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The homogeneous distribution of electric current (electrical homogeneity) is not guaranteed in nanowire
electrodes but is crucial for the stability of the electrode and actually desirable in most applications.
Despite the relevance of this feature, it is common practice to perform qualitative assessments at the
electrode scale, thus masking local effects. To address this issue, we have developed a computational
strategy to aid in the design of nanowire electrodes with improved electrical homogeneity. Nanowire
electrodes are modeled as two-dimensional networks of stick and junction resistors (with resistance R,,
and R;, respectively) to simulate the electric conduction process. Electrodes are discretized into regular
grids of squares and the electrical power of the network contained in each square is computed. The mis-
match between the areal power density of the entire electrode and that of the squares provides a quanti-
tative electrical homogeneity evaluation. Repeating the analysis with squares of different size yields an
evaluation that spans across length scales. A scalar indicator, coined the homogeneity index, summarizes
the results of the multiscale evaluation. The proposed strategy is employed to assess the electrical hom-
ogeneity of silver nanowire electrodes through the analysis of scanning electron microscopy images. Our
results agree with the outcomes of the experimental assessment performed on the same electrodes.
Parametric studies are performed by varying nanowire content and nanowire-to-junction resistance ratio
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Rw/R;. We observe that a significant reduction of contact resistance is not necessary to ensure a high
degree of homogeneity. The ideal condition of negligible junction resistance (R,, > R)) leads to the best-
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1. Introduction

Transparent electrodes made of random distributions of con-
ducting nanowires (NWs) or the likes are appealing for opto-
electronic devices, solar cells, light emitting diodes (LEDs),
and transparent heaters.'® While these electrodes are compar-
able to transparent conductive oxide (TCO) thin films (e.g., tin-
doped indium oxide) in terms of electrical conductivity and
transparency, they are superior in terms of mechanical flexi-
bility. Their network structure allows limiting the amount of
conductive material and makes them suitable for low-cost
solution-based deposition methods, contributing to an overall
costs reduction. Despite these advantages, an even material
utilization at different length scales is difficult to achieve
because design guidelines are not available. In this contri-
bution we propose an objective, quantitative, and systematic
strategy to compare the electrical homogeneity of electrodes
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case scenario, a situation which is closely approached if R,, = R; (15% difference at the most in terms of

with different NW content and material properties at multiple
length scales.

Electrical homogeneity, understood as the homogeneous
distribution of electric current density, is a crucial design
requirement.” Naturally fulfilled in conductive thin films, in
which the current flows throughout the entire film cross-
section, electrical homogeneity is not guaranteed in random
NW distributions® resulting from solution-based processing
techniques. In nanowire network electrodes (‘NW electrodes’
from now on), interconnected NWs create a network for electri-
cal current flow,* and the actual conductive pattern depends
on NW characteristics (e.g., geometrical features, conduction
properties, and resistance at NW contact points) and network
architecture (e.g., NW content and layout).®® Due to the
random placement of NWs, conduction pattern formation can
be guided through design choices but is not directly controlla-
ble.’ In general, although electrical homogeneity improves
with increasing NW content,” the addition of NWs negatively
affects electrode transparency and must be considered with
caution.

At the electrode scale, inhomogeneities in NW density and
arrangement lead to an uneven distribution of the current
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intensity.’® Additional inhomogeneities are detectable at local
scales," in the order of NW length (tens of micrometers) or
lower (NW diameter or NW junction size). Analytical®>'*™'® and
computational®®'*>* modeling strategies are commonly used
to interpret and predict the response of NW electrodes.
Modeling studies confirm that only a subset of the NWs,
which is traditionally referred to as the conduction network, is
involved in the electrical conduction process.”*®2%*!
Numerical simulations”>'**>?? show that a uniform distri-
bution of NWs does not imply a uniform distribution of the
conduction network (and neither a uniform electrical current
distribution).’> An electrical homogeneity prediction based on
the inspection of the observable geometry is therefore not rec-
ommended. The description of conduction network and its
spatial distribution are mandatory.

Experimental evaluations of the electrical homogeneity are
usually indirect. A common option is to sample electrode pro-
perties at multiple locations and use the standard deviation of
the measurements as homogeneity indicator—measurements
of transmittance,>*>® diffraction efficiency,”” and sheet
resistance®®?® are performed to this purpose. The visualization
of electric conduction patterns through the inspection of
temperature profiles (exploiting Joule effect) is a valid
alternative.' %1329 The analyses of the electric potential
distribution is a valuable strategy for direct electrical hom-
ogeneity assessment.” The investigations just mentioned
however share two drawbacks. First, the homogeneity assess-
ment is performed at a single scale. Second, as the length
scale of choice is larger than the average NW length (with the
exception of the study reported by Doherty et al>*), infor-
mation about local (in)homogeneity is lost. Experimental
assessment of electrical homogeneity across multiple scales
presents additional challenges. On the one hand, investi-
gations at high resolutions are laborious®>—thermoreflectance,
for example, provides temperature maps with sub-micrometer
spatial resolution'’ but is applicable to limited surface por-
tions.” On the other hand, experimental techniques providing
the characterization of an entire network can hardly capture
its local response. Modeling approaches and numerical simu-
lations can support experimental investigations because
(i) network and local responses are assessed at the same time,’
and (ii) they enable performing parametric studies at basically
no cost compared to experiments.

This work aims at proposing a strategy to (i) spatially assess
the workload (meant as the electrical current intensity) in the
conduction network, and (ii) quantify the electrical homogen-
eity of an electrode at multiple scales simultaneously. The
spatial analysis of the areal power density is at the core of the
strategy. We perform Monte Carlo numerical simulations on
two-dimensional NW electrodes. The roles of NW content,
NW-to-junction resistance ratio (R,/R;), and their mutual inter-
actions on electrical homogeneity are investigated. Inspired by
the ‘quadrat methods’,*® employed for the spatial assessment
of one-dimensional items in two-dimensional domains,*'*?
we divide each electrode representation into a grid of squares
and evaluate the areal power density in each square. By defi-
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nition, the electrode workload is homogeneous if the areal
power density is independent of location and size of the region
considered. The ‘ideal electrical homogeneity’ is unambiguously
introduced accordingly, and the workload of any NW electrode at
any scale is quantified relative to it. A quantitative electrical hom-
ogeneity assessment at multiple scales is naturally attained, with
a single scalar indicator summarizing the outcome. The proposed
strategy is ideal for optimization procedures because it enables
the comparison between electrodes differing in NW content,
material properties, and architecture.

