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Abstract

This study employs Mie's scattering theory and van de Hulst's mixing model to
predict the refractive indices (n, k) of silver nanowire (AgNW) networks in the visible
and near-infrared wavelengths, allowing the comparison to the experimentally
determined k spectra. Transmittance spectra calculated via the numerical
resolution of Fresnel’s equations are compared to experimental data, showing
excellent agreement, particularly for nanowires with larger diameters and at
shorter wavelengths. These findings, both theoretical and empirical, pave the way
for accurate optical simulations of metallic nanowire networks, supporting their
integration into complex multilayer systems and devices such as displays or smart
windows. Notably, our work proposes the first demonstration of the dominance of
the metallic character of AGQNW networks over their dielectric behavior in terms of
optical response.
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1 Introduction

Transparent Conducting Materials (TCMs) constitute an essential class of materials
that combine high optical transparency with excellent electrical conductivity, making
them key building blocks of most modern electronic devices such as photovoltaic cells,
OLEDs, transparent heaters, sensors or smart windows [1, 2]. Indium Tin Oxide (ITO)
remains the most widely used TCM due to its excellent optoelectronic properties [3],
but extensive research for alternatives has been carried out over the past decade, moti-
vated by the limited supply of ITO, its known brittleness and stringent deposition tem-
peratures [4]. Amongst these alternatives, AgN'W networks stand out as one of the most
promising candidates thanks to their optical transparency and sheet resistance compara-
ble to those of ITO (sheet resistance of a few Q. sq~!
tance of 80% at the wavelength A = 550 nm), with the added benefits of high mechanical

associated with an optical transmit-
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flexibility, as well as low-cost and scalable deposition methods [5, 6]. While the use of
AgNW networks does present challenges, such as surface roughness and susceptibil-
ity to environmental degradation, these can be effectively mitigated through protective
coatings based on semiconducting oxides such as ZnO or SnO; [7-10]. The electrical
conductivity of silver nanowire networks originates from a percolation mechanism,
through which current can flow via the intersections between nanowires [11-15]. The
optical transparency is made possible by the remaining gaps in between the nanowires,
allowing light to go through. Both properties are connected to one another, as adding
more nanowires tends to increase the conductance while decreasing the transmittance,
and inversely [16]. This trade-off is well-known and when designing networks for appli-
cations, its optimum, typically quantified via Haacke’s figure of merit [17], is applica-
tion-dependent [18]. In that context, being able to predict the optical properties of the
AgNW network holds much importance. When studying a material’s optical properties,
determining its refractive indices (RIs) is often insightful. The knowledge - and physical
understanding - of the RIs of a material serves as a physical probe into its fundamental
optical properties. Additionally, it enables the material’s integration into multilayer stack
simulations, commonly performed with the Transfer Matrix Method (TMM) [19-21].
This method allows for the calculation of the optical transmittance, reflectance, and
absorbance of a stack, provided the RIs of all constituent materials are known across rel-
evant wavelengths, thus facilitating the design of complex devices that combine multiple
materials such as those typically used in smart windows [22] or solar cell designs [23].
Determining the refractive indices (RIs) of silver nanowire (AgNW) networks,
whether experimentally or theoretically, is challenging. Existing empirical protocols
are generally unsuitable for AgN'W networks due to their high inhomogeneity and
lack of interference at the substrate interface. In past studies on the RIs of AgN'W net-
works, such as those from Yu et al. [24] or Abdel-Rahim et al. [25], one method is pre-
dominantly used: measuring the total optical transmittance T and reflectance R with a
spectrophotometer under normal incidence, from which the complex refractive index
7 = n + ik is extracted. A notable exception to that approach lies in the work of Tomi-
yama et al., who used spectroscopic ellipsometry to deduce the optical constants of a
polymer-embedded AgN'W network [26]. Concerning the former method, the imag-

inary coefficient k is determined through Beer-Lambert’s law,’

reasonably assuming
normal incidence and that the material’s thickness d corresponds in first approxima-

tion to the nanowires’ average diameter [27]:

A 1-R
k:wm(T ) (1)

which relates the total absorption A to the film’s thickness d. The real part of the refrac-
tive index, #, is then calculated from T and R using [28, 29]:

n—1+R+ 4R
1-R (1-R)2

— k2. (2)

!In the case of the imaginary RI k and given a non-absorbing substrate such as glass one can only consider the AgN'W
network and not the effect of the substrate.
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In this work, we argue that Eq. (2) yields only the effective refractive indices of the
(AgN'W network/glass) hybrid, rather than those of the AgNW network alone. This
argument stems from the observation that Eq. (2) is traditionally applied to isotropic,
homogeneous dielectric materials with smooth boundaries [28—30], conditions which do
not describe the heterogeneous, metallic-dielectric nature of AgNW networks. The lat-
ter indeed exhibit characteristics of both metals and dielectrics - electrical conductivity
and optical transparency -, such that assuming that they follow a purely dielectric optical
behavior would require a solid theoretical or experimental validation. Furthermore, the
structure of Eq. (2) inherently constrains the value of # to be equal to or greater than 1,
which is incompatible with metallic materials deposited on dielectrics, as these typically
exhibit # values below 1 in the visible range due to surface plasmon resonance effects
arising from free electron oscillations [31].

