite different from the incubation time previously defined in
Arnaud 2013 ref [80]. In Figure 3-11 are shown 6 curves of LSS, where the yellow stars
indicate the TN. The LSS allows to isolate also a minimal variation of resistance by the
fact that initial resistances of this structure is around 100 times smaller than the SSV,
and so also variation around 0.1 () can be detected.

30

[ — 5SSV
|——LSS
20
/‘\
S
= 104 . .
E Void formation
2
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0 ' 5;0 1(;0 ' 150
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Figure 3-10: Comparative graph of resistance versus stress time for a single standard via

(SSV) and local sense structure (LSS).
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R®

161
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t(h)
Figure 3-11: Example of a resistance versus time curve for LSS 1, 2, 3: Samples with the

terminal of potential at 0.35 um from the anode 4,5,6: samples with the terminal of potential

at 0.7 pm

Firstly, we compared TEM samples with resistance curve of Figure 3-11 and samples
that presented a curve straight with no variation of resistance supposed without void. In
Figure 3-12 meaningful examples are shown. In Figure 3-12a) the void between the two
voltages senses has not be found as expected by electrical characterization (the curve is
straight) and in Figure 3-12b) a full formed void has been found as predicted by
electrical characterization. This proves that voids are between the voltages senses only

when resistance shifts.
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Figure 3-12: TEM of LSS after EM test a) sample without void between the voltage senses b)

sample with void between the voltage senses.
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To complete the analysis, TEM image of Figure 3-13 shows the void just nucleated as
expected by electrical characterization. In details, we stopped the EM test after a
positive variation of resistance of 0.1 Q (only possible with the LSS), before the void
spans the whole line width and height. In other words, it’s possible to know exactly

when the void nucleates.

[

Figure 3-13: TEM of LSS after EM test stopped just after a small positive variation of

resistance.

In addition, the LSS can also be used to localize the void, because it is possible
electrically to catch the void only when it is between the 2 terminals of potential (see
Figure 3-12). Thus, the two LSS (terminal of potential at 0.35 um and 0.7 pm from the
cathode) structures were compared to evaluate the probability to catch the void for 2
different temperatures and distances. In Table 3-1 the percentage of void nucleated
between the 2 distances is shown of a population of 128 samples, 64 for each distance
of the terminal of potential and 32 for each temperature. It’s clear that is more likely to
individuate the void with increasing the distance of the voltage sense from the cathode
and lowering the temperature. This suggests the design of new structures with the anode

tap at different distances from the cathode [79].

300 °C 37% 68%
330 °C 18% 50%

Table 3-1: Percentage to catch electrically a void in function of the distance of the voltage via

and temperature.

These structures have been designed but unfortunately in STmicroelectronics never
produced on Silicon. Moreover, in year 2015 the author Fen Chen IRPS2015 [84] has
published a structure with a similar approach concept but with the voltage taps placed to
the bottom of the line to avoid to interfere with the physic of electromigration.
Considering that the interface between cap layer and copper is the preferential path of
diffusion and site of nucleation. Chen’s voltage taps are spaced every 5 um and given

that the void appears normally no more than 1 pm from the cathode, it seems more

GM — December 2016 45



Chapter 3:Characterization of electromigration

interesting to add more voltage taps in this preferential zone close to the cathode. This
was the conclusion of my paper IITC2014[79] to map the void spawn electrically and

precisely.

4-point at ends Active via

Active via

Sensing pins to 20 individual pads by switching relay to measure voltage during EM stress

Figure 3-14: Chen IRPS2015 [84] test structure scheme. This structure allows following the

evolution of resistance locally between 2 voltage taps.

3.4 Black parameters extraction

The extraction of the Black parameters E, and n is obtained by lifetime test at different
temperatures and current. The Black parameters are obtained by the MTF for every
condition. In order to extract these parameters it’s necessary at first to linearize the
Black law previously shown, as follow:
In (MTF) = In (4,) - ninQ) - %/ 1 Equation 3-2

Practically, a series of tests is realized at constant current (J) but for different
temperatures for extracting the energy of activation Ea. So the MTF are traced as a
function of the corresponding 1/k, T, the slope obtained by linear regression gives the
E, value. Similarly, the time to failure obtained for constant temperature is traced for the
different densities of current, the slope, in this case, is the n factor. The precision is
strictly related to the numbers of samples analyzed, the test conditions chosen, the
number of temperatures and currents. Currently, in the industry the Black parameters
are extracted from lifetime tests of classical structures (see Figure 3-6), the objectives of
this study is to go beyond the standard analysis extracting the same parameters also with
the LSS considering the TN instead of the TTF and furthermore considering the Rype

calculated with the SSV. We have carried EM experiments for a set of samples with
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LSS and SSV at 2 fixed current and two stress temperatures. In Figure 3-14 and Figure
3-15 the distribution of “time to failure”(TTF) and “time of nucleation”(TN) are
compared. The distributions of both characteristic times (TTF and TN) lets us calculate
activation energy (E,) (see Table 3-2) and factor of current (n) with the Black equation
[15] as explained previously. Moreover, it allows us to calculate the £, and the n for the
Riiope (see Figure 3-8) considering it as the inverse of the mean TTF (explained in detail
[28] doyen). The values obtained are shown in Table 3-2. The values of E, are in
agreement with a lifetime dominated by time of nucleation. A further demonstration is
that the factor of current n obtained with the TTF is around 2, conventionally in
literature considered the value to define that the electromigration process is dominated
by void nucleation [2], [17], [85], [86]. While for TN and R, the value obtained for n
is around one. Considering the Lloyd theory [17] of the fractional n factor relative to the
phase of void formation and void growth these values seems to be coherent, in fact the
Black model [15] has been conceived to evaluate the TTF and in this case we extracted
n from TN and the inverse of the Ryope, as were TTF. Remembering that the TTF is
equal to the sum of the TN plus the time necessary for the void to reach the metallic

barrier at the bottom of the line, time proportional to the inverse of the Ryope.
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Figure 3-15: Time to failure (TTF) and Time of Nucleation (TN) calculated respectively with
the SSV and the LSS at accelerated at constant current conditions for 300 °C and 330 °C.
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Figure 3-16: Time to failure (TTF) and Time of Nucleation (TN) calculated respectively with

the SSV and LSS at accelerated conditions at constant temperature with currents J2 > J1.

E.(eV) n E.(eV) n E.(eV) n
1.2+0.1 1.2+0.1 0.9+0.1 0.8+0.3 0.8+0.3 2.4+ 0.3

Table 3-2: Energy activation E, and current acceleration factor n.

In this work the analysis of 2 test structures to study in detail the void nucleation and
mechanic relaxation effects by using appropriate electrical measurements is shown.
Void nucleation is defined as the degradation before the void spans the whole line width
and heights. The accelerated parameters are in agreement with a lifetime nucleation
dominated. Furthermore, the Lloyd theory [17] of the fractional n factor relative to the
phase of void formation and void growth is confirmed; Moreover the TN nucleation
can be used to calibrate models existing based on the critical mechanic stress to have
more realistic predictions. Therefore, the comprehension of nucleation and others
phenomena is fundamental to the future of interconnects reliability physics and

modeling.

3.5 Resistance lowering fitting

In order to characterize the phenomenon of resistance lowering during the phasel (“the

plateau” see Figure 3-2), samples of SSV were baked for 800 hours at 300° C and we
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followed the evolution of resistance in this first phase. Figure 3-17 shows an example of
fitting the evolution of resistance of the heat treated sample (i.e. no current) with the
decreasing exponential function. All samples reached a final resistance that we call Y.
Moreover, also the first phase or “ the plateau” of all samples was analyzed (see Figure

3-2), considering just the part of the curve before the typical jump of resistance.

