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Introduction

Condensed matter physics investigates the origin of the macroscopic properties exhibited by
materials. These properties often arise from local and topological aspects of the material. For
instance, electrical resistance is related to the motion of electrons within the material and, con-
sequently, to scattering events with phonons. Adopting a perspective at smaller scales makes it
possible to explain these macroscopic properties. Transparency, conductivity, strength, weight,
and hydrophobicity are typically properties that can be optimized and studied to manufacture
devices exhibiting these characteristics. Over the past few decades, the development of new ma-
terials capable of combining such properties has been a focus in the worldwide community [TH3].
Developing such materials can broaden the possibilities for developing devices [4, B] and reduce
energy consumption in the field of optoelectronics [6].

For instance, transparent conductive materials (TCMs) are designed to achieve both high trans-
parency and good electrical conductivity, which can be utilized to develop chromogenic devices
[4, [7], light-emitting diodes [4, [§], dye-sensitized solar cells [4l 9], smart windows [4, [10]. However,
these properties depend on phenomena occurring at the microscopic level and one property can
be favoured while another is not. Typically, transparency and electrical conductivity are often in
opposition [4]. Indeed, focusing on the band gap theory, transparency requires a material with a
large band gap, such as an insulator, which has almost no free electrons, to minimize light absorp-
tion. In contrast, conductivity arises from an overlap between the conduction band and the valence
band, a condition typically met in conductors such as metals, which are opaque at the nanoscopic
scale. As a result, TCMs have been extensively studied for many years, with Indium Tin Oxide
(ITO) currently standing as the leading material in this field. Indeed, it exhibits excellent optical
transparency over the visible range (91.5% in the 400-1100nm) as well as low resistance (sheet
resistance of ~ 10§/00) [II]. However, thin films made of ITO present several drawbacks: they
are brittle under mechanical stress, and the scarcity of indium complicates low-cost production
[12]. Consequently, alternative materials based on conductive nanowires, such as silver nanowires
(AgNWs), [13] have been explored to replace ITO [14].

AgNWs deposited onto a transparent substrate such as glass or transparent flexible polymers
create pathways that allow current to flow at the surface of the material while photons can be
transmitted through the gaps between wires [5]. In addition, compared to ITO, AgNW networks
are mechanically flexible and compatible with low-cost and scalable fabrication processes [5]. They
also exhibit notable thermal conductivity [I5], which can be advantageous in thermal management
applications.

Thanks to these properties, AgNWs show great potential for integration into a wide range
of devices such as solar cells [I3] [16], organic light-emitting diodes [17, [18], heaters [19], and
thermal transparent conductive films [20]. However, NWs tend to exhibit instabilities when exposed
to external constraints such as temperature, electric current, light, chemical environment, and
mechanical bending, potentially degrading the network and its functional properties. Therefore,
numerous studies have investigated the limitations of these networks under various forms of stress,
including thermal [2TH28], mechanical [29, [30], chemical [31], optical [32], and electrical [33H36].
Consequently, the study of thermal and electrical stress appears to be relevant in the context of



the applications mentioned. While the effects of thermal stress have been extensively explored over
the past decade, electrical stress has received less attention and is still an active area of research.
This work therefore aims to investigate the behaviour of AgN'W networks under electrical current
injection.

It is established that AgN'Ws exhibit instabilities when subjected to electrical currents. These
instabilities are often attributed to the Joule effect and/or electromigration [23] [33] 37, [38], which
both induce atomic migration in the NWs. In this work, the origin of electrical failure is also
investigated, with the aim of identifying the processes that trigger instabilities in AgN'W networks
under electrical stress. Furthermore, a study combining numerical modelling and experimental
data is conducted to assess the limitations of the model established in this work and to potentially
reveal unexplored instability mechanisms in AgNWs. The predicted electrical instabilities of the
model are also investigated to highlight discrepancies between the experimental and simulated
networks.

Chapter [2] is devoted to presenting the current state of research on instabilities in AgNW
networks. It begins with an overview of thermal instabilities, which serves to motivate the study and
provides a foundation for understanding the AgN'W stabilities. This is followed by an introduction
to electrical instabilities, focusing on the key mechanisms that can arise when current flows through
AgNW networks, namely electromigration and Joule heating. A brief introduction to electrical
breakdown is also included to establish a basis for understanding how such events could potentially
occur in these networks. Finally, the chapter concludes with a short review of existing numerical
models, highlighting potential gaps and uncertainties in the current literature.

Chapter [3] begins by describing the fabrication process of the samples and detailing each step
required for sample preparation. Indeed, microscale networks are developed, which require specific
steps for their fabrication. The experimental setup is then presented, providing insight into how
the AgNW networks are characterized and tested. Finally, the numerical model is introduced as
well as an explanation of how it is applied throughout this master’s thesis.

Chapter [4 is dedicated to data analysis and discussion. Visual inspection through scanning
electron microscopy (SEM) provides qualitative insights into the changes occurring in the AgNW
networks after electrical failure, while quantitative data analysis allows for a more detailed inter-
pretation of these results in parallel with the visual observations. In addition, the numerical model
helps to predict and localize instabilities. The limitations of such predictions are also discussed
to explain the discrepancies between the model and reality. Overall, these results provide insights
into the critical current density leading to electrical failure in AgNWs, as well as the typical junc-
tion resistance within AgN'W networks, while also revealing unexpected aspects of their behaviour
under electrical stress.



State of the art

2.1 Silver nanowires

AgNWs have attracted significant interest over the past decades in the scientific community.
Due to their nanoscale dimensions and their structure, they exhibit atypical properties that differ
significantly from those of bulk materials. Indeed, AgNWs can exhibit different shapes depending
on their synthesis methods [39] (e.g., the polyol method yields AgNWs with a pentagonal cross-
section [40], while wet chemical synthesis produces AgNWs with a cubic crystal structure [41]).
Particularly, in this work, AgNWs with a pentagonal cross-section are considered (see Figure .

[a] [b]

Twin boundarv

Figure 2.1: [a] SEM image of a single NW with a schematic drawing showing the five associ-
ated monocrystals reproduced from [42]. [b] Schematic drawing highlighting atoms breaking the
symmetry of the monocrystal (at the surface and twin boundaries) reproduced from [42]. Atoms
arranged according to the crystal structure were omitted from the illustration.

It is recognized that such pentagonal symmetry is incompatible with the overall energy min-
imization of the structure. This means that AgNWs are structurally metastable and thus more
prone to morphological transformations when subjected to various stresses [43]. This could be an
obstacle for several applications wherein NWs are subjected to thermal, mechanical and electrical
stresses.

During the growth process, polyvinylpyrrolidone (PVP) is utilized as a capping agent which
promotes the growth of the NW along a specific direction [44]. Moreover, the layer of PVP helps to
stabilize the structure and to protect it from external factors, while suppressing the development
of instabilities in the NW [44]. Even though this layer tends to stabilize the NWs; it also increases
the electrical resistance of the network composed of these wires by heavily increasing the contact
resistance between connected NWs [44] 45]. Thus, AgNWs are typically subjected to thermal
annealing to eliminate the PVP layer, which, in turn, exposes them again to potential intrinsic
instabilities.



As a result, considerable attention has been directed toward understanding these instabilities in
AgNWs, with a focus on elucidating the mechanism that can trigger such morphological changes.
For instance, thermal annealing is often employed to improve the conductive properties of AgNWs.
Therefore, it is relevant to explore the instabilities induced by thermal stress. Hence, the underlying
question is as follows: can heat trigger structural instabilities in AgNWs?

2.1.1 Thermal instability

This question has been extensively studied. Indeed, when NWs are subjected to thermal stress
spheroidization can occur. This process is often compared to the Rayleigh-Plateau instability,
which describes how a liquid jet breaks into a series of droplets due to surface tension-driven
instabilities. Similarly, when NWs are subjected to high temperatures, they begin to fragment
into small spheres (see Figure [a], [b] and [c]) as a result of surface energy minimization.
Spheroidization can be explained by the theory of McCallum et al. [46] and has been studied in
detail by Balty et al. [22]. Contrary to Rayleigh-Plateau instabilities in liquid jet, temperature
is a key parameter to trigger thermal instabilities in NWs. Indeed, this increase in temperature
destabilizes the NWs, leading to compressive stress, which facilitates atomic migration (this aspect
of atomic migration will be discussed in section .

Figure 2.2: [a] SEM image of a completely spheroidized NW. [b] SEM image of partially
spheroidized NW, indicating that thermal instabilities appear initially at the junction. [c] SEM
image of a network undergoing thermal stress (respectively , 25°C, 255°C and 500 °C)

Alternatively, thermal stress can be beneficial to enhance the conductivity of the network [47].
It is well-known that the junctions at the intersections of two NWs play a major role in the
overall resistance of the network due to the small contact area between two wires, as well as the
potential presence of an insulating protective layer (PVP) around each NW. To better understand
the processes occurring when networks are subjected to heat stress, an introduction to the different
regimes of electric resistance is provided [23] [47, [48].
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Figure 2.3: Evolution of a network’s resistance as a function of temperature reproduced from
[49]. Initially, the network has a resistance of approximately 107 2, which corresponds to the non-
conducting regime (purple box in the figure). The resistance then rapidly decreases due to the
sintering effect (blue box in the figure). Finally, as the temperature continues to rise, the junctions
degrade, leading to the rapid breakdown of the network. The coloured box highlights the different
resistance regimes that a network may exhibit (green box in the figure).

1. Non-conducting network (purple box in Figure: the protective layer on AgNWs acts
as an insulator, reducing the current flow through the network. As a result, the overall
resistance of the network can be compared to that of an insulating material. This layer is
often made of PVP, which functions as an insulating barrier around the nanowires.

2. Sintering (see blue box in Figure: with an increase in temperature, either due to global
heating or to the Joule effect (Figure , the protective layer is removed, leading to the
formation of new types of junctions, specifically metal-metal junctions. Moreover, if the
temperature still increases, the junctions can initiate the sintering process, resulting in a
reduction of the resistance associated with the junctions (see Figure . This sintering
effect results in a decrease in the overall resistance, as the improved junctions allow for
better conductivity (see Figure . This effect is also referred to as a ’welding’ process,
however, this term is improperly used [50]. Indeed, the junctions do not melt and recrystallize
afterwards. The improvement is instead due to material diffusion at the junction, which tends
to reduce resistance. Therefore, the term ’sintering’ is preferred to describe this process.

[a] [b]

50 nm

Figure 2.4: [a] SEM image of a non-annealed junction is shown. [b] The same junction has been
thermally annealed, highlighting the differences between the two junctions [4§].



3. Breaking network (green box in Figure : at a certain point, junctions or the wires
themselves begin to deteriorate due to thermal instabilities, leading to the disruption of a
percolating path. This phenomenon can eventually trigger the destruction of the percolating
network (these concepts are defined in Box [T).

Moreover, other types of instabilities have been explored in the literature, including bending
failure [51] [52], chemical failure [35] [63], and photodegradation [37], as well as different factors
that could enhance these instabilities, such as the influence of the substrate [5I] and corrosion
[64]. These instabilities are directly associated with specific characteristics of these materials.
For instance, bending failure is related to the functionality of AgNW networks. However, given
that conductivity is the most commonly exploited property in devices incorporating NWs, it is
particularly relevant to investigate instabilities related to electrical stress. This work therefore
focuses on electrical instabilities, a subject that is not fully understood as of today.