We show that electrical homogeneity improves as (i) NW
density increases, and (ii) junction resistance reduces. We
observe that when R,/R; 1 the electrical homogeneity
approaches that of an electrode with negligible junction resis-
tance (R,/R; > 1). Furthermore, under condition R,/R; > 1 the
electrical homogeneity improves with NW content at a much
higher rate compared to condition R,/R; < 1.

The proposed strategy is suitable for the analysis of electro-
des made of one-dimensional components. This approach can
be applied equally well to electrodes fabricated using short
nanowires (with an average length below
20 pm),H1923:25:26:33735 54 well as to long nanowires (with an
average length equal to or greater than 100 pm),>**¢™° irre-
spective of the material.

Although copper has become increasingly popular due to
its abundance and favorable pricing,*'~*® silver continues to be
the most extensively studied metal for the production of nano-
wires." Sannicolo et al.* conducted a thorough analysis of
silver nanowire (AgNW) electrodes, examining their mor-
phology, homogeneity, and macroscopic properties. This study
provides a comprehensive dataset that can be used to validate
the proposed approach. The electrical homogeneity evaluation
framework is successfully applied to the scanning electron
microscope (SEM) images of AgNW networks provided by
Sannicolo et al.,* resulting in a electrical homogeneity assess-
ment in agreement with their results.

2. Results and discussion

We aim to assess the electrical homogeneity of electrodes made
of random NW distributions. A computational strategy, based on
the subdivision of the electrode in a grid of quadrats (Fig. 1), is
developed and employed to this end. We focus on length scales
below the NW length, where inhomogeneities naturally result
from the randomness of the NW placement. We present the
framework considering numerically generated samples first, and
morphologies of real AgNW electrodes afterwards. The overall
strategy entails the evaluation of the electrode surface occupied
by the observable geometry, percolation network, and conduction
network. The study is concluded with an analysis of the spatial
distribution of the areal power density.

2.1. Numerical realizations and macroscopic characterization

In the first part of our investigation we examine numerical
realizations of random stick distributions representing nano-
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Fig. 1 Numerical sample: from observable geometry to percolation and conduction networks, with visual representation of their spatial assessment. (a)
Observable geometry with NW arrangement represented as a collection of straight sticks of length (,, (domain size L = 4[,, and NW content n = 6). (b) The
percolation network in the x-direction is extracted from the observable geometry shown in panel (a), with shaded segments in the observable geometry
excluded from the network. (c) Conduction network extracted from the percolation network shown in panel (b) and electric current intensity map (R, >
R;, stick-dominated setting). (d—f) Areal coverage representation with a grid resolution [,,/l; = 2 (64 quadrats) for observable geometry (d), percolation
network (e), and conduction network (f). Occupied quadrats in gray, empty quadrats in white. The number of occupied quadrats is 64 (d), 51 (e), and 37
(f). (g) Areal power density maps of the conduction network shown in panel (f) with grid resolution [,,/l from 1 to 4.

wire electrodes. We pursue a Monte Carlo approach and gene-
rate 100 samples for a given NW content. Only essential infor-
mation about the computational procedure are reported here.
Additional details are provided in section S1 of the ESL{ The
as-generated numerical samples (‘observable geometries’ from
now on) consist of periodic random distributions of N, sticks
of length [, in a square domain of size L (Fig. 1a shows one
such observable geometry). We express the NW content
through the stick density">***7*?
L
n = Ny 77 (1)
In the remainder of the manuscript, the result presented
for a given stick density n corresponds to the average of the
results of 100 observable geometries. For simplicity, we also
assume that network properties do not evolve with time.

6772 | Nanoscale, 2023, 15, 6770-6784

For each observable geometry we extract its percolation
network. The percolation network is the subset of intersecting
sticks forming a continuous path between two opposing edges
of the domain (Fig. 1b). The definition of percolation network
adopted in this contribution is equivalent to the definition of
‘geometrical backbone’ used by Tarasevich et al.*®

We assume that only NWs contribute to the conduction
process of the electrode. Our goal is to track the conduction
network within the ensemble of NWs and represent the corres-
ponding electric current intensity map. For this purpose, we
transform the percolation network into a resistor network that
consists of two types of resistors: stick resistors and junction
resistors. Stick resistors represent the contribution of (portions
of) NWs to the overall conduction process. In the numerical
simulations we represent each NW as a widthless stick of resis-
tance R,,. The resistance of a stick resistor element represent-

This journal is © The Royal Society of Chemistry 2023
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ing a NW portion of length 0 < [ < [, is thus Ry = Ry, [/l
Junction resistors represent the resistive contribution of con-
tacts between NWs to the overall conduction process. We
assume the value of contact resistance is R; for all contacts, as
customarily done in numerical investigations.”»?!31420,22,23
While such a scenario is rarely encountered in practice (as dis-
cussed, for instance, in Langley et al.® and Lagrange et al.**),
utilizing a single value for R; has several advantages, including
the ability to (i) easily investigate extreme cases where R,
greatly exceeds Rj, where R,, is equal to R;, or where R, is much
smaller than R;, (ii) reduce the number of model parameters
and associated uncertainties, and (iii) minimize assumptions
regarding the actual distribution of junction resistance values
within the sample. Further information on this topic is pre-
sented at the end of this section.

By imposing a potential difference AV across two opposing
edges of the domain and solving for Kirchhoff’s law we deter-
mine the current intensity map (Fig. 1c) and the effective
current I flowing through the electrode. We define the con-
duction network (also denoted as ‘electrical backbone’,"®*°
‘current carrying backbone’," or ‘current carrying path’’*" in
the literature) as the set of resistor elements actually carrying
electric current. Fig. 1c shows that the conduction network is a
subset of the percolation network.