- R-shift
004
| —— fit R-shiff
| . . -(Time)
-0.24 Fit R-shift =Y, + Ae™ 7c
;\Q\ 04 : A = amplitude
— ' Tc= decay constant
“ 4
N
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T T . L] v T T
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Figure 3-17: Example of resistance versus time (no current) fitted by decreasing exponential

law.

In Figure 3-17 the example of resistance lowering fitting is shown. A4 represent the
amplitude i.e. the resistance shift between the initial resistance and final resistance just
before the jump for classic EM. Tc is the decay constant and represent the time that
takes to recover A reaching the asymptotic value Yy. In the following is shown that 4
and Tc are strongly dependent to temperature and current magnitude. In Figure 3-18 and
Figure 3-19 the distribution of the amplitude of R-shift (A (%)) and the decay constant
(Tc (h)) are compared for a population of 128 samples, 32 for each pair temperature-
current condition. The amplitude decreases in presence of current and at higher
temperature. The constant decay at higher temperature and in presence of current is
clearly smaller; the meaning is that the devices reach the asymptotic value Y in less
time. This suggests us that this phenomenon of resistance lowering is closely related to

the temperature and density current of the test condition.
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Figure 3-18: Cumulative function distribution (CFD) of Amplitude (4) in absence of current

(J=0) and with current = J1), Lines represent the 90 % confidence level (C.L.) of the data.
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Figure 3-19: Cumulative function distribution (CFD) of constant decay value (Tc) in absence

of current (J=0) and with current = J1

Afterward, all samples treated thermally were tested with current J/. It’s interesting to
see that the treated samples show now the “plateau” perfectly straight, as shown in
Figure 3-20. The mean of TTF changes slightly, less than 10% of difference. We think
that this resistance lowering is related with relaxation mechanic and/or homogenization

of the material. Therefore, it could be interesting to use a similar electrical structure to

50 GM — December 2016



Chapter 3:Characterization of electromigration

monitor also the mechanical properties. Probably the thermal mismatch between copper
and cap induces a compression state at the interface (principal site of void creation) that
makes the spawn of the void for samples without heat treatment a bit harder. The
experimental results allow thinking that the MTF of samples with heat treatment is

slightly lower due to mechanical relaxation.

20

—SSV heat treated
1,5 4-{ ——SSV not heat Treated

Mean TTF Heat Treated: 350 h

o
»

. 4
=)

R-shift (%)

s
w

-
=3
i

Mean TTF Not Heat Treated: 380 h

-
o
M

N
=)

t(h)

Figure 3-20: Example of resistance versus stress time for a SSV heat treated and not heat

treated structure test line.

3.5.1 Ryiopes Of heat treated and not heat treated devices

The slope of heat treated and not heat treated sample is almost the same (see Table 3-3).
So the heat treatment does not seem to modify the preferential diffusivity paths [10]. In

conclusion, heat treatment seems to affect only the mechanism of nucleation.

Heat treated (Ohm/h) Not heat treated (Ohm/h)
3.8+0.9 3.8+1.2

Table 3-3: Slopes at 300 °C of SSV samples heat treated (baked for 800 h at 300°C) and not
heat treated.
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3.6 Focused design study

More recently, it has been shown that EM degradation depends also on the wire
topological parameters and the interconnection network configuration. For instance, B.
Ouattara [87] shows that redundant paths have significant effect in Power Grid lifetime
increase . On the other hand, F. Bana [83] shows that Cu line with a narrow to wide line
width transition can provide an increase of lifetime up to a ratio of 40 in comparison to
a constant narrow line. R.G. Filippi introduces an equivalent length function for the
structures with the width variation that depends on the width and length of each region
[88]. Herein, two different structures that also reproduce crucial aspects of interconnect
design (Figure 3-21 b) and c)) are studied extensively. The purpose is to evaluate the
effect of these configurations on the electromigration degradation in order to provide

lifetime quantitative design rules.

The standard reference structures are single standard via that for convenience have been
called: constant structure (CS) of Figure 3-21a because has the same width all along the
line. The trident-structure (TS) of Figure 3-21b and the bottle-structures (BS1, BS2,
BS3 and BS4) of Figure 3-21c present substantial geometrical differences versus the
CS. For the TS metal line splits into three parallel branches at L1 distance from the
cathode with the same width everywhere (W1=W2) and each line is ended with a single
via. The BS structures show line width transitions at a distance L1 from the cathode
from W1 to W2 either with W2=2W1 or W2=3W1.

The purpose is to evaluate the effect of these configurations on the electromigration
degradation in order to provide lifetime quantitative design rules. Taking into account
these configurations will increase the accuracy of reliability prediction at the design

level and help designers to deal with high current density needs.
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Figure 3-21: Test structure used a) constant reference structure (CS) EM-structure used to

have time to failure for the Ref b) Bottle structure BS c) trident-structure TS

We have carried EM experiments with a fixed stress current and temperature for all
designed structures with a sampling of 32 test structures by type except for the CS1for
which 64 test structures have been used. The detailed structure geometries used for
these studies are summarized in the following Table 3-4 with their relative mean time
failures and mean resistance slope (Ryope). For reasons of clarity Table 3-5, Table 3-7

and Table 3-8 show the test structures and the relative geometrical parameters for each

200 0

specific study.

0.045 - 346 3.6

0 200 - 0.09 1467 0.8
10 190 0.045 0.045 1038 253
10 190 0.045  0.0135 1046 1.2
5 195 0.045 0.09 1001 1.6
10 190 0.045 0.09 456 1.8
20 180 0.045 0.09 497 3.2

Table 3-4: Summary geometrical test structures parameters and the relative mean time

failure (MTTF) and mean of Rgope.

3.6.1 1% Study: Microstructure study of the line width transition [BS vs TS]
The purpose of this study is to evaluate if the microstructure has any effect on the

phenomenon of degradation. In this first study, the length of the narrow cathode part of

GM — December 2016 53



Chapter 3:Characterization of electromigration

the line is kept constant for both structures TS and BS1. Then the width of the second
part of BS1 is varied with W2=3W1 as shown in the Table 3-5. It follows that TS and
BS1 have an equivalent section as shown in Figure 3-21 but different microstructures in
the transition narrow section ([83]), TS is supposed to have the same microstructure of
the CS1 in each branch.

L1 10 um 10 um

L2 190 um 190 um
w1 0.045 ym  0.045 pm
w2 0.135pum  0.045 um

Table 3-5: Geometrical test structures parameters of 1st study.
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Figure 3-22: 1st Study: Cumulative function distribution (CFD): a) Time to failure (TTF)
calculated with BS1 and TS respectively.b) Rsi,pe comparison of BS1 and TS.

In Figure 3-22at he distribution of lifetimes (TTF) is shown. It should be noticed that
similar distributions are obtained for both structures with line width transitions. The
comparison with the reference structure (CS) with a unique narrow line width shows an
increase of TTF for both line width transition structures. Such lifetime increase for line
with line width transition has already been reported [8]. Indeed, F. Bana et al. have

demonstrated that increasing line width results in better bamboo microstructure with
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fewer grain boundaries (Figure 3-23).