2.2 Electrical instabilities

2.2.1 Parameters related to electrical instabilities

Beforehand, several parameters related to both AgNWs and conductivity must be introduced
to understand the context of this work. AgNWs exhibit properties that cannot be explained by
the classical theory of conductors. For instance, it has been observed that a single NW exhibits
a resistivity different from that of the resistivity of bulk silver [55H57]. When the mean free path
of the conducting electrons is comparable to or larger than the diameter of the conductor, the
resistivity of the material must be modified. Moreover, it has been found that resistivity depends
directly on the diameter of the NWs [34, 55l 56]. Indeed, Bid et al. proposed the following
expression, which gives the resistivity of a single nanowire, pnw, as a function of its diameter,
Dyw (typically around dozen of nm), the resistivity of the bulk material, ppuix ~ 1.55 x 1078 Qm
[58], and the mean free path, A ~ 520 A [59)]:

PNW = Poutk(1 + ) [56]. (2.1)

2an
Thanks to this resistivity the Pouillet’s law can be applied to directly access the resistance of a
single NWs. Thus, the resistance R becomes a function of the cross-sectional area A, length [, and
the resistivity of the material in pyw,

l

R = pnw 1 (2.2)
With this information on resistance, one might think that the resistance of an entire network
can be easily obtained (e.g., by considering a nanowire as a resistive element in an electronic
circuit and using classical circuit laws to calculate the network resistance). However, AgNWs
exhibit a unique characteristic: the resistance of the junctions. This resistance is associated with
the connection between two adjacent nanowires. Several studies have attempted to determine
values for this junction resistance, and they show that it can play a major role in the overall
resistance of the network and thus cannot be neglected [50, [60H64]. Nevertheless, it remains a
poorly understood topic in the field of nanowires. If the junction resistances can be accessed
and coupled with Pouillet’s law, the resistance of the network can be quantitatively explained.
However, this applies under the assumption that the network is conductive. This characteristic of
conductive networks is described using percolation theory. A brief introduction to this theory is

provided in Box |1} primarily to introduce terms relevant to both AgNWs and percolation theory.



Percolation is a phenomenon in statistical physics that describes the formation of pathways
in a stochastic system. It explains how a effect propagates through a structure, such as a
viscous fluid penetrating a porous substrate, a fire spreading through a forest, a breakdown
in a railway network, or, in the context of this work, the connection between two electrodes
via the random deposition of NWs.

This theory is based on a two-dimensional system divided into small sites, where each site
has a probability of being occupied or not. The occupied or non-occupied state does not
have a strict definition and depends on the context and the system that is being studied.
However, the global occupation of these sites is crucial in determining the propagation of
a phenomenon through the system. A common way to illustrate percolation theory is to
consider a square forest divided into discrete sites [a], where each site may be occupied
by a tree. Let’s suppose that a fire starts at one edge of the forest, the key question for
this situation is: will the fire propagate from one side of the forest to the other ? In fact,
percolation theory can address this question. If percolation occurs, it means that the trees
form a continuous path from one side to the other. In this case, the system is said to be
percolating, and in our example, the fire will end up spreading from one side of the forest
to the other.

& | Infinitesimal NWs network

I site

[a] Discretized Model [b] Continuous Model [c] Ag NWs network

Figure 2.5: [a] An example of the discretized model is shown. This situation illustrates a
non-percolating system since no continuous path connects the two sides. [b] An example of
the continuous model is provided. In this case, the system is percolating, as a path connects
both sides. [c¢] An example of a typical percolating AgNWs network is presented.

Since sites do not naturally appear in most experiments, implementing a continuous theory
seems particularly relevant for the application of this theory [b]. Percolation in a
continuous system can be deduced from the discretized model by reducing the distance
between sites to an infinitesimal scale. In this case, the phenomenon can appear anywhere
within the system.

This continuous theory can be applied to AgN'W networks (see Figure[2.5[c]) to understand
typical parameters of the systems such as the resistance, but also it gives new vocabulary
related to both percolation and field of AgN'W networks. Indeed, a network where current
can flow to one electrode to the other one is called percolating otherwise non-percolating
[66]. Moreover, each NW that participated to the conduction of the current in the system is
included in what is called the percolating cluster[66]. Alternatively, any path that connects
the two electrodes is referred to as a percolating path.

As nanowires can be seen as resistive elements in a circuit, energy losses are observed in the

form of thermal energy, also known as Joule heating. This heat generation can raise the temper-
ature of the network, potentially inducing thermal instabilities caused by internal thermal stress.
In addition, electrons can scatter off the ions in the crystal lattice. These interactions transfer mo-
mentum to the ions, leading to atomic displacement, a process referred to as electromigration
(to be introduced and discussed in detail in Section . Furthermore, examination of AgNWs
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at microscopic length scales allows discussion of the phenomenon of electrical breakdown. In-
deed, at this small scale, electrical breakdown may occur due to the high ratio between the applied
voltage and the short length of the nanowire, making such instabilities more likely.

In the following sections, different aspects of AgNW instabilities will be introduced, along with
their origins. However, explaining one instability without mentioning the others is a real challenge,
since several instabilities are intertwined. For instance, the Joule heating effect tends to accelerate
the electromigration process [37]. Therefore, the following sections discussing these two instabilities
must be read in parallel, as both instabilities arise when a current is applied to an AgNW network.

2.2.2 Joule heating

Joule heating in classical conductors often leads to variations in several parameters. For in-
stance, it is known that an elevation in temperature increases the phonon vibrations in a crystal,
and therefore, electrons flowing within the material interact even more with the ions leading to
more frequent collisions. As a result, charge carrier mobility is reduced, and the material’s re-
sistance increases as well. However, this Joule heating impact can be reversed simply by cooling
down the material itself (i.e., by stopping the current injection). In that case, the evolution of the
resistance is completely reversible, since the resistance of the conductor at a certain temperature
remains the same before and after current injection. Since AgNWSs are conductors, it could be
inferred that they would exhibit the same characteristics. However, this is not the case, such an
elevation in temperature will destabilize the network, leading to a non-reversible increase in re-
sistance [33]. Indeed, Joule heating induces morphological instabilities in AgNWs, which can, in
the worst cases, lead to wire breakdown. Therefore, even if the current is turned off, the network
remains affected after the electrical stress, resulting in a non-reversible increase in resistance. Even
though this resistance change arises from the increase in temperature, electromigration can also
impact this non-reversible change in resistance (see Section .

Observations indicate that Joule heating tends to create hot spots within the network, par-
ticularly at junctions where resistance is highest [21), 23 47]. Indeed, due to the distribution of
current within a network, some wires can carry higher currents than others, leading to an increase
in the Joule effect. Therefore, the network exhibits regions with higher temperatures, known as
hot spots. However, other results also predict hot spots due to electromigration in nanoscale de-
vices. Indeed, since electromigration produces a displacement of matter, it can create voids in
the nanostructure. These voids will induce a redistribution of mass in the structure, leading to a
non-constant resistance along the wire, meaning that hot spots are created due to electromigration
[67]. If the generated heat reaches a sufficient high level at the junctions or at hot spots generated
by electromigration, atomic diffusion may be triggered, leading to the spheroidization of the hot
spot. In extreme cases, this atomic migration can ultimately destroy a part of the conductive path
leading to an increase of the resistance [2I], [35]. However, these results do not solely result from
Joule heating. These breaking events may be further intensified by additional instabilities, such as
electromigration.

2.2.3 Electromigration

Most of the time, when a current flows through a conductor, the electron flux is assumed to
have no significant impact on the system. However, electrons have charge, momentum, and can
interact with their environment. Therefore, under certain conditions, the current can induce a
movement of matter, a phenomenon known as electromigration [68].

Dynamically, this corresponds to the transfer of momentum from conducting electrons to ions
through scattering events, resulting in mass transport. This overall momentum transfer generates a
drifting force commonly referred to as the ’electron wind force’ [69]. Moreover, electromigration is
facilitated by Joule heating, as the increased atomic vibrations enhance atomic mobility. However,
the movement of matter is not exclusively driven by thermal effects and electrical current, other
factors may also contribute
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Therefore, limiting the analysis of atomic migration solely to electromigration provides an
incomplete picture of reality and other effects must be considered [70] (see Figure [2.6)).

e Concentration gradient: when a difference in concentration exists within the material,
diffusion can occur, leading to atomic motion driven by the gradient.

e Thermomigration: in regions of the solid with higher temperatures, ions have greater
kinetic energy, allowing them to diffuse more easily within the lattice.

e Stress-induced migration: a stress gradient has three major effects: it acts as a driving
force for atomic motion, leads to the formation of voids or extrusions, and directly alters the
concentration distribution of ions.

All these effects, including electromigration, are accounted for in the general equation of atomic
migration [70]. Where in Figure n, is the concentration of vacancies, D, is their diffusivity, Z*
is defined as the sum of the valence of ions and the effective valence representing the amplitude
of the net momentum transfer, e is the electron charge, p is the resistivity, fis the current, k is
the Boltzmann’s constant, T' the temperature,  is the thermal conductivity, o is the mechanical
stress, f and Q are respectively the relaxation vacancy factor and the atomic volume.

Atomic movement

Concentration gradient Thermomigration
Jy = _Dv(vnu + va] — WﬂuVT -+ k_q,n‘;VU)
— = o
eo—— o——
—> —>
o— 00—
Electromigration Stress Migration‘

Figure 2.6: The general equation describing atomic migration includes contributions from concen-
tration gradients (yellow box), electromigration (blue box), thermal effects (red box), and stress-
induced migration (green box). A detailed treatment of this equation can be found in Joseph
Lombardo’s PhD thesis [70].

As this work focuses solely on electrical stress, only the term related to electromigration are
discussed, even though other mechanisms must be considered to fully understand the atomic mi-
gration of matter induced by current flow. This atomic motion is rarely observed in macroscopic
devices, as it requires high current densities. For instance, Black et al. observed electromigration
under a current density of around 10% A/cm? in aluminium [71] whereas Patil et al. observed
apparition of voids in bulk silver at 10* A/cm? [72]. Compared to a simple wire with a diameter
of a few centimeters used to charge a Computerﬂ through which a current of 8.5 A is carried, the
current density is around 2 A/cm?. Therefore, for electromigration to occur, either an extremely
high current must be applied, or the conductor must be very small. This effect is typically observed

IThese values were taken from |[this product page https://us.stockinthechannel.com/Product/Lenovo-
GX20Z46287-power-adapter-inverter-Indoor-170-W-Black/54244379.
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at the nanoscale, as such dimensions allow efficient heat dissipation. Consequently, high current
densities (typically above 106 A/cm?) can induce electromigration without melting the wire. This
phenomenon is commonly observed in microelectronic devices [73]. Electromigration act continu-
ously as long as current is applied. Thus, the study of duration of the applied current is indirectly
implied when electromigration is taken into account. Therefore, it could be interesting to include
the time parameters in the study of AgNWs instabilities.

Previous studies have examined how an AgNWs network can be affected when a constant
current is applied over several weeks. Networks that are electrically affected tend to remain stable
3-4 weeks after a bias of 2V (which corresponds to a temperature increase in the network of 30°C
or 60 °C, depending on the resistance of the network) [35]. However, several parameters (network
density, applied bias) can be altered to trigger the process of degradation [74]. Curiously, these
studies do not take electromigration into account as one of the processes that could trigger the
increase in resistance related to network degradation. Therefore, several questions arise: what

current value triggers electromigration in AgNWs networks and break it in a relatively short time
(under 1s)?

One can think that the density of current to trigger electromigration is AgNW is the same
than the one found by Patil et al. However, the density current values observed, are obtained for
materials in a polycrystalline state. Which means that the materials themselves contain defects
that can either favour or hinder atomic migration when a current flows through the metal. Given
that AgNWs are composed of five monocrystalline domains, it is reasonable to question whether
electromigration occurs within a similar range of current densities.