Experimental investigations highlight that a spatially
uniform distribution of NWs does not imply a uniform distri-
bution of the conduction network.>'" Fig. 1 offers a clear
example of such a mismatch. The observable geometry shown
in Fig. 1a represents a distribution of NWs that covers the
entire domain. The distribution is uniform by definition,
because the location of each stick results from the random
selection of midpoint coordinates and orientation angle from
a uniform statistical distribution (refer to section S1.1 of the ESI{
for details). Fig. 1c shows that the NWs actually participating in
the electric current conduction process are confined to the upper
right diagonal region of the domain. A quantitative assessment
of the mismatch is attained dividing the original domain with a
grid of regular squares (quadrats) and counting the number of
occupied squares in each case. Fig. 1d-f show that the domain
coverage reduces from 100% (64 quadrats) to about 58% (37
quadrats) passing from the observable geometry (Fig. 1d) to the
conduction network (Fig. 1f), if a discretization of 64 quadats is
adopted. This mismatch naturally arises for all networks
(numerically- and experimentally-generated) and irrespective of
the NW content. The extent of the mismatch depends on the
resolution of the discretization. A detailed discussion is pre-
sented in the following sections.

Fig. 1c presents a graphical depiction of the electric current
distribution (workload) across the electrode, where the inten-
sity of the current is indicated by the color map. The distri-
bution of electric current intensity is non-uniform, with the
highest intensity found in the top-left region of the domain
(two purple segments), where single portions of NWs bear the
entire electrical load. Moving from left to right, the electric
current spreads out and the intensity diminishes (most of the
segments are blue) as the conduction network branches out.

This journal is © The Royal Society of Chemistry 2023
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The effective conductivity k. is computed as

Left

Ketf =0 (2)
where I is the effective current flowing through the network
obtained according to the procedure described in section S1.3
of the ESL.f Additional information is presented in section S1
of the ESL Zezelj and Stankovié¢'* and Fata et al.>* perform in
depth parametric studies about the effective conductivity of
the network with a wide range of ratios R,/R;. To limit the
extent of the investigation, we evaluate the electrical response
of each numerical realization (forming a percolation network)
under three resistance scenarios: the two limit cases of
(i) stick-dominated resistance (R, > R;) and (ii) junction-
dominated resistance (R, < Rj), and the intermediate situ-
ation of (iii) equally contributing resistance (R, = R;). All the
numerical simulations are replicated on the same set of obser-
vable geometries for the three resistance scenarios.

The macroscopic characterization of the NWs electrodes
(described in section S2 of the ESI}) entails the identification
of (i) percolation threshold and (ii) effective conductivity-
nanowire content relationship. Fig. S2at shows that the perco-
lation threshold is defined by the critical density n. = 5.64, in
agreement with Li and Zhang."” Fig. S2bf shows the evolution
of k. with stick density n. The response, in perfect agreement
with analytical solutions,"'* clearly evolves from linear to
exponential as the value of ratio R,/R; changes from R, > R; to
Ry, < R;. The macroscopic characterization of these NW elec-
trodes allows us to conclude that the computational frame-
work employed in our investigation (for observable geometry
sample generation, resistor network conversion, and electrical
conduction simulation) is reliable. Furthermore, the evalu-
ation of the ideal electrical homogeneity requires the evalu-
ation of the effective areal power density (the areal power
density of the entire electrode) which, in turn, depends on the
electrode effective current I, as described in the following
paragraph. In view of eqn (2), Fig. S2b} indirectly provides a
quantification of I.g.

2.2. Areal coverage: Numerical samples

We perform the spatial assessment of each geometry through
the discretization of the domain with a grid of Ny x Ny quad-
rats (Fig. 1d-f). The grid contains Ny = N; quadrats of size
lq = L/Ng. In the remainder of this contribution we express the
grid resolution /[, as the ratio between the stick length and
the length of the quadrat edge.

The areal coverage is defined by the ratio

C = Neriterion (3)

between the number of quadrats Neriterion Satisfying a certain
criterion and the total number of quadrats in the grid N The
criteria used for the definition of N iterion are explained next.
Numerical simulations are performed at stick density n
ranging from 6 to 42, and with grid resolution [,/l; ranging
from 1 to 32. Expressing n as a multiple of n., the stick density

Nanoscale, 2023,15, 6770-6784 | 6773
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n ranges, approximately, from n. to 7n.. Details about the
numerical simulation setting are in Table S2 of the ESI.} Since
the concept of homogeneity is intrinsically related to that of
characteristic length scale,”> the electrical homogeneity
depends on the grid resolution. Practical requirements drive
the selection of the resolution range, and problem-specific
length scales provide indications about its bounds. This is
relevant for electrode integrity in the first place. Hot-spots, for
example, are temperature gradients confined to regions in the
order of hundreds of nanometers in size'' where localized
power dissipation takes place.'® Recent studies show that hot-
spots initiate local failures that extend to the entire
electrode®?* in a multiscale chain of events that recursively
involves network and local scales.®> To mitigate this risk,
Khaligh et al® show that covering the NW electrode with a
thermally conductive thin coating reduces the insurgence of
hot-spots and leads to an improved temperature homogeneity. In
this context, the characteristic length for heat dissipation dictates
the workload homogeneity requirement to avoid electrode
failure. Application-specific length scales introduce workload
homogeneity requirements too. For example, the diffusion length
of photo-generated charge carriers (that ranges from a few nano-
meters up to hundreds of micrometers*”*®) is crucial for the col-
lection efficiency of solar cells. Since a NW electrode can collect
charges only if the spacing between network NWs is smaller than
the diffusion length,**® a constraint on the average size of NWs
intra-spacing arises.*® Since the proposed strategy is suitable for
multiple applications, the grid resolution range adopted in this
work is arbitrarily selected for illustrative purposes. The represen-
tation of NWs as sticks (without thickness) however induces an
inherent constraint on the resolution range. The discretization of
the electrode with a grid of squares leads to a meaningful upper
bound of the areal coverage if the characteristic size of the grid [,
is larger than the diameter of the NWs (d), i.e., if condition I/l
< [I,d, holds. The estimate is meaningless otherwise.
Considering the dataset of reference (Table S27) for the sake of
example, we observe that the grid resolution range of choice fully
satisfies this constraint, being 4,/d,, ~ 500 (l, = 35 pm and d,, =
65 nm).