1000 nm

Figure 3-23: [83] (STEM Top) Microstructure description in a BS sample. The polycrystalline
profile is seen in the narrower region while the bamboo profile is observed in the wider
segment (55 nm node sample). (Very Low Angle Annular Dark Field VLAADF Bottom)
Evidence of a void located in the polycrystalline region below via of a BS sample. The color

allows qualitative study of void size distribution (vertical red line marks the transition)

Then they explained that bamboo like microstructure in the wide section slow down Cu
atoms diffusion resulting in a local effect similar to the Blech short length effect. On the
contrary in the present study, experimental results mean that increasing the line section
provides the same increase in TTF whatever the microstructure (see Table 3-6). In
addition, we have addressed the Cu drift velocity through the evolution of resistance
slope (Ryiope). Comparison of both structures is given in Figure 3-22. In agreement with
the previous study [83], the Cu drift velocity is larger for the narrow line width case (TS
structure) where the density of preferential diffusion paths is assumed to be the largest.
Actually, one can assume that TTF is the sum of a nucleation time (TN) and a growth
time (TG)[17], [28] so it means that similar TTF for both TS and BSI structures but
different TG, need to have the largest TN for the structure with the smallest TG.
Because it is straightforward that the smallest TG is due to the largest Cu drift (=Rjipe)
and is obtained for the structure with the narrow line width.

We believe that the distribution of stress in the TS at the cathode reaches the critical
stress later to allow the void nucleation time increase. Simulations and characterizations
were be done with the multiphysics model of electromigration developed to confirm the
stress effect. The void location is assumed very close to the cathode or below the via i.e.

the void formation is always in the L1 segment. When the void appears below the via
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the electric characteristic has an abrupt increase of resistance and it is not possible to
measure the Ryp.. In the ref [83] is shown that is likely to have this kind of failure
(Figure 3-23) with such a structure. This explains why only few samples were available

to evaluate the Rype.

| Bs1vsTs | BS1 | TS

MTF (h) 1046 1038
Rope(OhmM/s) 1.2 2.3

Table 3-6: MTF and mean of Rslope of BS1 and TS

In conclusion, BS1 and TS they have similar TTF, but different Ry, with the TS one
around 2 times greater. This suggested that the TN in this structure has to be necessarily
greater to compensate the sum TTF = TN + TG. Numerical analysis will be shown in

Chapter 4 to confirm this hypothesis.

3.6.2 2" Study: Local Blech effect [BS vs CS]

In the second study, the lengths of the narrow anode part (L1) of the BS type are varied,
while all the other geometrical dimensions are kept similar for both structures. We
consider for convenience, the reference structure CS1 and CS2 as BS with L1
respectively equal to 200 pm and zero. The aim is to rate the effect of the distance of

narrow transition.

CS=BS CS=BS
V- L1=0 122200 w Ve ' 8 = s o 5 u >V V- =200im 12=0 W
1 fean T n " 1 poww '
2 Study BS3 BSa cs1
L1 0 pum 5 um 10 pm 20 pm 200 pm
L2 200 pm 195 um 190 um 180 um 0 um
w1 - 0.045 ym 0.045pum 0.045 um 0.045 pm

w2 0.09um 0.09um 0.09pum 0.09 pm -

Table 3-7: Geometrical test structures parameters of 2nd study ordered according L1

ascending.
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Figure 3-24: 2nd Study: Time to failure (TTF) calculated respectively with the BS2, BS3, BS4,
CS1 and CS2 (on the top). Rsiope comparison (at the bottom).

In Figure 3-24 let us move to the distribution of lifetime (TTF). In this case, the lifetime
distribution of each BS is between CS1 with the shortest lifetime and CS2 with the
longest lifetime. We obtained for the BS2 structure with the shortest L1 a lifetime 3
times greater than the reference CS1. But when the length of the narrow line width
portion is increased the lifetimes of BS structures reaches the lifetime of the constant
narrow structure CS1. Figure 3-25 shows the mean TTF as a function of L1.
Qualitatively when L1 overcomes 10 um, it does not provide a considerable lifetime
increase. The drift velocity is similar for both BS2 and BS3 (see Figure 3-26) structures
where microstructure of the W2 line width part is assumed to be similar. But for BS4
with L7 =20 um, the behavior is closer to the reference structure CS1 with L1 >> 0 um
more grain boundaries are contributing to the Cu diffusion because of the narrow line

width.
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Figure 3-25: 2nd Study: Mean Time to failure (MTTF) calculated respectively with the CS2,
BS2, BS3, BS4 and CS1 and fitted with an exponential decreasing law. The MTTF shows a
remarkable increase if L1 is smaller than 10 pm, with the error bar that represents the

standard deviation.

B CS2,BS2, BS3, BS4, CS1
- Exponential decay fit
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Figure 3-26: 21nd Study: Mean of Ry.pe calculated respectively with the CS2, BS2, BS3, BS4 and
CS1 and fitted with exponential asymptotic law. If L1 is increased the Rg,pe converges to the
value of the constant narrow structure CS1, with the error bar that represents the standard

deviation.

In conclusion, the effect of the variation of the length L1 in the bottle structure has been
analyzed. It is shown that if L1 is less than 10 um the lifetime shows a remarkable
increase that makes think to a Local Blech effect. And that also the Ry, reduces

drastically with the reduction of L1.
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3.6.3 3" Study: width influence on lifetime [BS]

In the third study about BS type (Table 3-8), L1 is kept the same (10 um) but different
W2 are considered i.e. BS1 and BS3. In the order to evaluate if also, the narrow width

(W2) has an important effect on the lifetime.

BS1 BS2
e
L1 10 pm 10 pm s (e
L2 190 um 190 um B o

w1 0.045 ym  0.045 pm
w2 0.135um  0.09 um _,I ez I ez
MTTF 1046 h 456 h - -

Table 3-8: Geometrical test structures parameters of 3rd study.

In addition, in the third study the lifetime of BS1 is 2 times greater than BS3 (see Table
3-9), so we can assume that also the narrow width (the only geometrical difference) has

an important effect on the lifetime.

|_BsvsBs | Bs1 | Bs3_

MTF (h) 1046 456
Rsiope(OhM/s) 1.2 1.8

Table 3-9: MTF and mean Rgjope of BS1 and BS3, same L1 and L2 (10 pm) with a width of 3 W1
and 2 W1 respectively.

3.6.4 Conclusions

Interconnect lifetimes are increased in complex test structures using line width
transitions or splitting the line into many branches. This lifetime increase is not only due
to the microstructure, where fewer grains helps in lowering the Cu diffusion path. A
mechanical stress effect is suspected to be added. Then the lifetime increase effect is
limited to a fixed line length of about 10 um here. These results can be applied to
product design responding to specific requests that need more in-depth analysis than the
classical electromigration test structure. Taking into account these configurations will
increase the accuracy of reliability prediction at design level and help designers with

high current density needs.
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3.7 Effective charge experimental evaluation

For this study Blech structures has been used. These structures SSV are short enough to
activate the condition of immortality defined as JL = JL., with J the density of current
and L, the critical length explained in the previous section, to which the structures are
no more subjected to degradation by electromigration.

We have carried out EM experiments with a fixed stress current and temperature on a
population of 16 Blech structures 10pum long with a section of 4500 nm” for 1800 h at
0.1 mA and 300 °C (larger test time than usual for standard EM test). As expected most
of the structures did not fail due to the short length effect as shown in Figure 3-27.

220

R-shift 1 2 3 4
] Fit R-shift — —
|
210 S
B
=
S | —
< 200 4
190 -
I T v T T
0 500 1000 1600
t(h)

Figure 3-27: Resistance versus Time examples of some Blech Test lines fitted with an
exponential decreasing law. Some of these lines were subsequently analyzed by TEM to
confirm the presence of a void (Figure 3-28). The examples shown did not fail due to the

short length effect.