Some answers to these questions are provided in an article written by Liu et al., who inves-
tigated the failure mechanisms AgNWs with hexagonal cross section (4H-AgNW) [75]. Although
their results cannot be directly applied to the pentagonal-shaped nanowires studied here, they
offer valuable insights into the parameter ranges necessary to observe electromigration. Liu et
al. reported that a 4H-AgNW with a resistance of 402 ) exhibited a critical current density (the
current density at which the NW begins to deteriorate) of around 10% A /cm?, a value consistent
with those found in other studies on AgNW failure [0}, [76]. This value differs from the current
density reported by Patil et al. [72], highlighting the difference of AgNW behaviour with common
bulk conducting material. Moreover, as Liu et al.’s study focused on a single NW, claiming that
this current density represents a universal failure threshold, could be considered an exaggerated
conclusion, since it can depend on additional parameters unrelated to the current alone (see Figure
mentioning thermal, concentration and stress coupling for atomic diffusion ).

Another study investigated the impact of current on NWs made of a single crystal. This study
was led by Stahlmecke et al. and typically shows the current density used for electromigration in
nanostructured silver nanowire [77]. They used a current density of around 107 A /cm?, in between
the value observed by Patil et al. and Liu et al. This further indicates the range of currents
that should be applied to a NW to trigger instabilities. Moreover, Stahlmecke et al. observed
the localized nature of electromigration. Indeed, their NWs tended to induce instabilities near
the cathode region (see Figure [2.7). This localisation effect might be related to Z* previously
discussed in Figure [78]. It was also observed that the localization of instabilities across the
entire network depends on the current density injected into the network [T9]. Specifically, at a
current densities (0.3 A/cm?), instabilities tended to appear in the central region of the network,
where the temperature is also higher compared to the edges. Conversely, when the current density
decreased (below 0.2 A/cm?), instabilities tended to appear near the anode region. In another
survey studying instabilities of gold NWs Stahlmecke et al. observed the same behaviour (voids
forming near the anode) [80] which is in opposition compared to their previous observation in
AegNWs [77].

13



Figure 2.7: SEM images of silver nanowires produced by electron beam lithography, reproduced
from the article by Stahlmecke et al. [77]. The NWs exhibit instabilities near the cathode region
(indicated by the red plus symbol).

This discrepancy could stem from an aspect of electromigration that had been neglected in
the previous model. Indeed, electromigration is often introduced through the *wind force’ (Fying)-
However, this force should be understood as an effective one, primarily governed by the previously
discussed mechanism [2.6f Nevertheless, a second force must be considered to fully describe the
atomic diffusion. This additional force is related to the electric field, which tends to move the ions
in the opposite direction, and it is called the ’direct force’ (Fyrect). Depending on whether one
force predominates over the other, the atomic motion can be directed in the same direction as the
current flow or in the completely opposite direction. Which explain why different materials can
exhibit different behaviour leading to the formation of instabilities either at the cathode or the
anode. However, it has been found that the situation where Fy;,...s dominates F,;,q is a very rare
occurrence [69, BIH84]. On the other hand, these concept of effective force should be taken into
account to gain a complete understanding of the electromigration process in nanostructures.

Since it is now established that electromigration occurs above certain values of current density,
it would be interesting to explore the parameters that could affect this value. Indeed, as mentioned
previously, this value depends on the crystal configuration. The crystal configuration is directly
related to the symmetries exhibited by the wire within the lattice. These structural characteristics
vary primarily depending on the synthesis method used for the nanowire. As observed, AgNWs
with different crystal configurations can exhibit a maximum current density that varies by a factor
of 10. Since, the focus of this work is on polyol-grown NWs (which have a particular pentagonal
cross-section), determining the current density for these NWs would be particularly useful. Several
studies have examined current densities leading to the breakdown of the network after several
seconds, with values around 10° A /em? [23] [33] 38|, [85].

Based on these results, the logical next step is to study the maximum current density a single
NW can withstand. This is precisely the focus of the article by Waliullah et al. [86]. Their results
show that individual NWs fail at a current density of approximately 10% A /cm?, consistent with
previous measurements on various crystalline structures. Their study also highlights the stochastic
nature of the maximum current density. They investigated 93 NWs with diameters ranging from
53nm to 173 nm and found a mean failure current density of 9.7+3.0 x 10" A/cm?. These findings
suggest that the maximum current density does not vary significantly with different NW diameters.
Consequently, based on these results, one can assume that the diameter of NWs in this work do
not significantly affect the maximum critical current density. As different values of the maximum
critical current density are mentioned in the literature, it would be interesting to compare the
critical current density found in this work with those mentioned in this section.

It is worth noting that the previous results are obtained under direct current (DC) conditions,

which represent only one method of current injection. Investigating the behaviour of AgNWs
under alternating current (AC) could therefore provide valuable insights into the impact of electrical
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stress. From the perspective of electromigration, AgNWs are expected to be more stable under AC.
Indeed, while DC induces a constant directional force on ions, promoting unidirectional migration
and void formation, AC applies a periodically reversing force that limits net atomic motion, thereby
reducing void formation. As a result, instabilities are expected to occur less frequently under AC
conditions. This hypothesis was confirm by Wang et al. who measured the evolution of the network
resistance under both AC and DC injection [79]. As anticipated, they concluded that NWs exhibit
greater stability under AC stress than under DC stress. Therefore, methodologies aiming to study
instabilities driven by electromigration would preferably employ direct current (DC) rather than
alternating current (AC).

Moreover, electrical instabilities can trigger a cascading failure process. When a bias is applied
to a network of AgNWs, the current distributes according to Ohm’s law and the principles governing
the combination of resistive elements in series and parallel. If a certain current density is sufficient
to initiate electromigration and/or Joule heating, this may lead to the failure of an individual
wire. In such a case, the current redistributes throughout the network and a percolating path may
disappear, resulting in an overall increase in resistance.

Kholid et al. observed such a process in AgNWs networks [87]. They concluded that this
avalanche effect is directly linked to the current threshold required to initiate the breakdown effect
in the network. The main results from their study, summarized in the following key findings, are
illustrated in Figure 2:8

e In a dense network (with low resistance), the number of breakdowns is relatively low. How-
ever, as breakdowns occur, the resistance increases with each subsequent failure.

e As the network begins to deteriorate, the maximum current that can be sustained decreases,
as fewer conductive paths are available within the percolating network.

This result should be taken into account during our experiments to address the issue of resis-
tance increase observed throughout the experimental process (see Chapter ).
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Figure 2.8: Graph reproduced from the article of Kholid et al. [87] that shows the evolution of
the resistance and of the injected breakdown current in the network as a function of the number
of breakdowns observed.

Current injection also contributes to enhancing the conductivity of the network. As previously
discussed, it can induce instabilities which may trigger a sintering effect (see Figure. Similar to
the approach used for thermal instabilities, researchers [87] have explored these electrical instabil-
ities to improve the conductivity of a network. The aim is analogous to managing thermal stress:
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identifying the right parameters that will enhance conductivity without causing network failure.
They measured the maximum current density that could be applied to their network to ensure
that electrical annealing would not degrade it. Then they performed cycles of current injection
just below the maximum current density, with injection periods of 1 min and 3min. Using this
method, they successfully reduced the network’s resistance by 18%.

Figure 2.9: [a] [b] SEM images of a electrically annealed (using a current density of 50 A/cm? for
5min) AgNWs network reproduced from [87]. A sintering effect occurs here, merging the two wires
together.

As seen during this section, Joule heating and electromigration are the two main features
responsible for electrical instabilities. However, there is a phenomenon that was not taken into
account in previous studies, which could theoretically occur in AgNW networks. The following
section introduces the electrical breakdown effect and explains why it could potentially arise in the
networks studied in this work.

2.2.4 Electrical breakdown

Due to the distribution of current within the network, different potential points appear. These
varying potentials can induce currents outside the network, for instance in the surrounding air.
Thus it becomes relevant to explore how environmental factors influence their behaviour. In
particular, this section focuses on electrical breakdown, a phenomenon that may occur when a
voltage is applied across the network. Introduction of the physical processes involved when a
strong electric field is applied to a gas, such as air, is led in this section [88, [89]. Although
gases are typically considered insulating materials, capable of impeding current flow under normal
conditions, this insulating property is not absolute. Under specific conditions, even an insulator
can permit current flow.

In this work, it is assumed that electrical breakdown can occur in an AgNWs network since
two non-touching AgNWs can meet the conditions necessary to create a current through the
surrounding air. More precisely, the condition to be met is given by Paschen’s law [90]:

Yo _ B-p
d  In(A-p-d)—In(n(1+ 1))

Here, d denotes the distance between the two electrodes, and Vj is the breakdown voltage (i.e.,
the voltage required to initiate electrical breakdown in the dielectric material). The parameter
p represents the gas pressure, typically at atmospheric conditions. The constant ~ys. reflects the
ratio of electrons emitted by the electrodes to the number of ions generated in the gas. Lastly, A
and B are gas-dependent empirical constants. When conditions are met electrical discharge occur
which might lead to a sudden and extensive destruction of the network (these Pashen’s law is also
directly related to visual aspect of the electrical discharge discussed in Box .

(2.3)
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Since, it is assumed that the distance between NWs is typically on the order of few micro/nano
meters. It can be inferred that the network under study in this work can exhibit this type of
phenomenon. This assumptions is based on an article that observed a huge deteriorated area due
to an relatively high application of potential (around 20V for network around 30§2) [36]. Thus,
the outstanding question is: could such a phenomenon appear in AgNWs network ¢

Gas discharge at high electric fields produces a current in a gas that is initially considered
as an insulator. This phenomenon occurs due to the multiplication of electrons in the
gas named electron avalanche (see Figure 2.10)[91]. However, the visual manifestation of
this discharge depends on various parameters, such as the applied bias, the shape of the
electrodes, and the surrounding environment. In this section, the most common types of
gas discharge is discussed to distinguish them visually.

./
/0/ \Q ~Q
°_*.\° "‘\Q
<‘ Electric field

Figure 2.10: Schematic picture of avalanche process in a gas. Electrons are accelerated by
the bias applied and collisions with an other atom will produced electrons that will be also
accelerated: this is called the avalanche process.

e Corona discharge: since ions are created in
the gas at high voltage, recombinations can
occur, leading to photon emission. However,
corona discharge does not generate electrons
throughout the entire gas. As the electric field
decreases with distance, electrons lose energy
and eventually stop ionizing the gas, this limit
is known as the edge of the corona. This
phenomenon significantly increases the current
compared to the insulating regime, as more
electrons are now created through ionization

(see Figure R.11]a]).

e Glow discharge: the entire gas becomes a
plasma, and it is no longer an insulating ma-
terial. The potential drops drastically due to
the presence of ions. Recombination occurs
throughout the gas, causing the environment

to glow (see Figure [2.11{b]).

e Arc discharge: since the plasma has formed,
a huge current can flow through, producing
light and heat. The potential drops even more
drastically than in the glow discharge, and Figure 2.11: Experimental picture of
the current is significantly higher (see Figure the Corona discharge, glow discharge
2.11]c]). and arc discharge reproduced from

[92-94]
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2.2.5 Instabilities prediction

An overview of the instabilities occurring during current injection is provided in this chapter.
However, these instabilities, resulting from current flow in networks, are often undesirable as it
can lead to a breaking event (see Figure . Therefore, it is essential to explore ways to mitigate
their impact. One potential approach involves predicting where these instabilities may arise. Thus,
comparing such simulations with experimental treatments can help highlight phenomena such as
electromigration and Joule heating, while also revealing aspects that have not yet been explored
in the field of AgNW networks. This section provides a brief overview of the strategies that have
been developed to address this issue.

As previously discussed, several studies have identified the general regions where instabilities
occur (see Section . However, these regions are characterized post-current injection, which does
not offer a predictive framework. A more effective way to tackle this issue is through simulation.
The study of AgNWs has led to the emergence of various simulation methods. However, they are
primarily used to analyse junction resistance or overall network resistance [60} 85, 95 [6]. Other
studies have used COMSOL simulations to investigate the effects of coupled electrical and thermal
stress on nanowires [38], 67, [97]. Additionally, simulations have been employed to understand the
process of electrical annealing [95].