We express the resolution of the grid in terms of the ratio
between the length of the stick [, and the characteristic size of
the grid I, to ensure generalizability. Additionally, we specify
the size of the domain L as a multiple of the stick length /. In
fact, the proposed approach is applicable irrespective of the
actual NWs length, provided that the stick representation is
appropriate (i.e., provided that the aspect ratio is ‘sufficiently
large’). The appropriateness of such a modeling assumption is
crucial, especially when the electrode is composed of multiple
distributions of nanowires that vary significantly in size.'®*°

The first step in the investigation is the evaluation of the
areal coverage of the observable geometry. To this end, the
areal coverage (eqn (3)) is evaluated with Neyiterion as the number
of occupied quadrats. A quadrat is ‘occupied’ if it contains or is
intersected by a stick of the observable geometry (Fig. 1d). In the
remainder of the manuscript, ‘areal coverage of reference’ (Cref)
denotes the average areal coverage of the observable geometries
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(for a given combination of stick density and grid resolution). For
each value of n we take 100 observable geometries (i.e., we gene-
rate 100 realizations). The areal coverage of reference is calculated
by considering only the observable geometries forming a percola-
tion network (65 out of 100 with n = 6 and 100 out of 100 with
n > 12). Notice that the number of realizations forming a percola-
tion network is consistent with Fig. S2a of the ESIf for L = 41,
(the percolation probability is about 0.6 at n = 6 and is equal to 1
forn > 9).

The results of the spatial assessment of the observable geome-
try (Fig. 1a and d), reported in Fig. 2a, highlight the dependence
of Cy¢ on the grid resolution [/, (in all plots related to grid
resolution, a log, scale is utilized for the sake of a compact pres-
entation). The values obtained with the analytical expression
identified by Tarasevich et al'® are included for comparison
(refer to section S3 of the ESIt for details). Note that we express
the NW content in terms of stick density n (eqn (1)), while
Tarasevich et al.*® opt for the number density N,,/L*. The numeri-
cal results perfectly agree with the reference analytical solutions
(eqn (S.2) and (S.3) of the ESL} with Ny = L/l, and N,, = nL*/2)
over the entire range of stick density n and grid resolution I/l
We can therefore conclude that the areal coverage evaluation
algorithm is reliable. The same framework is used to evaluate the
areal coverage of the percolation and conduction networks.

The areal coverage of percolation and conduction networks
is shown in Fig. 2b and c. The areal coverage of the percolation
network is computed through eqn (3) by setting Neriterion as the
number of quadrats either containing or intersected by a stick of
the percolation network (Fig. 1e). The evaluation of the areal cov-
erage of the conduction network (Fig. 1f) is analogous, but
Neriterion 1S based on sticks interested by a non-zero current
(details are provided in section S1 of the ESIt). The values on the
vertical axis in Fig. 2b and ¢ are normalized by Cir at the same
stick density n and grid resolution /I, (Fig. 2a).

Fig. 2b shows that the areal coverage of the percolation
network is already higher than 98% of the areal coverage of the
observable geometry when the stick density content # is twice the
critical density or larger (i.e., for n > 2n.), confirming that almost
all NWs belong to the percolation network when the stick density
is ‘well above the critical density’.'*'> Our results are consistent
with those by Langley’" who shows that about 99% of the sticks
belong to the percolation network at n > 2n. in simulation
domains of size L = 41, (Fig. 3.10b in Langley™").

Fig. 2c shows that the area covered by the conduction
network is significantly smaller than the area covered by the
observable geometry and the percolation network. For
example, the ratio C/Ci.f at I,/lq = 32 is equal to 0.98 at the
least for the percolation network (at n = 2n,, Fig. 2b), while it is
equal to 0.93 at the most for the conduction network (with 7 =
7n, Fig. 2¢). This trend is consistent with the results by Han
et al.*® They estimate that a portion equivalent to about 60 to
95% of the observable geometry makes up the conduction
network (electrical backbone in their work) when the fiber
content ranges between n. and 5n,.

Fig. 1g shows three areal power density maps of the same
conduction network at three different resolutions. The

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Areal coverage of observable geometry, percolation network and conduction network. (a) Areal coverage (egn (3)) of observable geometry
(Fig. 1d) versus grid resolution [,,/l, at different stick density n. The results of the numerical simulations (continuous lines and empty circles) are com-
pared against analytical solution (asterisks). The analytical areal coverage is computed through eqn (S.2) and (S.3) of the ESI.T (b) Areal coverage of
the percolation network (Fig. 1e). (c) Areal coverage of the conduction network (Fig. 1f). Results obtained from stick-dominated (R, > R;j) and junc-
tion-dominated (R, < R)) resistance are both represented. On the vertical axis of panels (b) and (c) the areal coverage is scaled by the areal coverage
of reference C, at the same stick density n and grid resolution [/l (panel (a)). The curves that correspond to n/n. = 6 are actually not shown in
panels (b) and (c) for the sake of readability (they are reported in Fig. S4b and c of the ESI{). A log, scale representation is used for the grid resolution

axis.

inhomogeneous areal power density maps indicate an inhomo-
geneous workload of the electrode. Workload is null where the
areal power density is zero. In these inactive regions the
current density is zero because NWs are (i) absent, (ii) discon-
nected from the percolation network, or (iii) not contributing
to the conduction process. Workload is high where the areal
power density is high. As the electric current density is signifi-
cant in these regions, they are relevant to electrode integrity.
Joule heating may cause temperature rise resulting in hot-
spots initiating local failures in the worst-case scenario. Both
null and high workload regions are undesirable when hom-
ogeneity is sought.