The objective is to have a fully void formed under effect of electromigration that cannot
grow up anymore due to the directionally opposite flux of Blech, as explained
previously. It has been hypothesized, that this equilibrium condition has been reached
before the characteristic jump of the resistance; and then a void was necessary fully
formed to reach this equilibrium condition causing the immortality of the test structure,
the mainly difference with the study of Lamontagne [89] is that the void stop to grow
before reaching the metallic barrier. Then, morphological analysis are necessary to
confirm that actually a void is fully formed in the line at the cathode as shown in Figure
3-28 and these morphological analysis allowed us especially to quantify this volume of
saturation for 2 samples. This evaluation classically is done evaluating the size of the

jump of the resistance[90], [29].
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Figure 3-28: TEM cross-sections of 2 samples of the Blech-Test structure stressed for 1800 h.

These analyses confirm the presence of a fully formed void undetectable with usual EM-

tests.

The void volume calculation was done by a graphical method that allows isolating the
portion of the line with void from the rest of the line and then calculating the void area.
From the void area then it is possible to calculate either an equivalent spheroidal (Sv)
and parallelepipedal (Pv) volume, as follows:

Pv=Areaxd Sv= gnru3 Equation 3-3

Where Area is the area calculated from morphological analysis TEM Figure 3-28, d the
depth of the copper line ( here = 50nm ); and 7, is the radius calculated from Area
considering this as the area of an equivalent circle. Finally, every TEM analysis allows
the calculation of two volumes of saturation (Vg,;) and then of two Z* with the
following equation:

* = Mi Equation 3-4
Aep JL?

Where B is the elastic effective module, 4 the section of the line considering only the
copper section, e the charge of an electron, p the resistivity od Cu, J the current density,
1 the atomic volume of copper (1.18e-23cm’[52]) and L the length of the line. The
elastic effective module was calculated with the correct geometry and mechanical
properties of the experimental test structures used. Detailed information about the
formula can be found in [90]. The effective charge found with this method are coherent

with Z* found in other works (e.g. [52] [43]).
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Viar 2.66e5nm3 2.83e5nm3 2.91e5nm3 3.21e5nm5
z' -2.85 -3.04 -3.12 -3.44

Table 3-10: Summary of volumes of saturation Vsat and relatives charge effectives Z* found.
3.8 Conclusion

In this Chapter, the SSV the classic methodology to evaluate the reliability of a
technology by analyzing the distribution of lifetime for different condition is shown.
Then, the LSS structure is presented and compared to the SSV. This structure allows
calculating experimentally the “void nucleation”. Complementary morphological
analysis have been shown to demonstrate the validity of this test structure. This
characteristic new time calculated experimentally represents the first damage of the line
measured.

Then, the fundamental parameters of this technology are extracted: n and E, by using
classically the SSV and originally the LSS. It is interesting to highlight that the factor of
current calculated from LSS ( TN distribution) is around one, the explanation is that TN
is considered as TTF that certainly does not present an “incubation time” [80], in fact
the n factor around one is obtained the lifetime is dominated by growth.

Morphological analysis necessary to gain complementary information and for further
investigations have been done. Subsequently, the different relevant parameters are
shown and their relative statistical analysis is detailed. Finally, it is shown in detail how
the calculation of the effective charge (Z*) is performed originally with the

morphological analysis together with the electrical characterization.

62 GM — December 2016



Chapter 3:Characterization of electromigration

GM — December 2016

63



64

Chapter 0:

GM — December 2016



Chapter 4:Simulations studies of electromigration

4 SIMULATIONS STUDIES OF
ELECTROMIGRATION

In the previous section, the different physical phenomena related to electromigration
were described and meaningful physically based models were shown. The majority of
these models are based on several simplifying assumptions in order to obtain analytical
expressions, or they can be applied exclusively for simulation of simple interconnects
geometries. Thus, they cannot handle with the complex modern interconnect structures,
as that shown in Figure 4-1. In this Chapter, a universal electromigration model for
implementation in a COMSOL tool for simulation of realistic three-dimensional

interconnects structures is developed.

Figure 4-1: Dual-damascene interconnect structure.

The electromigration simulation necessitates a Multiphysics approach. Thus the model
equations can be most opportunely divided into smaller blocks. At first, the electro-

thermal problem, the distributions of electric potential, electric field, current density,
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and temperature in the interconnect are shown. Then, the material transport equations
are presented. The mechanical equations, which define the deformation and the resultant
hydrostatic stress evolution in the line, are explained. Subsequently, a concise model
overview is given, where the summary of equations is presented i.e. the equations which
have to be resolved to perform electromigration simulations. Finally, several
electromigration simulation examples according to the model discussed are presented
and a new methodology to calculate the critical stress of “void formation”. Then, the
special structures described in the second chapter are reproduced and analyzed to
confirm assumptions previously done. Finally, the initial concentration impact on the

time of nucleation is addressed.

4.1 The electro-thermal problem

Representing the electric potential at any point in the line by ¢ and the electrical

conductivity by yg, the current density j can be calculated from Ohm's law as:

S - Equation 4-1
J=YeE = —VeVo q

where the electric field E is related to the electric potential by:

F= Ve Equation 4-2

Because the electric charge should obviously be conserved:

Vj=0 Equation 4-3

which together with Equation 3-3 yields an equation written for the electric potential,

V. (y;V) = 0 Equation 4-4

Note that Equation 4-4 reduces to the Laplace equation (if the electrical conductivity is

constant along the line):
V2 =0 Equation 4-5
The solution of the thermal problem determines the temperature distribution:

aT Equation 4-6
V- (y7VT) = PmCp E -Dp a

where yr is the material thermal conductivity, p, is the mass density, and C, is the

specific heat. Here, p is the electrical power loss density, given by:
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Equation 4-7
p = veE? = yi(Ve)? 1

Which accounts for the Joule heating and couples the electrical with the thermal
problem. Together, the electrical and thermal conductivity are treated as temperature

dependent parameters, with the following form:

Yo Equation 4-8
T) = q
YD) = T a@ =Ty + BT —Tg)?

Where v, is the conductivity for a given reference temperature T,. The linear and
quadratic temperature coefficients are respectively: a and 3. The equations Equation
4-4 and Equation 4-6, together with Equation 4-7 and Equation 4-8, compose a non-
linear system, whose solution gives the voltage, electric field, current density, and
temperature distributions in an interconnect line. It should be emphasized that particular
attention must be taken in setting the thermal boundary conditions. In order to
appropriately consider the effect of Joule heating, an appropriate portion of dielectric
surrounding must be included in the simulation. The thermal reservoir has been

implemented by a Dirichlet boundary condition for the temperature.

4.2 Material transport equations

The whole atomic transport which occurs in an interconnect line during
electromigration is the sum of the various driving forces for atomic migration activated
by temperature, hydrostatic stress, electrical potential and vacancy concentration. As in
copper metallization, atomic migration happens via vacancy diffusion mechanisms, the
total material transport can be equivalently written in terms of vacancies. Therefore, the

combination of the driving forces leads to the total vacancy flux of the form [58][91]:

jv=z.,i=]1 tJ2t J3t]a Equation 4-9

In this equation the first term J; describes a diffusional effect “The Fickian term”, the
second term J, represents the electromigration, the third term J; accounts for the atomic
migration caused by gradients of mechanical stress, and the last term J, illustrates the
material transport which occurs due to thermal gradients in the interconnect.

Mathematic expressions of these terms are summarized in Table 4-1 [92] [93].

Table 4-1: The total vacancy flux is the sum of four contributors
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J1 Fick's Law =D, VC,
D, C
I EM term - I;Tv |Z* eV
D,C
ik Mech. Grad. - ;vaﬂVa
D,C, Q"
Therm. Grad. T
Js KT T

Two mainly mechanisms contribute to a local variation in vacancy concentration. In the
first one vacancies accumulate or disappear due to the existence of flux divergences. In
the second, the generation or annihilation of vacancies in the presence of source/sink
mechanisms alters the vacancy concentration. Accordingly, material balance is

described by the continuity equation:

ac,
at

Where G is a function which models vacancy generation/annihilation processes.