However, these simulations have not been employed to predict which NWs will exhibit insta-
bilities. This raises the question of the feasibility of such a simulation, including the ability to
predict network resistance, current distribution within the network, and potential instabilities. In
addition, the reliability of instability localization should be assessed to evaluate the overall ac-
curacy of the simulation. Therefore, to investigate this issue, the ’digital twin’ methodology will
be employed in this work to compare experimental and computational approaches applied to the
AgNW network. This concept is well-known in the research community, even in fields outside of
NW studies[98H100].
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Methodology

This chapter provides the necessary background to understand the experimental tools and
setups used in this work. AgN'W networks have been specifically developed to tackle the key issues
discussed in the last chapter. As a reminder, these questions are:

e What is the current density that causes NWs failure? Do our results validate the ones
previously reported in the literature?

e What are the different phenomena that can generate failure in NWs networks?

e What are the limitations of predicting failure using the model introduce in section |3.2[f

To attempt to answer these questions, simulations are performed to predict the localisation of
the instabilities and the range of voltage that should be investigated. The actions undertaken are
summarized below and illustrated in Figure [3.1] :

1. Produce and characterize AgN'W networks via Scanning Electron Microscope (SEM).
2. Compute the voltage range to be applied and predict the zone prone to electrical failure.
3. Apply voltage pulses until complete failure, then characterize and compare to the predictions.

This approach can help identify potential unexplored instabilities and confirm or refute the presence
of others discussed in Chapter 2} For instance, if the model predicts instabilities solely due to the
current flowing through the network, and instabilities are observed both in the predicted areas
and in other unexpected regions, one may infer that the current is not the only factor influencing
the network under an applied bias voltage. Obviously, such conclusions can only be drawn if the
predictive model is reliable. Therefore, a study of this model is necessary to draw conclusions
about the emergence of additional, previously unaddressed instabilities in the AgN'W network.
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Figure 3.1: Flowchart of the methodology applied in this work. Yellow box is related to the
samples’ development (nanofabrication) and the characterization of these networks before the
application of voltage (first SEM image). Red box is related to the simulation process, including
the mapping and the simulation of the network. Blue box is the final step, which involves the
application of voltage and comparison made both with the simulation and the image taken before
voltage application.

This chapter is divided into two sections. Firstly, the experiment section (see Section |3.1)
describes the experimental set to used in this work, including the instrumentation and how it is
utilized to apply voltage and measure current. In addition, details on the fabrication process,
including all the necessary steps involved in the sample preparation, are provided in Subsection
Secondly, a section dedicated to the simulation process (see Section explains how the
computational model operates.

3.1 Experiment

3.1.1 Sample fabrication

As the networks’ characteristics are input parameters in simulations, both the experimental
design and the network structure must be compatible and comply with the limitations of the
simulation environment. Indeed, the simulation assumes that the networks will be subjected to a
bias voltage (control variable under study) and the mapping process is done manually and can be
very time-consuming when the number of wires to map is large (limit number of interconnected
NWs). Moreover, considering only a dozen NWs in the simulation helps also to more accurately
capture the physics behind the electrical failures observed in the SEM images. Therefore, the
analysis carried out in this work can be seen as a toy model.

Therefore, networks containing only a small number of NWs are required (which favour both
toy model approach and time needed for the mapping process). Obviously, having percolating
network is also necessary to ensure current flow, which might introduces a conflicting requirement.
Indeed, while fewer NWs favour the mapping process, this condition may prevent the formation
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of a percolating network. To satisfy these constraints, small-sized networks (on the order of a few
micrometres) are prepared. This scale is comparable to the typical length of individual AgNWs,
meaning that in some cases, a single nanowire may be enough to form a percolating path. To
differentiate standard AgNWs samples and the specifically designed sample developed in this work
they are referred to as micro-networks, in reference to their reduced physical dimensions. The
following part of this section explains in detail the methodology for producing such micro-networks.

The fabrication process is divided into three main techniques that are used throughout this
master thesis: electron beam lithography (EBL), spin coating, and physical vapour de-
position (PVD). The networks can be obtained through the use of a mask. This mask is created
by patterning a spin-coated material using EBL. Then, NWs are deposited to form the networks.
Finally, another mask is used to define the electrodes required for applying a bias voltage to the
network. The holes in the mask are filled using a PVD method, which creates the necessary
electrodes. The details of the fabrication process are developed through this Chapter.

Electron Beam Lithography (EBL): managing to create a microscopic pattern is a real
challenge in terms of fabrication. Therefore, tools that could lead to create those objects is crucial.
Precisely, elaboration of a pattern thanks to a mask creation is essential in this project. Masks
help mainly with the development of part of the sample at a small scale. This mask is most of the
time removed afterwards and helps only to deposit the part needed for the sample. In this work,
it allows for control over the size and shape of the fabricated parts of the sample [I01], such as the
electrodes development and networks. This mask patterned via the EBL technique.

EBL helps to pattern material and therefore, as mentioned, obtain the required mask (see
Figure [a]). Indeed, the electron beam writes the pattern onto a substrate called resist, which
leads to the formation of the mask after removing the non-desirable part mentioned earlier. Resists
are materials used to define patterns on a substrate, they are obviously convenient in the mask
fabrication process. Two main types of resist can be employed: positive and negative. In this work,
only positive resist is used. In a positive resist, the regions exposed to the electron beam become
soluble. After exposure, the sample undergoes a step known as development, in which the soluble
regions of the resist are removed using a chemical solution, which reveals the required pattern.
After the mask has been used, it can be removed by applying isopropanol to it. This process is
called lift-off. In this work, polymethyl methacrylate (PMMA) and copolymethyl methacrylate
(Co-PMMA) are used as resists for EBL. They are both polymers that degrade upon exposure
to an electron beam. Indeed, the incident electrons induce a reduction in molecular weight and
an increase in solubility of the exposed regions, these properties are essential for the development
of the mask. The primary distinction between PMMA and Co-PMMA concerns the degree to
which they interact with the electron beam when subjected to identical exposure conditions (beam
energy and diameter). When used in a bilayer configuration, Co-PMMA is more sensitive and
therefore exhibit a large interaction volume with the electron flux compared to PMMA [102]. This
characteristic is particularly convenient (see Box [3]) for the development of the masks required in
this project.

Spin coating: depositing a uniform thin layer of solution is a common step in device fabrica-
tion, and several techniques can be used to achieve this. Spin coating is one of the most commonly
used methods to deposit a thin layer of material onto the surface of a substrate [103] [104]. In this
method, a droplet of the desired solution is placed on a rotating substrate (see Figure [b]). Due
to the centrifugal effect generated during spinning, the liquid spreads evenly across the surface,
resulting in a thin (around several micrometers of thickness [105]), homogeneous film. The final
thickness of the deposited layer mainly depends on the angular velocity of the spinning process
as well as properties related to the solution, such as viscosity. However, viscosity cannot be sig-
nificantly altered by the method as it depends on the solution utilized. Following the deposition,
the sample is typically heated on a hot plate to evaporate any residual solvent, leaving a uniform
solid layer. In this project, spin coating will be employed to deposit both resist layers (PMMA
and Co-PMMA) and the AgNWs.
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Physical Vapour Deposition (PVD): PVD is based on physical phenomena, as opposed to
Chemical Vapor Deposition (CVD) [106], which relies on chemical reactions. PVD encompasses
many techniques [I07] including Thermal Vacuum Evaporation (TVE), which is used in this work.
The goal of this technique is to deposit a controlled amount of material onto a substrate [I08]. In
the TVE process, a pellet of the desired material is placed on a resistively heated support. When
heated, the pellet undergoes thermal evaporation, releasing releasing atoms of the material into
the chamber (see Figure [c]). Atoms move freely in the vacuum environment and are deposited
onto the surface of a substrate positioned above the pellet, forming a solid film. The thickness of
the deposited layer can be controlled by adjusting the quantity of pellets in the resistive crucible.
Importantly, the entire process must be carried out under vacuum conditions (9 x 10~ mbar) to
prevent contamination from residual particles present in the environment.
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Figure 3.2: [a] Schematic drawing of a sample exposed to an electron beam (left sketch). After
development, the non-exposed region remains (right sketch). [b] Schematic illustration of the spin-
coating process. A liquid is deposited using a pipette while the substrate holding the sample
rotates. [c] Schematic illustration of the TVE process. Heat is generated by Joule heating through
a resistive element. The sample is placed above (shown in blue, representing the mask used for
atom deposition), where atoms will coat the sample thanks to the global emanation of atoms
coming from the solid source (shown in green).
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Figure 3.3: Schematic illustration of all the steps required to obtain the micro-networks. [a] Spin-
coating is performed twice to deposit one layer of Co-PMMA and one layer of PMMA onto the
Si/Si0g substrate. [b] After EBL (represented by the yellow ray) and the development (represented
by the purplish beaker), both layers are patterned, and the mask is obtained. [c] Spin-coating
(represented by the blue pipette) of Ag NWs is performed on the mask, which is then removed
by lift-off (represented by the salmon-coloured beaker), leaving only the deposited NWs on the
substrate [d]. [e] Another spin-coating step is performed to create the top layer that defines the
electrode area. [g] PVD is used to deposit silver for the electrodes. [h] After the final lift-off, the
sample remains with the networks and the electrodes located at the edges of the micro-network.

Figure summarizes all the steps performed to manufacture the samples. Initially, a silicon
wafer coated with a layer of insulating SiOs; was used to support the fabrication of the mask
required for the AgNW micro-network deposition. Subsequently, a bilayer of PMMA and Co-
PMMA is deposited onto the substrate using spin-coating in order to define the mask via EBL (see
Figure [a]). The reason for using two distinct resist layers in this process is discussed in Box
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Using two different resist layers is convenient to obtain precision lithography. To illustrate
this concept, consider the following thought experiment. Suppose only a single resist layer
is deposited onto the sample. After performing EBL and developing the resist, the resulting
mask consists of a uniform layer with just one hole in it (see Figure . This layer will be
in direct contact with the AgNW network that is subsequently deposited by spin-coating.
During the lift-off process, the edges of the resist may take parts of the network with the
mask. Therefore, the remaining part of the network does not have the required dimensions
for the work.

To overcome this issue, a second resist layer (more receptive to electron beam exposure) is
employed. This results in a bi-layer mask with an undercut profile: the top layer presents a
narrow aperture that defines the geometry of the network, while the bottom layer exhibits
a wider opening (used as a support for the real mask). This configuration prevents the
nanowires from adhering to the sidewalls of the mask. Consequently, during lift-off, the
AgNW network remains intact, and micro-networks have the correct dimension (see Figure

54).
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Figure 3.4: Schematic illustration of the two contrasting situations. [a] Process for mask
development with bi-layer configuration. [b] Process for mask development with a single
layer, resulting in the absence of several NWs after deposition (dotted boxes following the
lift-off show that some NWs are absent compare to the bi-layer configuration).

The goal is to pattern the network in these two resist layers using the EBL method (yellow

icons in Figure . The pattern is drawn by the electron beam, and the undesired parts of the
mask are removed through development with methylisobutylketone (MIBK), which eliminates the
exposed areas (represented by the purplish beaker in Figure [b]). The next step is to deposit
the NWs onto the mask. Spin-coating is again used to deposit the NWs into the patterned region
(see Figure [c]). The mask is removed afterwards using isopropanol (represented by the salmon-
coloured beaker in Figure [f]). AgNWs networks (deposited on the substrate) are thus obtained
(see Figure [d]). To add electrodes, another spin-coating step is performed to deposit PMMA
and Co-PMMA, which is used to pattern the mask for the electrodes (see Figure [3.3]e]). Next, an
overlay is created via EBL onto the network to pattern the holes that generate the electrodes (see
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Figure [f]). The electrodes are then deposited via PVD from a silver solid source. Evaporated
silver atoms fill the holes opened by EBL, leading to the formation of two electrodes that are in
contact with the network, owing to the previously created overlay (see Figure [3.3| [¢]). Finally, a
lift-off process is performed to remove the non-desirable resist layer The result of these steps is a
piece of wafer with several micro-networks (see Figure [h] and [3.5))

Figure 3.5: [a] Wafer after the complete fabrication process. Each micro-network is comprised
between two rectangular-shaped electrodes. [b] A micro-network can be seen while a bias voltage
is being applied via the metallic probes (see subsection for more information about the
application of the voltage). [¢c] SEM image of the networks.