The distribution of the areal power density on the electrode
surface reflects the distribution of the electric current in the
electrode. An electrical homogeneity indicator can thus be
defined by assessing the areal power density distribution. The
spatial assessment of the areal power density is performed by
comparing the areal power density Py of a single quadrat
against the areal power density Pes of the entire electrode. We
then compute the areal coverage through eqn (3) where
Neriterion 15 the number of quadrats whose areal power density
exceeds a certain percentage of Per. The process is repeated
over the entire range of grid resolutions explored. The actual
procedure is described next.

The effective power (the power of the entire electrode) is

Pefr = IegfAV. (4)

Numerical simulations are performed with the value of the
potential difference AV reported in Table S2 of the ESIL.f The
resulting effective conductivity (eqn (2)) is reported in Fig. S2b
of the ESL{ The power Py of each quadrat is the power associ-

This journal is © The Royal Society of Chemistry 2023

ated to the conduction network in the region identified by the
quadrat (refer to section S1.5 of the ESIf for details). The
effective areal power density and the areal power density of a
single quadrat are defined by

P,
Pett = LLZH (5)
and
P,
Py =10, (6)
q

respectively. Since the power expended by the entire electrode
(eqn (4)) equals the sum of the power Pq expended on each
k-th quadrat, we can write

Nt

Z Py = Per,
k=1

irrespective of the number of quadrats N (i.e., irrespective of
the grid resolution [,/l;). The response of the network is
homogeneous if the areal power density of each quadrat
equals the areal power density of the entire electrode,

Par = Pett, (7)

for each k-th quadrat, irrespective of the grid resolution (this is
equivalent to verify that the power of each k-th quadrat Py =
Peff/th)~

The effective power density Peg is (indirectly) set by design.
Once a NW content is selected to attain a certain conductivity
Kett (e.g., through relationships visible in Fig. S2bf), the
effective power P results from eqn (2) and (4) for a given
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working potential AV, and Peg results from eqn (5) for a given
domain size L. Ratio Pq/Pesr thus quantifies the extent of the
deviation of the local response (NW level and below) from the
macroscopic response (network/electrode level).

We are ultimately interested in identifying portions of the
network that carry a certain amount of power and we want to
measure the surface they cover. Fig. 3a-c show the areal cover-
age (eqn (3)) computed by selecting Neyiterion as the number of
quadrats whose areal power density is strictly above a certain
threshold, expressed in terms of ratio Pq/Pesr (vertical axis).
For example, the values at Py/Pes = 1 refer to the count of
quadrats whose areal power density is Py > Pesr. Each plot in
Fig. 3a-c shows the dependence of the areal coverage on the
grid resolution [/, (horizontal axis). The areal coverage C is
normalized by the areal coverage of reference Cy (at the same
stick density n and grid resolution I,/I,) reported in Fig. 2a to
emphasize that the extent of the surface in which a certain
areal power density is attained is always smaller or equal to the
area covered by the observable geometry (the latter is directly
related to the transparency of the electrode). Columns refer to
stick density n = 2n, (left), 4n. (middle), and 6n, (right). Rows
refer to resistance scenarios Ry, > R; (a), Ry = R; (b), and R, <«
R; (c). The resulting map represents the spatial electrical
homogeneity.

The plots show that the responses of the electrode with Ry,
> R; (Fig. 3a) and R, = R; (Fig. 3b) are similar. When the areal
power density threshold Pq/Pest is set, a main trend emerges:
the areal coverage depends monotonically on the grid resolu-
tion, either directly (Pq/Pesr > 1) or inversely (Pq/Pegr < 1).
Exceptions to this trend are modest and limited to either stick
density n = 2n. or in the proximity of the region characterised
by Pq/Pest = 1. A slightly different behavior emerges for R,, <
R; (Fig. 3c). For a fixed areal power density threshold above
Pq/Petr = 1, a minimum is attained in the range from [/l = 2
to L./l; = 16 (the actual location depends on the value of
Pq/Pesr). This behavior is appreciable in all the maps in
Fig. 3c but is prominent at n = 2n,.

The contour map corresponding to the ideal electrical hom-
ogeneity is depicted in Fig. 3d. Since the ideal electrical hom-
ogeneity is such that eqn (7) holds irrespective of grid resolu-
tion, the areal coverage is

1, iqu/Peff<1

C/Cret = { 0, otherwise (8)

for each value of [,/l;. Upon visual comparison between the
ideal electrical homogeneity and the other responses, it can be
inferred that as the NW content increases, the electrode
response tends to a homogeneous workload. Moreover, as the
grid becomes coarser (i.e., as I/l decreases), the ideal electri-
cal homogeneity is approximated more accurately. It is clear
from Fig. 3a that the transition zone from red to blue at [/, =
1 becomes smaller as the stick density increases from n = 2n,
to 6n.. Higher NW contents are needed to ensure electrical
homogeneity at high resolution (high I,/l;). As such, a hom-
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ogeneity-transparency trade-off is envisaged that calls for NW
content optimization procedures.

The contour map representation used in Fig. 3 provides a
comprehensive description of the response of an electrode
over a wide range of grid resolutions. Although the visual com-
parison of contour maps is useful, it is not practical for optim-
ization strategy purposes. To address this shortcoming we
introduce the homogeneity index H, a scalar indicator that
concisely quantifies the difference between the average
response of the electrode at a given NW content (represented
through contour maps in Fig. 3a—c), and the homogeneous
reference response (represented through the contour map in
Fig. 3d). This is readily achieved noticing that each contour
map in Fig. 3 represents a surface (a single value of C/C, is
determined for each couple of values P /P and I,/l;). In par-
ticular, Fig. 3d represents a step function (eqn (8)) on a two-
dimensional domain. We thus compute H as a measure of the
volume of the region between the step function and the
surface describing the response of the electrode of interest. A
more detailed description is provided in section S4 of the ESIL.{