Equation 4-10

=V -J,+G

Vacancy generation or annihilation is related to the change of lattice sites. Then, this
term is active only at the appropriate interfaces, like grain boundaries and material
interfaces [94]. In order to calibrate the model with the standard electrical
characterization available explained in section 3 an equivalent G for the whole line has

been used.

4.3 Electromigration Induced Stress

Considering an ideal crystal lattice as shown in Figure 4-2 (a), the effect of introducing
a vacancy is schematically presented in Figure 4-2 (b). It shows that the volume of a
vacancy occupied is different from the volume of the atom. In fact, a vacancy occupies
less volume than an atom inducing relaxation in the lattice. Consequently, a change in
vacancy concentration induces strain in the lattice due to its relaxation in a confined
environment. Because in a typical interconnect structure the metal line is completely
embedded in a passivation layer, this strain field cannot be accommodated. Then this

lead to the development of mechanical stress.
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a) b)
Figure 4-2: Effect of a vacancy in an ideal crystal lattice. (a) Initial lattice. (b) Deformed

lattice.

As previously described in Chapter 3, the variation in vacancy concentration at any
point of an interconnect happens either by a vacancy-atom exchange mechanism or, at
interfaces, by the production or annihilation of vacancies with source/sink mechanism.
This signifies that the strain induced by electromigration has two input: a migration
component related with the vacancy-atom exchange process, and a component

associated to vacancy production/annihilation.

4.3.1 Strain due to Vacancy Migration

When an atom is replaced for a vacancy, the adjacent atoms relax, leading to a total

volume change given by:

AV=Q,- Q=(1-/f)Q. Equation 4-11

For a volume V (£,, Q respectively vacancy volume and atomic copper volume), the

relative volume change associated with a change in vacancy concentration AC,, is [95]:

AV Equation 4-12
— = ~(1-peac, q

so the volumetric strain has the form:

AV ion 4-
= e+ e+l = 38" = —(1-FRAC, Equation 4-13

where ¢ indicates to the migration strain.

Taking the time derivative of the previous equation is obtained:
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ag™ 1 ac, Equation 4-14
—=--1-H0
at 3 a-=n at

and, since for the test volume the atom-vacancy exchange is governed by the continuity
equation.

ac, > Equation 4-15
P

the components of the migration strain rate is given by:

m

Eil' 1 -
3t 5(1—f)QV']v 8y

Equation 4-16

4.3.2 Strain due to Vacancy Generation/Annihilation

The generation/annihilation of vacancies is accompanied by a change in the
concentration of lattice sites, so that AC, = AC; [94]. Therefore, the relative volume
change of a given test volume due to the addition or removal of lattice sites through a
change in the local vacancy concentration AC, by means of generation/annihilation

processes is [95]:

AV i -
= = foAc, Equation 4-17

where fQ accounts for the vacancy volume. Following the same procedure as described
above, the strain rate is given by:

agg9 1 acC, Equation 4-18

ot 3’7 ot

where €9 refers to the strain produced due to vacancy generation/annihilation processes.
Since the variation in vacancy concentration C,, is given, in this case, only by generation
or annihilation developments:

ac, G Equation 4-19

at

which leads to the generation/annihilation strain rate components:

Equation 4-20

asg 1 s
at [ifQG] i

4.3.3 Total Electromigration Strain

The electromigration total strain induced is given by the sum of the vacancy migration

and vacancy generation/annihilation components:
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gV = g4 gg, Equation 4-21

Taking the time derivative of Equation 4-21, and using Equation 4-16, the total strain

rate produced by electromigration is given by:

dgj; 1 5
o =32[A-NV-], +f6]s,

Since &} is a diagonal tensor with equal entries, one can write Equation 4-22 in terms

Equation 4-22

of the trace of the strain tensor:
as? N
Fr Q[1- V-], + fG]

Specified the dependence of the EM-induced strain on the source function G, the

Equation 4-23

modeling approach for mechanisms of generation/annihilation of vacancies becomes of

central importance.

4.4 Mechanical Deformation

The material transport due to electromigration yields local strain, which causes to the
deformation of the interconnect line. This deformation is defined by the displacement
field, U, of points in the line with respect to a stress-free initial configuration. Assuming
that the displacements from the reference configuration are small, the line deformation

is characterized by the total strain [96]:

1/0u; OJdu; ) ]
&y = ( -+ ]>, i,j=1,23 Equation 4-24

T2 du; Jduy
which can be written in matrix notation as:

€= Su Equation 4-25

with
£= [£11 822 €33 V12 V23 V31l" Equation 4-26
Where symmetry of the strain tensor is assumed and the engineering shear strains are
used:
Y = 24, i%j Equation 4-27

The strain operator S is given by:
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)

— 0 0

ox,

o 2 o
ox,

o o L

S = ox, Equation 4-28

d 9

2 2

ox, Ox,

o 2 9
ox, ox,

9, 9

ox, ox,

The total strain has contributions from different sources: the elastic distortion of the
line, the thermal strain, and the strain induced by variations in vacancy concentration.

Therefore, we can write, respectively:

= g8+ gth 4 gv Equation 4-29

Where the thermal matrix of strain is:

gth = a(T — To)l Equation 4-30

and the EM-induced matrix of strain is (with €" determined by Equation 4-23):

& = §£v I Equation 4-31

Assuming an elastic deformation of the interconnect, which means that Hooke's law

applies, the stress is related to the elastic strain by:

o = Cs® Equation 4-32

which together with Equation 4-29:

o =C(s— &) Equation 4-33

Where

g0 = &+ & Equation 4-34

reppresents the total inelastic strain. Here, the stresses should satisfy the mechanical
equilibrium equations:

V.o=0 Equation 4-35
since it is assumed that there are no external forces acting on the line during

electromigration.
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4.5 Model simplifications

In a first approach we tried to reproduce this phenomenon in a detailed way as the work
of De Orio [52] including: grain boundaries, dislocations and interfaces that can act as
sinks and sources for vacancies in metals. But subsequently a compactness of the model
has been preferred as explained subsequently in this Chapter. Due to the difficulty to
find out experimentally certain fundamental parameters with standard characterization
available during the project and furthermore due to the excessive time of simulations
and their instability it has been preferred to simplify the model. If, on the one hand, has
been lost a bit of precision in the representation of the physical phenomena of
electromigration, on the other hand, this has allowed having results in a reasonable time.
But this approach has been chosen principally to calibrate the model with sensible time
and few standard test. This methodology will allow using the same approach and model
for futures technologies. Moreover, the metallic barrier of the test line of only few nm

has not been reproduced for the sake of stability of the simulations.

4.6 Model summary

The developed electromigration model contains several submodels. The conservative
mass balance Equation 4-10 is solved by coupling the corresponding Laplace’ s current
equation, Equation 4-4, the mechanical equilibrium equation, Equation 2-35, and the
Fourier’s thermal equation, Equation 4-6. The four equations are solved simultaneously

1n transient state.
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~= -7 -J,+G V- (sVp)=0 V-G VT) = pmcpat

Table 4-2: Model summary

The electromigration strain rate part has two origins: the first one is the vacancy flux
divergence and the second is the vacancy generation/annihilation. For this model the

generation/annihilation or source term G Sarychev model [91] has been used:

Q
C,—Cyo WGT Equation 4-36

T

With C, 0 as the initial concentration. The Equation 4-22 expresses the diagonal tensor
of the total electromigration strain. The resulting line deformation and mechanical stress
is determined by the set of equations shown in the Table 4-3 (respectively Equation

4-25, Equation 4-35, Equation 4-33):

e=S8u V-o=0 c=C(e—¢g)

Table 4-3: deformation and mechanical stress

The solution of these equations permits a complete cycle of simulation of

electromigration in general three-dimensional interconnect structures.