All the micro-networks presented in this work are produced using this technique, with the same
steps and parameters, resulting in similar networks even on different pieces of wafer. However,
differences in density can be observed due to the non-homogeneous distribution of the AgNWs
during spin-coating. As a result, the resistance of the micro-networks may vary, occasionally
by an order of magnitude, depending on the specific micro-network studied in the experimental
treatment. This discrepancy across the networks may also be attributed to the radial distribution
observed when nanowires are spin-coated [109].

3.1.2 Experimental protocol

This subsection is dedicated to the description of the operating procedure for voltage applica-
tion. Specifically, it explains the steps performed on the micro-network in order to characterizes
each of them via imaging or via the measurement.

Beforehand, SEM images of the micro-networks are acquired. A program is then created to
map these NWs. Basically, by clicking on the ends of the NWs, information on the length, the
angle, and the position of the NWs centre is saved to insert it as an input in the simulation (see
Figure . The subsequent step involves simulating all networks to extract three essential pieces
of information: the localization of the wires that will undergo a breaking event, the voltage range
required to break the entire network, as well as the pulse increment to limit the experiment time to
30s. Indeed, the networks will be subjected to a sequence of increasing pulses; therefore, choosing
the right increment is crucial to optimize the time of the experiment. This aspect of the input
parameters is discussed later on in subsection

[a] [b] [c]

Figure 3.6: Picture illustrating the network mapping process. [a] A network on the sample is
selected and imaged using SEM. [b] The data related to the position of a wire is saved (X7, X,
X, Y1 ,Ys, Y. and 0). [c] Shows schematically what is stored overall during the mapping process
of a micro-network.
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Once the voltage range to be applied is determined by the simulation, the networks can undergo
a series of voltage pulses (also determined by the simulation process). A four-probe measurement
is carried out using a Keithley 2450 source meter. In this setup, two probes are used to apply
the bias voltage, while the current flowing through the network is measured trough the other two

probes (see Figure [3.7).

[b]

(NA

Figure 3.7: [a] Experimental four-probe set-up during electrical measurement. Connection with
the electrodes is made through to the probes in contact with the two electrodes. [b] Schematic
picture of the four-probe set-up [110].

As briefly mentioned, the full experimental setup involves more than merely applying a bias
voltage and measuring the resulting current. Each network is subjected to a sequence of voltage
pulses (0.1s) with brief pauses between pulses (typically 9s) to allow thermal relaxation and to
ensure dissipation of heat generated by Joule heating [IT1], as is the case in this work, the focus
is on the impact of electrical stress. At each step, the amplitude of the pulses is progressively
increased, following the increment pulse found by the code (see Figure in order to reach the
current threshold that may lead to the breaking of individual nanowires and subsequently the
entire network.
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Figure 3.8: Pulse pattern used for the experiment. The voltage pulse starts at Vi, (previously
obtained via the simulation), and the pulses increase with an increment of V5. until either the
network breaks or the pulse reaches the value of V.,q (also obtained via the simulation). Each
pulse lasts 0.1s, and the delay between successive pulses is set to 9s.

After each voltage pulse, an I-V (current—voltage) curve is recorded to determine the resistance
of the micro-network. It is important to note that this measurement is conducted using a different
four-probe configuration: the current is injected while the voltage is measured (this configuration is
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the opposite compared to the voltage pulse one). This setup ensures better control over the injected
current and thus prevents alteration of the micro-network’s structure during the measurement due
to electromigration. As a result, the I-V curve is obtained using a range of currents between
—1075 A and 107 A, this preventing electromigration during the measurement process. Indeed,
assuming the worst-case scenario where the entire current flows through a single NW, the resulting
current density would be of the order of % = 10* A /em? (considering wire dimensions on the
order of 100 nm). This value is two orders of magnitude lower than the current densities reported
in Subsection [2.2.3] suggesting that the formation of instabilities during resistance measurements

can be avoided.

The resulting resistance is registered as well as the voltage pulses, allowing access directly to
the evolution of the network resistance. This evolution will serve as a criterion in the subsequent
section. Observing how the resistance varies with increasing voltage pulses allows for determin-
ing whether the network is starting to degrade (indicated by an increase in overall resistance)
or whether the current conduction is improving (reflected by a decrease in overall resistance).
Typically, voltage pulse applications are stopped when the resistance increases drastically (the
resistance of the network exceeds 10° ).

Subsequently, the network is imaged using SEM to compare the pristine network with the same
network after it has undergone degradation due to voltage application. Finally, the simulation
results are compared to both the experimental measurements and the visual observations to address
the questions raised earlier in the study.

3.2 Simulation

This section discusses the simulation process. As mentioned earlier, the goal for the simulation
code is to provide the voltage range that should be applied to the network to break the micro-
networks as well as the broken wires’ localization.

Firstly, the code considers the wires previously generated from a SEM image via the mapping
process (see Subsection . Electrodes are placed at the edges of the network, as in the exper-
iment, and a random bias voltage is applied to the network to find the first wire to break in the
network. Following the basic principles of electrical circuits including Kirchhoff’s laws, the code
solves the electrical circuit that represents the network to calculate the current flowing through
each wire when bias voltage is applied. This result stems from the fact that each NW can be seen
as a resistive element, and the entire networks can be paired to an electrical circuit composed of a
series of resistances placed in parallel and/or in series. The code uses an approach based on Modi-
fied Nodal Analysis (MNA) to compute the distribution of current in network, which consists of the
elaboration of a matrix containing the information on the topography of the network (localisation
of the potential, resistance in play, and voltage applied) and is also based on Kirchoff’s current law.
Commercial softwares have also implemented this approach to compute the current distribution in
electrical circuits, such as QUCS [112] or SPICE [113]. Therefore, the code establishes a matrix
equation based on MNA and solves it numerically to find the current flowing in the entire network.
By knowing the resistance of each element in the network (obtained directly from Pouillet’s law),
the potential applied at the node in the circuit, and the current flowing in the entire network, every
current flowing in a resistive element can be obtained.

Specifically, this current may reach a value where instabilities such as electromigration may
occur. By solving the matrix equation, the wire that exhibits the largest current can be found.
If the maximum currentﬂ that a wire can undergo is known, the opposite process can lead to
the voltage value. This value corresponds to the potential that exhibits the maximum current in
the wire that undergoes the largest current. Subsequently, the wire segment that undergoes this
current to this new value of voltage is removed by the code, and thus, the current flowing in each

LCurrently, this value is yet to be determined. However, a part of this section is directly dedicated to the research
of this breakdown current (see Figure for instance).
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wire is recomputed, which may cause other wires to break at a different voltage. This process
of finding the wire that will undergo the largest current and assessing the voltage corresponding
to this situation continues until the network becomes disconnected, i.e. the network becomes
non-percolating.

With this procedure the code is currently able to predict where the wire will break (see Figure
and at which voltage it should appear.

[b]

PPN J.

Figure 3.9: Picture of the simulation process. [a] SEM image of the network. [b] Spatial distribution
of the current in the network predicted by the simulation.

It should be noted that the junction resistance is considered as an input in the code, which
means that it can be tuned to directly impact the resistance of the simulated network. This value
of the junction resistance is first chosen by fitting the resistance computed by the code with the
resistance measured experimentally on dozens of networks (these networks are not used as data in
the result section). Moreover, several assumptions are made for the numerical treatment, which
need to be introduced. Therefore, in the results and discussion section, these assumptions must
be considered in order to understand the overall behaviour of the network when a current flows
through the system. These assumptions are listed below.

e Each NW in the simulation has the same diameter: Balty et al. [22] observed that the
diameter of the wires coming from a solution, named after the diameter of the wire contained
in the solution, actually follows a Gaussian-like distribution centred on the desired value of

diameter (see Figure [3.10)).
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Figure 3.10: Reproduction from the article of Balty et al. [22], showing the distribution of the
NWs’ radius for a given solution. In this work, NWs with a radius of 40nm are used, which
corresponds to the green distribution.
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e If the threshold current is reached in a wire, the part of the wire that reaches this
current is removed. As mentioned in Section [2.2.3|a certain current value can trigger the
electromigration. Therefore, it is assumed that for a certain value of current, the wire breaks
due to this current. Moreover, following the results listed in Section the diameter of
the wire does not drastically affect the maximum current that a wire can undergo (always
on the order of 107 A/cm?). Therefore, it can be assumed that the maximum current that a
wire can undergo is similar for every wire.

e The junction resistance remains constant during the simulation and has a fixed
value. As mentioned in Section junction resistance is currently not completely under-
stood. For instance, the evolution of this resistance as a function of the applied voltage is
still unknown. Thus, as a first approximation, this value is assumed to be constant for the

simulation.
Network used as based Network used to obtain data
Find Vgyeqr €xperimentally Apply this Vg, eqr to the
for several networks new networks
Simulated the networks Obtain Vg, eqk for these
with these Vgoak new networks
Find the I,;,4, that flows in For the next networks
the netwoks g apply a random voltage
bias

Figure 3.11: Flowchart illustrating the process developed to find the approximated Vj,.cqr for the
networks. Yellow box includes all the steps performed with the network that were used as a basis
to find Vieqr. Blue box includes all the steps performed with the networks used to obtain all the
data treated in Chapter @

To predict the voltage range that should be investigated to observe instabilities, initial measure-
ments must be conducted to evaluate the current that causes wire breakdown. Therefore, voltage
application is performed to break networks in order to identify the voltage that causes wire failure
within the network. Then, these networks are simulated using the same voltage range to determine
the maximum current that a wire can withstand under these conditions in the simulation. This
current value is used as a basis for predictionﬂ In other words, once the specific voltage corre-
sponding to this current value is found, it can be inferred that experimentally, in the vicinity of
this voltage, the network will also break. This whole process is schematically explained in Figure
To sum up, the only information needed to obtain the voltage range is the topology of the
networks and the value of the current obtained by simulating the broken networks with the voltage

2Similarly to what was done with the junction resistance, here the value of current used for the simulation is
based on dozens of networks broken due to voltage application. These networks are not used as data for the results
section.
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that generates this breaking event experimentally. Thus, by solving the matrix equation previously
introduced, the voltage that will experimentally break the wire can be directly obtained.

As the estimated voltage provides only an approximation of the voltage that should be ap-
plied to destroy the network, the experiment instead assumes a range of voltages based on the
value obtained via the code. Specifically, the upper limit for the voltage pulse is set to 110%
of Vireak (Vinaz), while the lower limit is set to 10% of Virear (Vinin) to ensure the experimental
breakdown. Given that the pulse range is predefined (with V,,;, and Vina.), and that the time
interval between two pulses is measured (around 25s), the appropriate value of Vi, ensuring a
30 min experiment duration could be directly determined. Practically, a text file is generated and
used as an input for the experiment. It contains the name of the micro-network, and the values of
Vimin, Vmaz, and Vgep. The voltage range is adjusted in some extreme cases where the predefined
values do not lead to network breakdown during the experiment.