Fig. 3e reports H for stick density n between n. and 7n..
Continuous curves refer to scenarios R, > R; (blue), Ry = R
(vellow), and R,, < R; (red). The closer H is to zero the better
the response of the electrode approaches the homogeneous
workload. Going from n = n. to n = 7n., the homogeneity index
roughly halves for scenarios R, > R; and R, = Rj, while it
reduces by about 30% with R,, < R;. In our parametric study,
the best approximation of the ideal electrical homogeneity
corresponds to H =~ 0.45, which is attained at n = 7n. with R,,
> R,. The stick-dominated scenario (R, > R;) better approxi-
mates the ideal electrical homogeneity at any stick density
except for n = n; it also shows the highest rate of convergence
toward electrical homogeneity (H shows the highest rate of
decay). The junction-dominated scenario (R, < Rj) is affected by
a power localization phenomenon at the contact points between
sticks. These high power punctual sites hinder power spreading,
ultimately slowing down convergence toward an ideal electrical
homogeneity. If the resolution of the grid is larger than the
characteristic size of the junction, then the assumption of treat-
ing junctions as points can be deemed a reasonable approxi-
mation. We regard this approximation as adequate if the con-
dition I > d,, is satisfied. In this study, we used the finest grid
discretization with a ratio of L,/ = 32. According to the values of
ly and d,, specified in Table S2 of the ESI,} the finest grid discre-
tization leads to [; ~ 1.1 pm and d,, = 6.5 x 10> pm. Since [, > dy,
is always met, the junctions can be treated as point-like entities
in this case. The lower rate of decay of H for R, < R; is evident
by comparing red and blue lines in Fig. 3e—such an observation
could have also been drawn by comparing Fig. 3c and a (as n
increases from 2n. to 6n.). Our conclusions are based on the
quantitative evaluation of electrical homogeneity that takes into
account all locations of the geometry under evaluation and con-
siders multiple length scales at the same time. Our analysis
strengthen the qualitative observations by Zezelj and Stankovié¢'*
who predict the distribution of electric current to even out as the
ratio R,/R; increases.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Areal coverage dependence on grid resolution [/l and areal power density threshold Pq/Pess for the numerical geometries. A log, scale
representation is used for the grid resolution axis. (a—c) Contour maps at stick density n = 2n. (left), 4n. (middle), and 6n. (right). Three resistance
scenarios are considered: Ry, > R; (a), Ry = R; (b), and Ry, < R; (c). The areal coverage is normalized by the areal coverage of reference C, for a
given stick density n and grid resolution ./, (Fig. 2a). Contour maps obtained by sampling data at lu/lq = 1, 2, 4, 8, 16, and 32, and at Pq/Pess
between 0 and 3 with spacing 0.1. For each NW content, the areal coverage values are determined as the average of 100 samples. (d) Contour map
representing the ideal homogeneous response. () Homogeneity index H versus stick density. Continuous lines and full circles refer to numerical
geometries. Isolated symbols refer to the x direction evaluation performed on experimental geometries (Fig. 4a). The same color is used to identify
the same resistance scenario.
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The equally contributing resistance scenario (R, = R;, yellow
curve) approximates the stick-dominated scenario (R, > R;,
blue curve) over the entire range of stick density. The blue and
yellow curves exhibit significant overlap until n = 3n,, with a
maximum relative difference of only 15% between the corres-
ponding values of H. In contrast, the relative difference
between the junction-dominated and equally contributing
response can be as high as 58%. Controlling the sheet resis-
tance and improving the stability of metal NW electrodes
requires mitigating the effect of junction resistance. To achieve
this, various strategies have been proposed to enhance the
welding of junctions. These strategies include thermal anneal-
ing,® localized joule heating,> mechanical pressing,*® capillar-
ity-driven welding,” alcohol-based chemical welding,>* laser
nano-welding,***> plasmonic welding,** and using hierarch-
ical multiscale hybrid nanocomposites.”® Although having a
negligible junction resistance (condition R,/R; > 1) is ideal,
many of the proposed strategies for enhancing the welding of
junctions result in conditions where R,/R; falls in the range
between approximately 1 and much greater than 1.3%3%3%33
However, based on the results in Fig. 3, it can be inferred that
reducing the junction resistance excessively (with the aim of
achieving R,/R; > 1) may not always be a worthwhile strategy,
since it is likely to result in only a marginal improvement in
electrical homogeneity. Therefore, it is recommended to
perform a cost-benefit analysis on a case-by-case basis, while
taking into account all the design requirements (such as sheet
resistance) as well.

2.3. Areal coverage: Experimental samples

Next, spray-coated AgNW depositions are analyzed. We refer to
the SEM images by Sannicolo et al.* The SEM images, reported
in Fig. 4a, cover an area of approximately 25 pm x 21.5 pm and
show the local morphology of as-fabricated specimens at NW
content 50 + 4 mg m~2 (A1), 63 + 7 mg m™~> (A2), and 86 + 7 mg
m~? (A3).* Sannicolo et al.* determined the NW content from
specimens measuring 25 mm X 25 mm. The SEM images
reported in Fig. 4a represents small portions of each of those
specimens. The areal coverage is expressed in terms of areal
mass density (refer to eqn (S.8) of the ESI{). Nanowires have
average length 7 + 3 pm and average diameter 79 + 10 nm.

We perform the spatial assessment following the procedure
summarized in Fig. 1. The digital replicas of the geometries
are created by first assuming that the NWs can be approxi-
mated as straight sticks (Fig. S3a of the ESI{). A similar
approach is pursued, e.g., in Gomes da Rocha et al.® and Kim
and Nam.®? Squared subsets of the resulting geometries are
extracted next (Fig. S3b of the ESIt). The identification of per-
colation and conduction networks is performed considering
the squared subsets shown in Fig. S3b.t The digitization pro-
cedure and the characterization of each geometry are
described in section S5.1 of the ESL.¥

The size of the squared subsets (Fig. S3bt) is L & 44y,
being l,,; ~ 4.7 pm the average length of the sticks (Fig. S3ct)
and L ~ 21.5 pm. In section S5.1 of the ESIT we demonstrate
that the NWs contained in the squared subsets correspond to
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n =6, 12, and 18, and that the grid resolution ranges between
1 and 32 (to a good degree of approximation) if expressed in
terms of I/l The comparison against the results presented
in the previous sections is thus appropriate. The values of the
contour maps in Fig. 4 are scaled by the values of C. com-
puted from the observable geometries A1, A2, and A3 (one at a
time), which are reported in Fig. S4a of the ESIL.¥ The applica-
bility of the computational strategy to experimental samples is
not restricted to n < 18. As the objective of this investigation is
to validate the computational strategy through comparison
with experimental results, a thorough characterization of the
experimental samples is required. Sannicolo et al.* provide a
comprehensive analysis of electrode properties such as areal
mass density, sheet resistance, and electrical homogeneity, as
well as NW properties including average diameter and length.
However, their study is limited to samples A1, A2, and A3 in
terms of NW content.