4.7 Model numerical implementation

Very frequently the mathematical description of physical phenomena consists of partial
differential equations (PDE's) defined in a limited domain of interest. These equations
can be analytically resolved only for simple problems. Therefore, for complicated
geometries and problems, involving variable material properties and general boundary

conditions, numerical methods have to be applied.
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Considering the model proposed in this chapter, the finite element method (FEM) has
been chosen as numerical solving, developed on COMSOL simulation tool. FEM grants
a solid mathematical formulation for solving several types of PDE's and can handle
intricate geometries with different types of boundary conditions. Furthermore, since it
was originally conceived for solving mechanical problems, it is adequately convenient
for the model implementation. A severe mathematical treatment is outside the scope of
this thesis and can be found elsewhere [96]. Since electromigration constitutes a multi-
physics problem, it is convenient to divide it into smaller sub-problems and to solve
each one separately. The electro-thermal problem is directed by partial differential
equations for the electric potential, ¢p, and for the temperature, T. The variable of
concern for the vacancy dynamics is the vacancy concentration, C,. The mechanical
problem is expressed in terms of the displacement field, u, nevertheless, the mechanical
stress found from the solution of the mechanical problem is the variable of interest here.
Each sub-problem is solved for the corresponding variable, while the variables of the
other sub-problems are fixed. In order to obtain an appropriate resolution for vacancy
dynamics close to the cathode (zone of major interest for the “void nucleation™) of the
interconnect metal with the surrounding layers, an appropriately fine FEM mesh has to
be provided at these locations. Therefore, a simple local mesh refinement procedure was
implemented. The procedure first detects the elements with nodes connected to more
than one segment. If the tetrahedron volume is larger than a given value, the
corresponding tetrahedron is refined. This procedure can be executed recursively, until
all tetrahedrons connected to the interface have a volume smaller than the specified one.
A compromise has been necessary found between simulation time, refining solution and
stability of the simulation. First, the solution of the electro-thermal problem establishes
the electric potential and temperature distribution in the modeled test line. These
quantities are then used to obtain the vacancy concentration change due to the whole
mass transport happening under electromigration and accompanying driving forces. The
rate of change of vacancy concentration due to generation/annihilation processes is
found. The variation in vacancy concentration establishes the induced strain, which
loads the mechanical problem. The solution of the mechanical system produces the
deformation of the test line, consequently that the mechanical stress can be estimated. If
the size of the developed stress gets the threshold value for “void nucleation”, the
simulation procedure is ended and the resultant time for void nucleation can be

estimated, or else the time of nucleation could be set to evaluate the stress at that time.

GM — December 2016 75



Chapter 4:Simulations studies of electromigration

Since the electric potential and temperature distribution reach a steady state condition
on a time scale much smaller than that for the vacancy concentration and mechanical

stress, the electro-thermal problem is classically solved only for a few initial time steps.

4.8 FEM complementary platform for the prediction of EM
failure

The introduction of coupling of experimental observation and numerical simulations is
clearly necessary, as shown in many parallels and previous works. This eventually even
allows to disprove semi-empirical models used for more than 60 years, as the n factor
recently demonstrated be more linked to the residual stress, current and temperature
[97], than the dominant lifetime mechanism of degradation (i.e. “void nucleation or void
growth”). Furthermore, It has been shown the importance to consider the hydrostatic
stress in the power-grid and not only the density of current to have a correct evaluation
of EM lifetime [98]. Other works were focused on the study of the atomic flux
divergence or mass flux divergence AFD or MFD, as representative of the zone at high
risk of degradation with good results, at circuit levels [99] and for “highly robust
design” structures [100], [101]; the authors demonstrated being able to predict the zone
that will be damaged for first with simulations evaluating the AFD, and confirming with
the morphological analysis subsequently. Some efforts to prepare models that account
the statistical nature of the EM phenomenon due to a random grain size distribution
were done also [102]. However, the approach of using the simulations as a
complementary tool needs to be adjusted case to case. This will allow to formulate
routines (as in this document) that consent to extract delicate parameters, evaluate
eventually the lifetime, calibrate the model, confirm the experimental data etc. etc. For
example herein the test lines modelized do not have complex geometries, as e.g. at
circuit level with many edges sources of divergences. And also the density of current
and the temperature for almost the simulation are constant. Consequently it is more
appropriate to study the cause origin of the void nucleation, i.e. the amount of
hydrostatic stress, taking advantage of the fact that we were able to find experimental
parameters as the Z* used as simulation material parameter, and the TN used to evaluate

the state of hydrostatic stress at that characteristic time.
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4.9 Simulation Studies of Electromigration

In this Chapter, several electromigration simulation studies according to the model
discussed are presented. First, the materials considered in the simulations are
introduced. The vacancy dynamics behavior is analyzed it is clearly shown the
importance of the stress effect on the electromigration failure development. The sites
where the void is likely to spawn are addressed. It is shown a new methodology how to
calculate a critical parameter for design as the critical stress of nucleation, taking into
account the experimental data previously exposed in Chapter 3. This enables to explain
several features of failure development commonly observed in experiments, for which
the simple effective diffusion models cannot handle with. Then, the special structures
used for focused design of an interconnect are presented. Finally, the influence of the

initial concentration on the elctromigration has been studied parametrically.

4.9.1 Material and Simulation Parameters

The following simulations are focused on copper dual-damascene interconnect
structures of the 28nm technology nodes that includes a CuMn seed layer. The
commonly materials used in such interconnects are: as conductor metal copper (Cu), as
barrier layers at the sides and bottom of the lines tantalum based (TaN/Ta), as capping
layers silicon nitride based (SiN/SiCN), and as low-k interlevel dielectrics SiCOH.

The Annex presents the materials parameters for the electro-thermal, vacancy dynamics
and mechanical deformation problem. Many of these parameters were obtained
experimentally the rest was chosen from the literature. Because electromigration just
takes place in the conductor line, the parameters related to the material transport
equations are presented only for copper.

Electromigration experiments executed under accelerated test conditions as shown in
Chapter 3, which means that the interconnect lines are commonly tested at a higher
temperature and higher current than that found at use conditions. Consequently, the
simulations results presented in the next sections follow this trend. The test lines have

the same geometries of test structures used for experimental characterization i.e. are 100
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um long with a height of the copper of 90 nm and a width of 45 nm. A current of 0.1
mA has been used (around 2,2 MA/cm®) and a temperature of 300 °C, as a boundary
condition on the extern surfaces of the SiOC box. The dielectric box has a height and
width of 1 um and a length of 102 um. The test line simulated has been positioned
exactly in the middle of the box. The objective is to reproduce as accurately as possible

the same conditions of the experimental characterization conducted.

4.9.2 Sites of Void Nucleation

Figure 4-3 shows the vacancy distribution in an interconnect via. The current flows
from anode to cathode, driving vacancies towards the via. Vacancies accumulate at this
site, since the barrier layer blocks additional vacancy diffusion into the upper metal line.
Therefore, the maximum vacancy concentration is situated beneath the via and so also
the maximum hydrostatic stress. Nevertheless, as previously pointed out, grain
boundaries also act as weak spot. Consequently, it is usual to have void formation at
sites away from the anode end of the line. Void nucleation detected at the
copper/capping layer away from the cathode end is only possible if there is an available
site where flux divergence happens and/or is a site of weak adhesion. ~ Grain boundaries
are the unique feature, which can provide such sites. Because triple points formed by the
intersection of grain boundaries with the copper/capping layer interface are natural

region of flux divergence and also weak adhesion [103].
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Figure 4-3: Example of Hydrostatic stress on a 2D cut solution along the direction x zoomed

on the cathode.