Some features, listed here below, are ignored by the model. These limitations must be taken
into account in the discussion reported in Chapter [4

e The code does not account for the distribution of wire diameters observed in the network.
As previously mentioned, it assumes a uniform diameter for all wires.

e The evolution of resistance resulting from potential improvements at the junctions is not
considered. This constitutes a significant approximation, justified by the limited information
available on the subject.

e Defects in nanowires are not considered. This represents a strong assumption, as it is rea-
sonable to believe that defective nanowires are more susceptible to the onset of instabilities
[114].

e The heat generated during voltage application is not accounted for in the code, implying that
the flowing current is the sole parameter capable of inducing instabilities.

e The code models the network as a two-dimensional system. While this approach is gener-
ally valid, it may introduce discrepancies with the actual three-dimensional structure of the
network (this aspect is discussed in the following Chapter [4]).

e The connection to the electrodes is assumed to be ideal, introducing no resistance into the
network. In other words, the contact resistance between a wire and an electrode is considered
negligible.
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Results and discussion

This section presents the results obtained using the methodology introduced in Chapter[3] The
main objective is to compare the experimental data with the model used to analyse micro-networks.
To this end, various aspects of the simulations are discussed, along with the general behaviour of
AgNW networks. Differences and similarities are highlighted to provide insights into the code used
in this work.

As a brief reminder, the recorded data are listed below:
e Images of the (micro) AgNW network before and after the application of voltage bias;

e Electrical measurements recorded during voltage application (including resistance, voltage
pulses, and current pulses);

e Key simulation-derived parameters, such as the voltage threshold for network failure and the
network’s resistance.

These data allow one to answer the questions previously raised in Chapter 2} This chapter is
separated into three parts. First, Section [I.1]is dedicated to a comparative study of the network
before and after electrical failure. Second, Section [4.2]is devoted to the analysis of the electrical
measurements, mainly focusing on the evolution of resistance. Finally, Section [4.3| presents a
discussion of the model used for the simulation, highlighting what the code can currently achieve
and what it still lacks as well as a discussion on morphological instabilities to introduce well-known
concepts and explore new perspectives.

4.1 Morphological characterization of the failures

Before delving into the main subject, let us consider what might happen when voltage is applied
to the networks. This discussion helps to distinguish already known instabilities from hypothetical
ones, discussed in Box 2| As discussed in Chapter [2] three main processes could lead to network
deterioration such as electromigration, Joule effect and electrical breakdown. Figure illustrates
that, depending on the instability, the resulting morphological change can exhibit either a localized
(such as in electromigration) or large area effect (like in electrical breakdowrﬂ}. In this chapter,
the term multiple breakdown is introduced to describe instabilities involving more than one NW
such as the one that might happen if electrical breakdown occurs.

Lwhich is still an assumptions here since no evidence of electrical breakdown in AgNW has been reported so far.
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Electromigration }:>

e

Electrical breakdown

Figure 4.1: Schematic drawing summarizing the three main instabilities expected to occur during
voltage application including electromigration, spheroidization and electrical breakdown.

Even though electrical breakdown remains a hypothesis, this idea is supported by an observa-
tion made during tests on the networks El Indeed, following the application of a potential, some
nanowires that are not part of the percolating cluster exhibited signs of instability. The underlying
assumption is that two wires, one belonging to the percolating cluster and the other merely con-
nected to the electrode, experience a sufficient potential difference to generate a current through
the surrounding air.

2These networks are not taken into account in the data analysis, as the methodology applied to them had not
yet been well established at that stage.
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After

Figure 4.2: SEM images acquired before and after the electrical failure reveal that nanowires not
involved in the percolating cluster also experienced damage, highlighting a potential electrical
breakdown.

Time is also a crucial parameter when discussing instabilities. While electromigration occurs
suddenly once current threshold is reached, spheroidization is a more gradual processes. Both
instabilities involve atomic migration, which leads to the destabilization of the NW and to a local
shrinking [22],[77]. These different aspects of instabilities must be taken into account in this section
to provide insight into what may occur when voltage is applied to micro-networks.

Firstly, to investigate the instabilities shown in Figure |4.2] simple networks, consisting of a
single NW | are considered. These elementary cases provide insight into the electrical failure that
may occur when current flows through an isolated wire. In this context, the influence of other
NWs is neglected, as the nanowire alone forms the micro-network. Consequently, these cases do
not address multiple breakdowns but rather focus on failure mechanisms in a single segment (see

Figure .
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Before Zoom

Figure 4.3: Micro-network composed of a single nanowire before and after. Other nanowires visible
in the image are not part of the percolating cluster and were therefore cropped out to highlight
the nanowire forming the micro-network. The instability in a wire segment does not affect the
surrounding nanowires.

Furthermore, this single segment instability is also observed in networks containing more than
one nanowire in the percolating cluster (see Figure [4.4)).

Before After

A

Figure 4.4: Micro-network composed of more than one NW. It can be seen that the instabilities are
localised and does not affect other wires. Zoom is performed on the wire that exhibited instabilities.
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These two examples suggest that AgN'W networks can undergo instabilities in a single wire,
possibly due to electromigration. Besides, other types of deterioration are observed during image

analysis. These events include multiple breakdowns while the deterioration may also affect a large
area of the network (see Figures and [4.6)).

Before After

Figure 4.5: Micro-network composed of more than one NW. It can be seen that the instability
affects the junction, thus impacting the two wires forming it. Zoom is performed on the wires that
exhibited instabilities.
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Figure 4.6: Micro-network before and after voltage application, zoom centred on the instabilities is
also performed. It can be seen that the instability is multiple breakdown and affects a large area.
Zoom is performed on the wires that exhibited instabilities.

The mechanisms underlying the multiple breakdown instabilities shown in Figure [£.6] are cur-
rently unknown. They might result from heat accumulation due to the Joule effect, which is often
cited when voltage is applied to AgNW networks [33], [74], [85]. However, one argument may counter
this hypothesis. Typically, when this form of widespread degradation occurs, the affected wires
(or parts of them) vanish entirely due to the underlying instabilities. In contrast, during thermal
instabilities, nanowires tend to spheroidize, which is not the case here. This realization leads to
two main hypotheses:

e Locally, the network undergoes a temperature above the spheroidization temperature. For
instance, Balty et al. [22] observed spheroidization at 750 °C, meaning that if these wires
disappear due to heating, the network locally experiences thermal stress above this temper-
ature. This assumption therefore implies the presence of Joule heating capable of generating
temperatures higher than those observed in the NWs studied by Balty et al.

e Voltage application can cause gaps to form within the network (see Figure . These
minor breaking events do not systematically lead to the failure of the percolating cluster.
Therefore, if the network remains percolating, voltage continues to be applied, due to the
process introduced in Section [3.1.2] which may trigger electrical breakdown at the locations

of these gaps (see Figure .
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Voltage Voltage Electrical
application Electromigration application breakdown

Figure 4.7: Schematic illustration of the electrical breakdown hypothesis. A single wire in the
network undergoes instabilities due to electromigration. A gap is created, and if the network
remains percolating, voltage application continues, which might lead to electrical breakdown.

Furthermore, this hypothesis of electrical breakdown is favoured by a phenomenon observed via
SEM imaging. Following voltage application, several networks displayed a phenomenon resembling
corona discharge. This manifests as white filaments forming between the nanowires.

Before After

Figure 4.8: Micro-network images before and after voltage application, with a zoom highlighting
the phenomenon believed to resemble corona discharge.

The composition of the filament remains unknown. This visual phenomenon could possibly be
related to the formation of silver dendrites originating from electrochemical processes [115]. Access
to this information and the growing process of the filament would offer insights into the behaviour
of AgNW networks.

However, the appearance of these filaments is not the only unexpected instability observed after
voltage application (see Figure . Indeed, several networks exhibit a displacement or bending
of the NWs following the voltage application. These particular behaviours could be attributed
to internal mechanical stress stored in the NWs during deposition. This hypothesis is further
discussed in Section along with its potential impact on the analysis of experimental data.
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Figure 4.9: SEM images before and after voltage application reveal signs of mechanical instability.

One can also investigate the impact of magnetic interactions between two wires carrying current.
Considering a maximum current density jmae = 107 A/cm? (as discussed in Section 7 a wire
diameter D = 100nm a wire length [ = 10 um and a separation between the wires d = 1 ym, the
Laplace force Frqpiqce between two parallel wires can be expressed as:

pol11al
2wd

FLaplace - ~ ]-0_20 N (41)

Where I; is defined as jpqq -7 (%)27 assuming the wire has a cylindrical geometry. This cylindrical
geometry is adopted to simplify the calculation and to provide an order-of-magnitude estimate of
the Laplace force. The magnetic permeability of free space is defined as po = 47 x 1077 Hm™1.
The Laplace force can be compared to the static friction force to investigate potential movement
due to wire interaction when a current is flowing through the wires. Assuming that the wires are
completely lying on the substrate allows us to write that the intensity of the normal force (V) is
equal to the weight of the wire (IW). Furthermore, assuming that the static frictional coefficient
between a wire and the substrate is equal to ps = 0.5 (this frictional coefficient corresponds to the
typical coefficient between a metal and silicon [116]) allows us to write the intensity of the static
frictional force (F) as:

D
Ff:,us-N:,uS-W:,us-pwr-(E)z-l-g%10_19 (4.2)
Where, p is the density of bulk silver and g is the gravitational acceleration. This brief calculation

suggests that the Laplace force can be neglected in the context of AgNW networks as it is 10 times
lower than the frictional force.

4.2 Experimental data analysis
Following the introduction of the network’s visual aspects, it is also valuable to analyse the

resulting current pulses, and the resistance measured after the voltage pulses. A total of 69 micro-
networks are tested using the voltage pulse application described in Section [3.1.2] Figure
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present an example of the evolution of resistance as a function of the applied voltage pulse of a
micro-network.
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Figure 4.10: Micro-network before and after voltage application. The evolution of resistance as a
function of the voltage pulse for this network can also be observed. The last point corresponding
to the breaking of the network (over 10 Q) is removed. This procedure is applied consistently
to all the graphs presented in this section. The red box marks a plateau that follows the discrete
steps, implying that the network reaches a stable configuration within this voltage interval.

It can be seen that the resistance tends to increase as the pulses become higher. Indeed, this
is consistent with the assumption of generation of local defects on the NWs, which manifest as
an effective decrease of the diameter (see Figure . According to Pouillet’s law, the resistance
increase locally, reducing the current passing trough the network at a given voltage.

39



Figure 4.11: SEM images of micro-networks before and after voltage application, with a zoom on
the wire where instabilities first appeared. The surface roughness observed on the nanowires after
the voltage application might be due to chemical reactions occurring during the experiment.

Additionally, discrete increases in resistance can be observed. This behaviour can be linked
to the percolative nature of the network. Indeed, breaking events do not necessarily disrupt
the entire conducting path. If the network contains multiple percolating paths, these can break
successively, one after the other. As each path fails, the overall resistance increases in discrete steps,
corresponding to the sequential loss of conductive path [II7]. Moreover, the steps increase are
followed by plateau which indicates that the network is still percolating. In Figure [I.10} a plateau
is observed between approximately 0.4V and 0.5V, indicating that within this voltage range, the
network, despite breakdown events, reaches a stable configuration for current distribution.

While electrical stress can induce an increase in resistance, the opposite is also observed. This
process is often related to the improvement of junction resistance conductivity. Indeed, through
instabilities such as Joule heating and electromigration, resistance is improved via a sintering
process. Figure illustrates that this decrease occurs prior to the deterioration of the network.
Atomic migrations initially lead to junction improvement. However, when higher voltage pulses
are applied, deterioration develops rapidly.
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Figure 4.12: [a] Micro-network before and after the voltage application. The evolution of resistance
as a function of the voltage pulse for this network can also be observed, where a monotonous
decrease in resistance is visible. [b] Micro-network before and after the voltage application. The
evolution of resistance as a function of the voltage pulse for this network can also be observed,
where a sharp step decrease in resistance is visible.