The spatial assessment of the electrical response is per-
formed for scenarios Ry, > Rj, Ry = Rj, and R,, < R;. The results
about the conduction network in the x-direction are shown in
Fig. 4b-d. Since the NWs arrangements of the SEM images
lead to macroscopic responses that differ for x- and y-directions,
(section S5.1 of the ESI}), Fig. S5t presents the results of the
spatial analyses for the conduction network in the y-direction.
The contour plots in Fig. 4 are less smooth than those in Fig. 3
because the former refer to one sample for each NW content
while the latter are the average of 100 realizations for each stick
density n. The main trends are nevertheless consistent with those
deducible from Fig. 3: the ideal electrical homogeneity is better
approached as (i) the stick-dominated condition is approached
(from Fig. 4d to b), and (ii) the NW content increases (from
sample Al to A3). The NW content-homogeneity relationship
identified in this work is consistent with experimental obser-
vations by Sannicolo et al® who comment that ‘the network
density influences not only the overall conduction level of the
network (resistance value) but also the local electrical distri-
bution [...]. They ultimately conclude that ‘dense networks afford
higher electrical homogeneity’.

Shifting from sample Al to A2 with R, > R; and R,, = R;
(Fig. 4b and c) the direct relationship between NW content
and homogeneity seems to fail. We attribute the reason to the
following aspects. First, the NWs in sample Al are preferen-
tially aligned along the x-direction (refer to Fig. S3d of the
ESIT) thus causing an anisotropic response of the electrode
(notice the different sheet conductivity values in x- and y-direc-
tions reported in Tables S3 and S4 of the ESIf). Second, the
NWs in the SEM images have different lengths and a few
longer NWs drive the conduction of sample Al in the x-direc-
tion (refer to Fig. 4a and S3bt). Once again, our observations
agree with the experimental observations by Sannicolo et al.*
who conclude that deposition methods entailing preferential
NWs orientations should be considered with caution if high
level of electrical homogeneity are desirable. Notice that the
spatial assessment of the conduction network in the y-direc-
tion fulfills the expectation (refer to results for samples A1 and
A2 in Fig. S5a and bf).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Areal coverage dependence on grid resolution l,,4/lq and areal power density threshold Pq/Pesr for the experimental geometries. Results
about conduction network in the x-direction. A log, scale representation is used for the grid resolution axis. (a) SEM images of silver NWs (samples
AL, A2 and A3) showing the local morphologies of electrodes analyzed by Sannicolo et al.* (reprinted with permission from Sannicolo et al.;* copy-
right © 2018 American Chemical Society). (b—d) Contour maps generated from the digitization of sample Al (left), A2 (middle), and A3 (right) as
shown in Fig. S3b of the ESI. Three resistance scenarios are considered: R, > R; (a), Ry, = R; (b), and R,, < R; (c). The areal coverage is normalized
by the areal coverage of reference C,¢ for a given stick density n and grid resolution [,,4/l4 (Fig. S4at). Contour maps obtained by sampling data at
lavgllq = 1,2, 4, 8, 16, and 32, and at Py /Pt between 0 and 3 with spacing 0.2.

To facilitate a direct comparison between distributions gener-
ated numerically and those obtained experimentally with similar
NW content, the results of the spatial assessment of numerically
generated geometries at n = n., 2n., and 3n. are reported in
Fig. S6.7 Differences are appreciable between numerically gener-

This journal is © The Royal Society of Chemistry 2023

ated geometries at n = n. (n = 6) and sample Al. We attribute the
reason to the fact that (i) as the percolation threshold is
approached, small fluctuations of NW content cause sensibly
different responses,'® and (ii) NWs in sample Al are nonuni-
formly oriented and with different lengths. We consider the
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match between numerically generated samples at n = 2n. and 3n,
and samples A2 and A3 extremely satisfactory.