4.9.3 Critical stress of void formation extrapolation

A new method to extrapolate the critical stress of void formation is proposed. In section
2 has been shown how to find experimentally the effective charge from the volume of
saturation and the mean nucleation time (TN) experimentally for the same conditions
used in the simulations. This new method consists of isolating the model solution that
corresponds to the mean TN experimentally found. Then considering that the void is
always really close to the cathode, it is possible to evaluate the critical stress with the

assumption that the void is likely to appear not farther then 500 nm from the cathode; as

shown e.g. in Figure 4-5.
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Figure 4-4: Time of nucleation (Tn) evaluated with the LSS [79] at the same conditions of the

simulations i.e. at 0.1 mA and 300°C

Figure 4-5: Example TEM cross-section of LSS detected electrically. This analysis confirms
the presence of a void fully formed undetectable with conventional EM-test structures.

Furthermore, the distance of the voltage tap from the cathode is shown.
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Assuming realistically (see Chapter 3) that the void does not spawn more than 500nm
from the cathode, the range of possible critical stress depends only on the distance from
the cathode as shown in Figure 4-6. Therefore, knowing the distance range allows to
find the real critical stress of void nucleation for this technology from the solutions of

the simulations.
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Figure 4-6: Evolution of the hydrostatic stress along the x direction at the TN found
experimentally for every effective charge. This allowed the evaluation of the hydrostatic

stress on the cathode at 0 nm and at 500 nm

4.9.4 Focused design test structures
In order to design reliable interconnects against electromigration, a big effort has been

put into investigating materials, which produce preferable properties. However, another

strategy which is commonly used to improve the interconnect resistance against
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electromigration is the introduction of specific geometrical features, such as material
reservoirs [83] and redundant vias [87]. In this paragraph some simulation results for
the bottle structure and the trident structure, are presented. In this way, the impact of

these geometries on the interconnect behavior regarding electromigration can be

analyzed to confirm previous experimental results.

100

50

-50

Figure 4-7: Bottle structures interconnect hydrostatic stress distribution

Figure 4-7 shows the hydrostatic stress distribution in the bottle structure. The
maximum hydrostatic stress measured at 106h (the TN found for the same technology,
see Figure 4-4) is on the cathode, as shown in Figure 4-8, and it is around 55 MPa. The
stress developed in the interconnect with the bottle structure design via is smaller than
that developed in the single via structure, see Figure 4-6. The introduction of an
enlargement reduces the overall interconnect resistance. As the current applied at the
terminals of the interconnect is the same, the reduction of the interconnect resistance
leads to a decrease of the voltage. Consequently, the driving force for material transport
along the line is decreased, and fewer vacancies concentrate under the cathode via,
producing a smaller stress.

In Chapter 2 has been demonstrated the benefit to use this design structure, about
increasing of lifetime. The model results actually confirm that the hydrostatic stress

reached in the same time is significantly less as expected. So that means that the time of
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nucleation and the lifetime is larger for this design.
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Figure 4-8: hydrostatic stress along the x direction at the TN found experimentally of 106h
for the BS1.

Figure 4-9: Trident structure interconnect hydrostatic stress distribution

Similarly to the bottle structure also the trident structure has been reproduced for

simulation, as shown in Figure 4-9. The simulation was carried out for the same
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conditions. The hydrostatic stress distribution in the interconnect is similar to the bottle
structure, only slight smaller. In fact, in Figure 4-10 the hydrostatic stress along the test
line on is shown, the cathode, as expected, show off the maximum hydrostatic. For the
same time the stress reached is around 40 MPa. The introduction of the split of the three
lines reduces the overall interconnect resistance, and as for the bottle structure fewer

vacancies concentrate under the cathode via, producing a smaller stress.

Hydrostatic stress (MPa)

1078 107 10°° 107°
Arc length (nm)

Figure 4-10: hydrostatic stress along the x direction at the TN found experimentally of 106h

for the trident structure.

In Chapter 2 has been shown that the two structures have the same time to failure, but
the Ryope (proportional to the drift velocity of the vacancies) much higher for the trident
structure. For remembering, the time failure is the sum of the time of nucleation (TN)
and the time growth (Tg), and the Tg is proportional to 1/Ry,.. Therefore, the TN has to
be large enough to compensate the “full” time of failure. These simulations confirm the
hypothesis announced in Chapter 3 about a larger TN for the trident structure, showing

that the stress behavior, although similar, is weakened for this configuration.
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4.9.5 Initial concentration impact

The influence of the initial concentration, which could be related to the density of the
grains and/or eventual future materials and/or process of massive production is
addressed. In Figure 4-11 it is shown a parametric study of the initial concentration.
Three initial concentrations have been used for these simulations: Cv0, 2Cv0, 3Cv0
with Cv0 = lel6/cm’. The aim of the study is to show the developing on the vacancy
concentration Cv and hydrostatic stress evolution in function of the initial
concentration. The evolution of the Cv has similar behavior until 2000 seconds. After
this time the typical third phase starting is visible for all three initial parameters with the
blue curve for Cv0, green for 2Cv0 and red for 3Cv0. In the third phase, for
remembering the phase at high mechanical stress, the source term G of the transport
equation i.e. is highly dominated by the initial concentration, as shown in Equation
4-36. In fact, fixed the final concentration increment (Cv/Cv0-1) to 1.6, that
corresponds to the time nucleation i.e. 106 hours; the same concentration for 2Cv0 and
3Cv0 is obtained in less time, respectively 55 and 33.3 hours. This means that the initial
Cv0 highly impact on the Cv evolution. And so, all the efforts done to reduce it can
improve substantially the EM robustness of the test line. In Figure 4-12: is shown the
evolution of the hydrostatic stress on the cathode. Likewise the Cv, also the hydrostatic
stress is strictly correlated to the initial concentration and the same results fixing the

critical stress of nucleation at 97 MPa , as expected, are obtained.
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Figure 4-11: Evolution of the increment of vacancy concentration (Cv/Cv0 — 1) at x=0 for
CvO0 (blue curve), 2CvO0 (green curve) and 3CvO0 (red curve). Where Cv is the vacancy

concentration and Cv0 the initial vacancy concentration.
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Figure 4-12: Evolution of the hydrostatic stress at x=0 (at the cathode) for Cv0 (blue curve),
2Cv0 (green curve) and 3CvO0 (red curve) with Cv as the vacancy concentration and Cv0 the

initial vacancy concentration.
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4.10 Conclusions

In this Chapter, a universal electromigration model for implementation in a COMSOL
tool for simulation of realistic three-dimensional interconnects structures is developed.
It has been shown that the electromigration simulation necessitates a multiphysics
approach. The equations of the model can be conveniently divided in smaller block or
sub-problems:

1. The electro-thermal problem is directed by partial differential equations and the
solution allow to obtain the electric potential, ¢, and for the temperature, T, in
the test line

2. Then, the material transport equations are presented the solution of this equation
allow to obtain the variable of concern for the vacancy dynamics is the vacancy
concentration, Cv.

3. The mechanical problem is expressed in terms of the displacement field,u,
nevertheless, the hydrostatic stress found from the solution of the mechanical
problem is the variable of interest here.

Each sub-problem is solved for the corresponding variable, while the variables of the
other sub-problems are fixed in order presented, and iterated for the time of simulation.
When the electric potential and temperature distribution reach a steady state only the
transport equations and mechanical problem are iterated.