The results reported in in Figure [4.12] [a] show a monotonous decrease in resistance related to
the electrical annealing. However, this decrease is also observed in discrete steps in Figure [1.12]
[b]. Analogous to the mechanism associated to the origin of resistance increase steps, the decrease
steps are also assumed to be related to percolation and specifically to apparition of percolating
path. This raises an important question: how can mew percolating paths appear spontaneously?
Indeed, this assumption is not straightforward, as the NWs cannot move across the substrate to
form new connections. However, a three-dimensional perspective of the network may help address
this problem. Let us consider the following situation (see Figure : during deposition, NWs
are randomly deposited, and it can be assumed that some may fold during the process and create
“bridges” above other wires. Even if this phenomenon occurs, SEM imaging performed in this
work does not provide depth resolution or information surface roughness. Indeed, several NWs
exhibit displacement of their ends upon breaking. Which might be due to release of energy stored
via the mechanical stress during the deposition of the electrode. This phenomenon can be observed

in Figure [£.13
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Figure 4.13: SEM image before and after voltage application with a zoom performed on a NW
which illustrates the bending hypothesis. The NW which break after voltage application bend
revealing potential mechanical inner stress.

Therefore, due to the applied voltage, Joule heating occurs, leading to the thermal expansion
of the wires. This process could reduce the gap between two NWs. Sintering might then be
triggered, fixing the junction and thereby creating a new path in the percolating network. As a
result, the current flows more easily through the network, which is reflected as an abrupt resistance
drop (a decrease step). Furthermore, this hypothesis is supported by two studies: Damerchi et
al. [51] developed a theoretical framework to explain wire failure under thermal stress, relying
on relaxation-based mechanisms, and Batra et al. [52] observed restructuring of AgNWs under
current flow. To confirm this assumption, conductive atomic force microscopy (CAFM) could be
employed to reveal the formation of the percolating path while a current is applied [I18]. Indeed,
if the CAFM captures an image of the current distribution in the network after each pulse, it can
confirm or refute the hypothesis of path formation within the network.
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[a] | [c] |

[b] [d]

Figure 4.14: [a] Top view of the junction, as typically observed in SEM imaging. Current (red
arrows) flows in one NW. The direction of the current is assumed to vary depending on the
location of the electrodes and the topology of the network. [b] Schematic side view showing
a nanowire forming a ”bridge” above another wire. [c] After voltage application, the top view
remains unchanged, as SEM imaging cannot capture vertical displacement. However, current can
flow in both NW. [d] Side view after voltage application, illustrating that the wires are now in
contact, possibly due to thermal expansion, thereby forming a new junction. The yellow arrow
and yellow circle are placed as visual guides.

In order to evaluate the efficiency of the electrical annealing process, Figure presents the
minimum resistance as a function of the initial resistance. The data corresponding to the green
area indicates that networks exhibited a resistance decrease during the application of voltage. As
an indication, one network exhibited a resistance decrease of around 72% (this value is defined as
Rynin/ Rinit), which is surprising compared to the electrical annealing processes introduced (see Box
5 in Section . Actually, this network exhibited a huge drop in resistance around 0.15V. The
resistance between two steps dropped from a value of 2832 to 114). This also clearly indicates
the importance of investigating this step drop when performing electrical annealing.

Indeed, Kholid et al. [87] observed a continuous decrease in resistance during the electrical
annealing. They concluded that this decrease is due to an improvement of the junction quality.
However, it has been shown here that discontinuous decreases may appear during annealing, which
is not observed or taken into account in their study. Moreover, if this decrease in resistance is
solely due to an improvement of the junction, then every low resistive network (initial resistance
under 50 Q) should exhibit this continuous resistance decrease as many junctions appear in these
networks. However, in this work, some low resistive networks exhibited a resistance decrease of
less than 1%, which is also unexpected compared to the results of Kholid et al. (see Figure |4.16]).
As this junction improvement is explained via electromigration (and Joule effect), the logical next
step in this section is to discuss electromigration in NWs.
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Figure 4.15: Graph of the minimal resistance (R,;,) as a function of the initial resistance (Rjp;t).
A slope of 1 indicating ideal networks where no annealing occurs is also plotted.
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Figure 4.16: SEM image of the micro-network with its resistance evolution graph showing almost
no decrease in resistance (around 0.07%).
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In order to estimate the maximum current density sustainable by a NW, the analysis is restricted
to networks that underwent a single breaking event. Indeed, percolation is lost by breaking just
one wire, meaning that this wire carries a current exactly equal to the current measured during
the voltage pulse (see Figure . Moreover, networks with a single breaking event are selected
because, in these cases, the wire undergoing this pulse is known (as it is the only wire that breaks
during the experiment) which helps to determine the current density flowing in this wire before
the breakdown. This process could be applied to each network by focusing only on the last wire
that breaks. However, the chronological order of the breaking events is unknown because images
are taken only before and after the voltage is applied. Therefore, it is not possible to identify the
last wire to break in networks exhibiting more than one electrical failure.

Before After

Figure 4.17: SEM image of the micro-network before and after the application of potential. One
wire undergoes a breaking event which leads to the rupture of the percolating cluster.

Fifteen networks met these conditions, allowing the identification of the wire undergoing the
breaking event each time. The diameter of the NWs has been measured via ImageJ softwareEl to
compute the cross-sectional area of the NW. Indeed, following the geometric and trigonometric
properties of a pentagonal cross-section, the distance between two opposite edges of the pentagon
(D) (defined more generally as the diameter in the literature) and the surface area of the pentagon
(A) are linked by the following relation [IT9]:

5 . D ?
A= Zcotan(?)ﬁ ) <2$1n(540)> (4.3)

The maximal current density is computed by taking the last current measured during a voltage
pulse and dividing it by A. The results found in this work are in good agreement with those

3Several measurements were performed along the wire to calculate a mean value, which can be used as a good
approximation of the wire diameter.
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reported in the literature (see Table , specifically with the findings of Waliullah and Bernal
[86]. Thus, this comparison provide insight into the current density required to trigger instabilities
and ultimately break a single nanowire. The value of current density found in this work can
therefore be used as an input in codes simulating nanowires to predict where electrical failure will
occur. Furthermore, the current density of 6.44 x 10" A /em? is much higher than that reported
by Patil et al. [72] (around 10* A/cm? for bulk silver), which is encouraging for the development
of NW devices capable of withstanding high current densities. The value of the maximal current
density also helps to determine the electrical limits when nanowires are implemented in electronic
devices.

NW Diameter (nm) NW Structure Maximum Current Density Reference
340 single crystalline AgNW 3.5 x 107 A/cm? Stahlmecke et al. (2006)[77)
20-80 4H-AgNW 1.32 x 108 A/cm? Liu et al. (2008)[75]
53+ 12 Pentagonal NW 3.1 x 105 A /cm? Lagrange et al. (2016)[33]
70 £ 10 not mentioned 1.63 x 10% A /cm? Charvin et al. (2021)[85]
53-173 Pentagonal NW 9.7 +£2.96 x 107 A /cm? Waliullah and Bernal (2022)[86]
92.1£11.2 Pentagonal NW 6.44 +2.94 x 107 A /cm? This work

Table 4.1: Table summarising the maximal current density value that a wire can undergo, along
with the processes used to obtain this information in different works.

4.3 Computational model analysis

Since electrical failure is known to occur in networks, the numerical code is used as a predictive
model based solely on the current-induced instability process to identify potential instabilities in
AgNW networks. A comparison between the code and the experimental data is conducted to
highlight the electrical failure mechanisms. As a reminder, the code is able to provide three main
outputs that can be studied:

e The voltage that should be applied to break the network experimentally,

e The network’s initial resistance, which can be compared to the measurements to assess the
limits of the model,

e The wires experiencing the highest current therefore associated afterwards to breakdown
wires event.

Accordingly, the following subsections focus on investigating these three key parameters.

4.3.1 Breaking voltage comparison

It is important to note beforehand that the simulation process used to determine the breaking
voltage relies on a limited set of networks (exactly 10). While this method is not intended to
precisely find the breaking voltage, the results provide valuable insight into the code’s limitations.

A graph representing the experimentally measured voltage as a function of the breaking voltage
pulse applied can be obtained (see Figure . As observed, the simulation does not accurately
predict the breaking voltage. To better understand this discrepancy, a residuals analysis is carried
out, highlighting the difference between the simulated and measured values.
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Figure 4.18: Graph showing the simulated voltage plotted against the experimentally measured
breaking voltage. Residual analysis as a function of the simulated breaking voltage is also plotted
above the first graph. The residuals are normalized and defined as Yeimulated=Vmeasured = Thig graph

simulated

shows the dispersion of residuals around zero (represented by the dashed horizontal line).

As can be seen, the normalized residuals tend to cluster around zero, indicating that the code
currently provides an approximation of the breaking voltage. However, several values deviate from
the expected ones. This discrepancy may be related to the method used to determine the breaking
voltage. Indeed such a small dataset does not constitute a sufficient or representative sample to
draw conclusions. Furthermore, the breaking voltage is likely strongly influenced by three main
hypotheses made in the code.

e Neglecting defects: the code assumes that the NWs are defect-free, which is not the case
experimentally. The result shown that defects promote instabilities in NWs, which can cause
discrepancies between the code’s predictions and the experimental results. Defects create
favourable sites that serve as origins of the instabilities (see Figure . Therefore, the
voltage found experimentally should be underestimated when considering defect-free NW.
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Before

Figure 4.19: SEM images before and after the application of the voltage pulse. The orange boxes
highlights the defect-dependent morphological instabilities in AgNWs. The arrows are placed to
illustrate the rotation between the original image and the zoom one.

e Diameter assumption: in the experiment, NWs exhibit diameters following a Gaussian dis-
tribution (see Section . Therefore, the current distribution in the code may differ from
the real one. As a result, NWs can break at higher or lower voltages depending on whether
their diameter is overestimated or underestimated.

e 2D approach: in this approach, percolating paths existing in the code might be absent in the
experiment. As a result, the current distribution may be completely different if this occurs.
Therefore, the code could overestimate the voltage to apply, as the network possesses more
percolating paths than it should.

e Fixed threshold: in this work, it was assumed that wire breaking occurs at a fixed threshold,
determined using the method introduced in Chapter However, according to the work of
Waliullah and Bernal [86], this current threshold exhibits stochastic behaviour. As a result,
assuming a constant breakdown current may lead to discrepancies with experimental data.

e Thermal effects: in this model, temperature is neglected. However, thermal effects, whether
arising from Joule heating or from the surrounding environment, can influence electromi-
gration by inducing temperature gradients within the network, or can trigger the onset of
spheroidization [22].

4.3.2 Initial resistance comparison

Analysis of the computed initial resistance and the measured one is conducted in this subsection.
Similarly to the breaking voltage analysis, a comparison between the experimental value and the
computed one is discussed, as well as the dependence on model assumptions, with a particular
focus on the junction resistance. Moreover, a discussion on the impact of the electrodes is also
presented, which is often a neglected aspect in studies. For instance, in [120], the authors highlight
the impact of electrode contact resistance, which appears to be non-negligible. Similarly, this
approach is employed here to assess whether the assumption of perfect electrode remains valid for
AgNW micro-networks.
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Similarly to the breaking voltage analysis, the initial measurement is compared with the simu-

lated one. Figure [a] provides insight into the coherence between the model and experimental
results.
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Figure 4.20: [a] Resistance found in the simulation as a function of the initially measured resis-
tance. [b] Residual analysis as a function of the simulated resistance. The residuals are defined as
Rgimuiated — Rmeasurea- This graph shows the spread of residuals around zero (represented by the
dashed horizontal line). An inset is also plotted to observe the absolute divergence of the values
compared to the expected ones. In the inset, the residuals are defined as | Rsimuiated — Rmeasured|-

Low values of the measured resistance are relatively in good agreement with the model. How-
ever, when the resistance increases, the results tend to diverge from the expected values. This can
also be observed in the residuals analysis [b]. As observed in the breaking voltage analysis,
these discrepancies can be attributed to the assumptions made in the computational model. In
particular, the variations in NW diameter influence the initial resistance. For a given NW the

following relation holds: l
1
R:p-guﬁ. (4.4)
Consequently, assuming a uniform wire diameter in the simulation may lead to inaccuracies in
predicting the initial resistance. This assumption is further supported by the data: networks with
a high density of NWs typically show low resistance values (generally below 502 see Figure [4.21)
indicating that considering an average constant diameter is valid in this regime. This makes sense
because, as the number of wires increases, the average diameter across the network approaches the
expected mean value.
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Figure 4.21: [a] SEM image of a low-resistance network with the associated resistance evolution
graph. [b] SEM image of a high-resistance network with the associated resistance evolution graph.
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This difference between the code and the computational model can also be related to the 2D
approach. Indeed, similarly to what is explained in Section [4.3.1] some percolating paths might be
absent, leading to an underestimation of the network resistance. However, the diameter is possibly
not the only factor explaining this resistance discrepancy. The following paragraph addresses
junction resistance as a possible explanation for the observed discrepancy.