To conclude, we report a comparison of our strategy and
the network homogeneity assessment performed by Sannicolo
et al.* The investigation conducted in this study can be seen as
the microscopic counterpart of the work by Sannicolo et al.,’
which focused on the macroscopic level. Sannicolo et al.*
reconstruct the voltage map of 25 mm x 25 mm specimens
through one-probe electrical mapping with scanning step of
1.0 mm. Their sampling map is more than two orders of mag-
nitude coarser than our grid resolution: using the notation
adopted in this work, the sampling by Sannicolo et al.* is in
the range l,,/lq ~ 0.007 (with an average NW length [, =
7 um), while our investigation is performed at [ ,4/lq > 1. A few
other differences should be kept in mind while performing the
comparison. First, Sannicolo et al.* do not explicitly provide
information about the percolation threshold. We therefore
deduce n. by analogy with our own investigation. Second,
Sannicolo et al*® do not conduct a specific investigation to
determine the junction resistance values or provide an average
value of the ratio R,/R; in their characterization of the AgNW
networks. This lack of knowledge supports the adoption of the
simplest modeling assumption, which considers equal R
values for all junctions. This modeling assumption represents
the minimum parameter set required to simulate a wide range
of electrode responses, from those dominated by sticks (R, >
R;) to those dominated by junctions (R, < Rj). The results
obtained with equal R; for all junction provide the upper and
lower bounds for the electrode response in terms of electrical
homogeneity. In fact, it is reasonable to expect that non-
uniform distributions of junction resistance values result in
electrical homogeneity comparable to those presented in this
study if stick-dominated, equally contributing, and junction-
dominated resistance scenarios are approached in an average
sense. Third, our numerical simulations are performed by
assuming AgNWs as straight sticks although they are slightly
bent in the SEM images by Sannicolo et al.* shown in Fig. 4a.
Fourth, the observable geometries of our numerical samples
are periodic (Fig. 1a), while those from the SEM images
(Fig. 4a) are not. Fifth, the SEM images show portions of the
specimens studied by Sannicolo et al.* which are not strictly
representative of the specimens they have been extracted from.
A thorough discussion about this aspect is given in section
S5.1 of the ESI.T Nevertheless, we stress that the computational
strategy proposed in this work is applicable irrespective of the
size of the portion of surface to be analyzed. There are no
limitations on the size of the region provided that images of
the morphology with a sufficiently high resolution are avail-
able, that is, as long as the NWs can be distinguished. Because
of these arguments, an exact match between the conclusions
of the two assessment criteria cannot be realistically expected.
These aspects need to be carefully considered if the compu-
tational strategy presented in this work is integrated with
experimental analyses for NWs electrodes optimization pur-
poses. The definition of such a strategy however falls beyond
the scope of the current contribution.
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Sannicolo et al.* quantify the degree of (in)homogeneity of
the electrical response through the electrical tortuosity,
defined as the tortuosity of the voltage equipotential lines.
They identify an inverse correlation between the electrical tor-
tuosity and the network homogeneity (values are reported in
Table S5 of the ESIt). The authors conclude that the network
with the lowest density (associated to sample A1 in Fig. 4a) has
an electrical tortuosity roughly 30% higher than the two other
specimens (associated to samples A2 and A3 in the same
figure) and is thus less homogeneous. Fig. 3e shows H corres-
ponding to the contour maps in Fig. 4 (x-direction). The values
computed for samples A1, A2, and A3 have been inserted at n
= ne, n = 2n., and n = 3n, respectively, in view of the arguments
exposed above. We observe that the overall trend is consistent
with the trend found with the numerically generated geome-
tries, and, not surprisingly, discrepancies are the largest for
sample Al. From the analysis of the numerically generated
geometries (continuous lines in Fig. 3e) we find that H
changes by about 50% (R, > R;, blue line) and 19% (R, < R;,
red line) from n = n, to n = 3n,, respectively. From the analysis
of the experimentally obtained geometries (symbols in Fig. 3e)
we find that 7 changes by about 35% (R, > R;, blue empty
symbols) and 10% (R, < R;, red empty symbols) in the x-direc-
tion from sample A1 to sample A3, respectively. The full set of
data is available in Table S5 of the ESI,{ and it includes the
evaluations performed along the y-direction. The electrical tor-
tuosity and the homogeneity index are not exactly equivalent.
The former assumes values >1, with the homogeneous
response corresponding to an electrical tortuosity equal to 1,
while the latter assumes values >0, with the homogeneous
response corresponding to H = 0. Nevertheless, the relative
changes from specimens A1l to A3 fall within the same range
of values (32% according to Sannicolo et al.,* and between 8%
and 38% according to our evaluation), suggesting that the two
homogeneity assessments are consistent. The comparison
thus provides a rough validation of our strategy, demonstrating
its applicability to experimentally obtained geometries too. We
stress that a comprehensive homogeneity assessment can be
achieved by complementing experimental procedures with the
framework proposed in this contribution. The framework
allows to explore length scales hardly accessible experimentally
(in the order of NWs length and below) in a rather straight-
forward manner.

3. Conclusions

We propose a computational strategy for electrical homogen-
eity assessment of NW electrodes. We show that electrical
homogeneity evaluations based on macroscopic observations
are not exhaustive as the area covered by the observable geo-
metry exceeds the area covered by the conducting network.
Condition C/Cer < 1 is met under all explored circumstances,
and the actual value of C/C, strongly depends on the length
scale of observation ([,/l,).
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As a uniform network utilization is mandatory for NW elec-
trode stability, electrode design procedures should intrinsically
entail electrical homogeneity considerations. The analysis of
the areal power density and the ensuing homogeneity index H
support this task. The resulting homogeneity index H is a
scalar indicator, not bounded to a single length scale, that pro-
vides a quantitative and objective evaluation of electrical hom-
ogeneity (it does not entail qualitative visual inspections of the
electric current distribution, for example). The homogeneity
index is suitable for NW electrode design optimization. For
example, it can be employed to integrate NWs content optimiz-
ation procedures, usually restricted to the transmittance-sheet
resistance trade-off,!8:20:2425:36,39,40,43:44,56  (yith an electrical
homogeneity descriptor.

This investigation demonstrates that the nanowire-to-junc-
tion resistance ratio R,/R; is crucial for the NW content-electri-
cal homogeneity relationship. Based on the results reported in
Fig. 3e we conclude that the reduction of the junction resis-
tance below the NW resistance should be pursued only if
necessary (e.g., for the sake of effective conductivity enhance-
ment), as it results in modest benefits in terms of electrical
homogeneity (compare R,, > R; and R,, = R; curves in Fig. 3e).

The proposed strategy has the potential to complement
experimental investigations, providing a useful tool to evaluate
the homogeneity of the power density distribution in the elec-
trode. The power density assessment strategy shown in Fig. 1g
is versatile and can be applied also to thermal maps, which
indirectly represent the electrical power density distribution in
the electrode, 31011232946

Moreover, by utilizing image digitization software, it is
possible to attain digital replicas of electrode microstructure
images and standardize the procedure outlined in section 2.3.
This step is particularly useful because if images of the elec-
trode morphology are available (such as those reported in
Fig. 4a), the procedure can access length scales that are experi-
mentally impractical (in the order of NW length and further
below).

To optimize the significance of the homogeneity evaluation
and expedite experimental inquiries, the range of grid resol-
utions can be adjusted to match the characteristic length
scales of a particular NW electrode application. This flexibility
further enhances the value of the proposed strategy, making it
suitable for a wide range of applications such as battery
electrodes,*”*® conductive/piezoelectric membranes,®®* air
filters with active sterilization,®” and fuel cells.®® In all these
applications, the conduction process of a network of one-
dimensional components, such as nanowires, nanotubes, and
nanofibers, ultimately determines the overall system response.
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