The variation in vacancy concentration is the cause of the induced strain considering
that the test line is in a confined environment and that the volume occupied by an atom
of copper is bigger than the volume occupied by a vacancy. So the electromigration
strain rate and the mechanical stress are generated by the movement or the
generation/annihilation of vacancies in the line. Electromigration simulation studies
according to the model discussed were presented:

e The maximum vacancy concentration is situated beneath the via and so also the
site. maximum hydrostatic stress. This condition is necessary for the “void

nucleation” and as expected is close to the cathode because already observed

experimentally.
e A new method to extrapolate the critical stress of void formation is proposed.

The time of simulation has been fixed to the time of “void nucleation” and the

Z* found experimentally has been used. This allowed to obtain the critical stress

of nucleation, parameter hard to obtain conventionally.

86 GM — December 2016



Chapter 4:Simulations studies of electromigration

The focused design test structures were been reproduced and simulated for the
same condition. The simulation carried out shown a clear difference regarding
the maximum stress reached already predicted experimentally. In fact, the trident
structure for the same time of simulation reaches a stress smaller than the bottle
structure i.e. it will reaches the critical stress of nucleation later, so it has a
bigger TN.

The initial concentration impact has been addressed conducting a parametric
study of the initial concentration. The aim of the study is to show the developing
on the vacancy concentration Cv and hydrostatic stress evolution in function of
the initial concentration. The results is that increasing the initial concentration
accelerate the mechanical stress developed and so, all the efforts done to reduce

it can improve substantially the EM robustness of the test line.
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5 CONCLUSIONS

The EM induced failure has been one of the main reliability issues for the
microelectronic industry since its discovery as a potential damage mechanism in
metallization of integrated circuits. Since then, new fabrication process and materials,
which have suitable properties, have been introduced. Furthermore, the design of
specific geometrical features allowed the production of more EM resistant
interconnections.

The continuous downscaling of devices demands an ongoing reduction of the metal line
dimensions, due to a density increase of interconnections in modern integrated circuits.
Consequently, the interconnect lines have to operate at higher temperatures and carry
higher current densities, emphasizing the EM-induced transport. As a result,
electromigration remains to be a challenge for the development of robust back-end of
line. In fact, the lifetime of interconnects has decreased from generation to generation,
even though a lot of knowledge was gained and efforts were made within the last 50
years.

The study of the physical phenomena behind EM damage has become more and more
important, since it can provide a deeper knowledge basis to anticipate the EM effect. In
this context, experimental characterization coupled with mathematical modeling
becomes a convenient way to understand the EM-induced failure. In the past years,
several new test structures and continuum as well as semi-empirical models have been
proposed. They have been able to explain partially numerous features of EM-induced
damage and predict the lifetimes of different technologies.

The aim of this work was to merge the two different domains: one hand side the
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experimental characterization of interconnect structures and on other hand side the
development of mathematical models, suitable for the implementation in COMSOL, a
tool for numerical simulations, as these two domains are often too disconnected. In the
second chapter, a detailed study of the previously available models is shown,
recognizing their main weaknesses and, at the same time, their main strengths. Founded
on this analysis, these models were extended and further developed by taking into
account the most pronounced effects for EM. In the third chapter, the different test
structures and methodologies used to characterize EM have been shown. Among which,
the local sense structure allowed the experimental detection of void formation, enabling
the access to fundamental data (i.e. the experimental time of nucleation) and the focused
design structures to reproduce crucial aspects of the interconnections design. As a result,
in the 4th chapter, a multi-physical 3D model is proposed, which links the EM material
transport problem with the electro-thermal and mechanical problem in any arbitrary
interconnect structure. The model, calibrated with the CMOS technology of 28nm node,
has shown benefits to predict the behaviors in certain crucial aspects of the design and
for futures technologies, as shown in the perspectives of chapter 4. Therefore, the
activation energies of diffusion, calculated from accelerated tests, are probably
incorrect, posing a significant problem for the extrapolation of lifetimes to regular
operating conditions. An essential feature of the proposed model is the calibration with
experimental data. Instead of considering the effective charge (Z*) found in the
literature for copper, this relevant parameter has been extracted experimentally in
Chapter 3 and employed in the model in Chapter 4 allowing the calculation of a further

crucial parameter for design and modeling which is the critical stress of nucleation.

To sum up, a complex and robust COMSOL EM model was developed, which takes
into account a wide diversity of physical phenomena and calibrated with standard
experimental characterization, doable in the semiconductor industry. Many numerical
simulations of realistic 3D interconnect structures were performed and several valuable
predictions have been done and will be done. Nevertheless, there are still many points,
which should be enhanced, and its are recommendations for future works. In upcoming
studies, the residual stress emerging from the fabrication process, which has a
significant impact on the device reliability, should be taken into account. Therefore, this
stress must also be evaluated and included in the simulations. As this stress is not only

dependent on the metal line itself, but also on the surrounding structures and materials,
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the variability of the material properties has to be considered as well. The influence of
the process variability on the device performance is usually modeled using statistical
approaches. Therefore, the microstructure of the metallization (e.g. bamboo structure)
and the surrounding interfaces can impact the EM behavior significantly and should be
also taken into account. Furthermore, the effective charge Z* is currently treated as a
material-dependent, but geometry independent constant. Due to an increased number of
scattering sources, such as at a rough metal interface for decreased metallization lines,
Z* will likely need to be adjusted according to the metal thickness or grain sizes, i.e. has
to be evaluated for each technology. Therefore, it is necessary to design complementary
test structures with different geometries to evaluate if and how Z* has a geometry
dependence. And also from a technical point of view, a 3D EM simulation of the entire
structure using the finite element approach is only manageable with a relatively coarse

mesh, reducing the accuracy of the results.

A logical extension of this work is to couple this modeling approach with a void
evolution model suitable for the implementation in COMSOL for 3D structures; the
achievement of this task is an ongoing work with Dr. W. H. Zisser from TU Wien. This
is a really challenging task, because the void evolution problem necessitates the
consideration of additional physical phenomena and particular numerical techniques for
tracking the void surface as it evolves, e.g. the phase field method. The main idea is to
be able to predict precisely the time of nucleation and the time to failure with a unique

general model, which can be calibrated with experimental data.
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ANNEX

In the present annex, all the parameters used for carrying out the simulations are
presented. If there is no reference, it means that the parameters have been found

experimentally or well known in the literature.

Table a-1: Parameters of the electro-thermal equations.

Parameters S Cu Ta SN SiOC  Ref.

Electrical conductivity 1.5e7 3.3e5 / /

Linear temperature 9

coefficient (k%) 0.0043 / / / 152
Quadratic temperature P

coifficient () R g g ¢ [52]
Thermal conductivity (W/mK) 379 53.65 0.8 0.35 [52]
Density (kg/m3) 8920 16690 3100 2100

Specific heat (J/kgK) 385 140 170 1000

Table a-2: Parameters of the mechanical equations.

Parameters  Cu  Ta/TaN SIOCOH  SICN  Ref

Elastic

Module E (GPa) 130 186 9.2 265 [52]
Poisson 034 035 0.6 0.27 [52]
coefficient

Thermal 16.56-

expansion (K1) 6 6.5e-6 0.68e-6 1.50e-6 [52]

coefficient



Table a-3: Parameters of vacancy dynamics equations

Parameters | Copper  Ref.

ep Dvo
Pre-factor diffusion i) 0.52 [52]
Energy activation Ea (eV) 1.14
Effective charge zZ* -3.1 0.2
Vacancy constant "
heat Q* (J) 1.2e-20 [52]

Vacancy volume

relaxation f v [35]

Atomic copper

(cm3) 1.18e-23
volume

Initial

. Cvo (cm3) 1.0e-16
concentration

Recombination

constant ) 1 [52]