Indeed, there is still no consensus regarding the value of the junction resistance due to its
stochastic features. Therefore, this value was first estimated using the 10 networks employed as
the basis for the breaking voltage analysis. The procedure to obtain this junction resistance is as
follows.

e Measure the resistance of the network,

e Use the code to find the junction resistance R; that minimizes the difference between the
measured and computed values,

e Compute the mean value on the 10 R; values obtained.

By following this procedure, the junction resistance of 35.6 {2 was obtained. This value was subse-
quently used for all simulations carried out on the full network.

To assess the discrepancy between the actual junction resistance and the computed value,
additional networks, initially simulated using R; = 35.6(2, are employed to broaden the dataset
and recompute the optimized junction resistance. In other words, a larger sample (33 networks)
is used for this recalculation. The distribution of the values obtained is presented in Figure

6

Count
N w

-

50 75 100 125 150 175
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Figure 4.22: Histogram showing the distribution of R; values recomputed across all networks
analysed in this study.

These new results indicate a tendency towards low junction resistance values (below 25%).
However, some networks exhibit unusually high junction resistances (above 150(2). Moreover,
high values (around 200€2) appear due to the boundary condition chosen for the computational
minimization, as the upper limit was set at 200 2. These high values differ significantly from the
initial estimate as well as from previously reported values in the literature ( 11 in the study
by Bellew et al.[60], and 25.2Q in the work of Selzer et al.[96]) and were excluded from the data
presented in Figure [4.22

4Some networks produced negative junction resistance values during convergence, which is physically unrealistic.
These cases are therefore excluded from the analysis.
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The influence of the electrode has also been explored as a potential source of the discrepancy
observed with the model. The idea is to consider the electrodes as non-ideal, meaning that the
resistance of the junctions between the wires and the electrodes cannot be neglected. Since the
value of the junction resistance is not yet well established, it is essential to focus on networks where
percolation occurs through a single nanowire to investigate the electrode-wire resistance (see Figure
. Out of 68 networks, 5 satisfy this condition. Firstly, Pouillet’s law is used to calculate the
resistance (Rpouiiet) Of the each wire (therefore for each network). Thus, by measuring the length
of the wire between the electrode and the diameter, the resistance can be calculated. Then,
the difference between the measured resistance (R,eqs) value and the calculated resistance was
perform, this value was divided by 2 to give an insight on this electrode-wire resistance. These
results are listed in Table

Length (pm) | Diameter (nm) | Rpes(Q) | Rpouittet(2) M( Q)
19.14 93+4 83.4 93.64 —-5.12
18.69 103+ 3 66.02 74.52 —4.25
18.72 85+6 108.05 109.63 —0.79
19.47 106 =6 63.13 73.32 —=5.1
28.54 96+ 3 147.68 131 8.35

Table 4.2: Table summarizing the impact of the electrode-wire resistance.

These results show a slight difference between the two values, indicating that, as a good ap-
proximation, the electrode does not impact the network resistance. Surprisingly, 4 resistances out
of 5 are negative, which is completely non-physical. This strange result can be attributed to an
assumption made for the calculation of Rpouinet- Indeed, the resistivity of the NW was supposed
constant (2.78 €2 cm) for each NW, which is not the case as it depends on the diameter, as intro-
duced in equation 2.2} Even if these results have no physical meaning, this calculation is performed
to provide insight into the junction resistance of the electrode to see if there is an impact on the
overall resistance. The results also show that the contact resistance from the electrode can indeed
be neglected, as it tends to be around —1.38 + 5.12 ().

4.3.3 Predicting failure in the network

As shown, the initial resistance of a network can be estimated by making several assumptions
(in the case of low resistance networks). The next step is to compare the predicted locations of
instabilities with those observed in networks undergoing voltage application. As previously noted,
the code can iteratively break wires and thus track the location of each failure. These data are
saved, enabling direct comparison with experimental observations.

The prediction analysis must be approached with caution. Initially, examination on how accu-
rately the code can predict localization of instabilities is investigated. This analysis focuses solely
on the code’s ability to predict individual failures and does not claim to capture the entire breaking
process within the network. To investigate this, the following procedure was followed:

1. Networks are simulated to identify the locations of breaking events,

2. These predicted breaking segments are then compared with the corresponding segments in
SEM images,

3. All segments observed to break experimentally are counted.

4. The ratio of experimentally broken segments to those predicted by the simulation is calcu-
lated.

To illustrate this, an example is provided in Figure
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Figure 4.23: [a] SEM images of the network before and after voltage application. [b] Simulation
of the network with the current distribution displayed. Red circles highlight the wire segments
predicted to fail. According to the methodology described in this section, the code attains an
accuracy of 50% for this network: one wire segment (left simulation) broke during the experiment,
whereas the other segment (right simulation) showed no change following voltage application.

Excluding networks exhibiting unexpected events, each network is analysed and compared with
its digital twin to assess the accuracy of the code. The results are presented in the histogram of

Figure [1.24]
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Figure 4.24: Histogram showing the breaking accuracy for 64 networks. Networks exhibiting
unexpected instabilities were excluded from this analysis.
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These results show that breaking events frequently occur in the wire segments predicted by
the code, as indicated by the peak around 100%, which confirms the code’s good ability to detect
instabilities. However, the ratio of correctly predicted segments to all predicted segments (this
also corresponds to the total number of predicted breaking wire identified by the code) is less
satisfactory, with a computed value of 61.9%. This implies that approximately six out of ten
predicted broken segments actually undergo instabilities during voltage application. It is important
to compare this analysis with experimental observations. While it may seem that the code predicts
about 60% of instabilities, this is misleading. Indeed a number of breaking events observed in
experiments are not predicted by the model, highlighting a limitation in its current assumptions.
In particular, the model does not account for collective breaking wires and breaking events involving
several interconnected NWs, which are frequently seen in practice (refer to Figure and Section
. This indicates that the code might lacks precision when attempting to predict instabilities
just via electromigration. Indeed, the code should be updated to account for large-scale breaking
events and/or breaking events involving multiple NWs.
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Figure 4.25: [a] SEM images before and after voltage application [b] alongside the simulation pre-
dicting the instabilities. In this case, the code does not even identify the area where instabilities
occurred, indicating that it misplaces the failure locations due to several assumptions and phe-
nomena discussed in this section.

Therefore, the code exhibits significant limitations when compared to all the breaking events
observed experimentally in the network. These discrepancies can obviously also be attributed
to the assumptions made in the model. For instance, assuming constant diameter and constant
junction resistance leads to a different current distribution, which can lead to wire breakages
at locations different from those observed experimentally. Moreover, as previously mentioned,
breaking events often involve multiple wires breaking simultaneously, which is not accounted for
in the code. the the code assumes the NW segment carrying the highest current breaks without
affecting its neighbours, which is too a restrictive assumption. Such large-scale breaking event
would result in a current distribution substantially different from that computed by the code. The
2D approach also likely contributes to the misplacement of instabilities. Finally, as discussed in
Section [£.1] understanding whether breakdown events occur is another major difference between
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the code and experiment. It is also worth noting that heat generated by the network during
experiments can influence results. For instance, the appearance of small spheres after voltage
application suggests possible spheroidization, which may further explain the discrepancies between
the code and experiment (see Figure. The impact of the substrate is also not discussed in this
work, although it has been shown to affect the stability of nanowires [51]. Moreover, other types
of instabilities not addressed here, such as chemical degradation and photodegradation, might also
influence the network’s stability [37]. Indeed, the networks were exposed to air and illuminated
while the sample was placed in the experimental setup. Although these instabilities are not studied
in this work, the methodology and instruments used can trigger light or chemical instabilities.

Before After

/

Figure 4.26: SEM images taken before and after voltage application. A zoomed-in view highlights
that the wire undergoing the instability, presumed to be due to spheroidization, is theoretically
not part of the percolating cluster.

To conclude this section, the model still needs improvement to accurately predict the instabili-
ties that may occur in AgNW networks. However, certain results, such as the breaking voltage, the
initial resistance, and the accuracy histogram, are promising and provide a solid basis to reinforce
and enhance the current model.
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Conclusion and perspectives

This work focused on the study of instabilities in AgNW networks under electrical stress in-
duced by voltage pulses. Investigations into the current density triggering electrical failure in
nanowires, previously unexplored instabilities induced by electrical stress, and the reliability of the
numerical model were carried out through the fabrication of micro-networks. The results show
that a current density of 6.44 +2.94 x 10" A/em? can induce instabilities in AgNWs with a diam-
eter of 92 £ 11.2nm. The reliability of the numerical model was investigated through digital twin
analyses, which revealed discrepancies with the experimental results. However, the analysis of pre-
dicted instabilities and computed resistance showed similarities with the observations. Therefore,
although the model lacks precision, it has been demonstrated that it can serve as a foundation for
the development of a predictive model. The behaviour of AgNW networks under electrical stress
also revealed several aspects of electrical instabilities that have not been addressed in the literature
and are not accounted for in the model used in this work.

A digital twin model, was used to interpret instabilities such as electromigration in the network.
Although the model successfully identified failure events, most of the events observed experimen-
tally were entirely overlooked in the simulations. This discrepancy could be attributed to the
simplifying assumptions made during model setup, such as constant nanowire diameter, neglected
defects, consideration of single-wire breaking, and a purely electrical failure approach. These
discrepancies also highlight the non-localized nature of electrical instabilities. Indeed, while simu-
lations assumed that the latter instabilities would break a single wire, the experiments revealed the
breaking of larger areas within the network. Therefore, the model requires further refinement to
more accurately reflect reported observations. In this perspective the results obtained in this thesis
such as the junction resistance, current density triggering electromigration and multiple failures
process could be used to improve and calibrate the model accordingly.

Visual analysis also reveals previously unexplored aspects of AgNW instabilities. Indeed, phe-
nomena such as dendrite formation (displacement of silver atoms), wire bending (indicating internal
mechanical stress), and multiple breakdown areas (failure events involving multiple nanowires) are
still not fully understood or investigated in the research topic of AgNW networks.

In future works, the role of mechanical stress could be further investigated through CAFM.
Indeed, this technique allows the visualization of the current flowing through the network when
voltage is applied. Therefore, the activation of percolating paths could be highlighted by this
method, potentially indicating that nanowires bent during deposition and thus exhibit deformation
under applied voltage. Additionally, the possible occurrence of electrical breakdown in AgNW
networks could be explored by first capturing this phenomenon at a smaller scale (sub-micron
electrical breakdown). Fabricating electrodes, without the deposition of AgNWs, separated by
distances greater than a few dozen nanometers via lithography and applying voltage to these
electrodes could help determine whether electrical breakdown can occur at the submicron-scale.
Furthermore, by conducting such experiments, the impact of electrical breakdown on silver could
also be studied. If confirmed, the next step would be to reproduce the phenomenon in AgNW
networks to verify the assumption raised in this master’s thesis.
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