2 Methods

In light of the aforementioned observations and as illustrated in Fig. 1, we propose an
original approach to investigate the RIs of AgN'W networks. We do however note that
the determination of the effective refractive index remains useful, as it can allow for the
prediction of the optical behavior of the combined (AgN'W network/glass) hybrid mate-
rial, making it valuable for applications in which that specific hybrid’s optical response
is of primary interest. Further development on that aspect can be found in S2 of the
Supplementary Information.

In this work, our approach consists in the theoretical prediction of the RIs of AgN'W
networks themselves using a combination of the Mie and van de Hulst (vdH) models,
rather than in their experimental determination. Both are fundamental models free of
any fitting parameter and, when used together, allow for the prediction of the far-field
optical response of well-defined nanostructures embedded in transparent dielectrics.
Considering the nanowires as cylinders, for which analytical solutions can be found by
application of Mie’s theory, Manning et al. and Hamans et al. predicted the transmit-
tance of such networks at A = 550 nm [32, 33] based on original research by Khanar-
ian et al. [34]. However, Mie’s theory alone does not suffice for the determination of the

‘E* Dpw = 40,60,90,120 nm
» amd € [50,220] mg/m?

Spectrophotometer

(T(A),R(D)

— (Tnet (/1)' Rnet (/1))
£qs. (5),(6)

Fresnel
Beer-Lambert

nnet (/1) knet(;{)
Eq. (2)1_ _18eer-Lambert t j

(), k(1) Mie + vdH.

Literature protocol This work

Fig. 1 Schematic summary of the research undertaken in this work. The optical transmittance and reflectance of
AgNW samples of varying average diameters and areal mass densities were measured via a spectrophotometer
under normal incidence. The existing protocol typically used in the literature consists in using Egs. (1) and (2) to
determine the Rls of the (network/glass hybrid). In this work, we focused on extracting the Rls of the network
themselves by using a combination of the theoretical Mie and vdH models. Fresnel and Beer-Lambert laws allow
for the verification of the models predictions
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RIs of the network. To bridge that gap, Khanarian et al. pioneered the use of the vdH
model for the description of AgN'W networks embedded in a polymer matrix. Despite
the use of cylindrical nanowires in the model rather than pentagonal [35, 36], Khanarian
et al. showed the good agreement between the theoretical prediction of the ‘Mie + vdH’
model and the optical response of AgN'W networks embedded in a transparent polymer
matrix over visible wavelengths. The present research aims to generalize the results of
Khanarian et al. by predicting the # values of a AgN'W network in air - its most general
form -, in order to test further the validity of these combined models. Furthermore, we
explore a larger interval of wavelengths, spanning from the early visible to the NIR, such
that the limits of the model can be determined and that the results can be exploited for
many types of applications that are not restricted to the visible spectrum. Finally, we
also study the impact of the average nanowire diameter and of the network’s density,
described in this article through the areal mass density (amd), on the predictions of such
models. Both # and k can be predicted using this model, but only the values of k can be
compared to the experimentally determined ones due to the reasons previously detailed.
Consequently, in order to test the predicted values of #, Fresnel’s equations were used
to calculate the transmittance of the network based on the Mie-determined sets of (1,
k) and compare it to the experimentally measured ones. A schematic summary of our
approach can be found in Fig. 1, highlighting the key steps in our description of the opti-
cal properties of AgN'W networks.

Mie’s theory provides a rigorous solution to Maxwell’s equations for the scattering and
absorption of electromagnetic waves by infinitely long cylindrical particles, to which
nanowires can be reasonably compared. While the pentagonal geometry of AgNWs
may impact local field distributions, the cylindrical approximation remains sufficient to
capture the far-field optical behavior of the networks, as validated by the strong agree-
ment between modeled and measured spectra by Khanarian et al. Specifically, Mie the-
ory enables the computation of the scattering efficiencies of individual AgNWs (thus
assumed as cylinders) as a function of their dimensions Dnyw and Lyw, the wavelength
A, and the RIs of silver. The scattering amplitude under normal incidence S(6 = 0) is

given by [34]:

S(0) =< Sy(0) + S,(0) >= 0.5 x [ao +23 an+bo+2> bn], 3)

n=1 n=1

where a,, and b,, are the Mie coefficients associated with the scattering of light onto
the cylinder and whose expressions can be found in most optical reference books [37],
and Ss, S, correspond to the scattering amplitudes of s and p-polarized incident light,
respectively (more details can be found in Supplementary Information S3). The vdH
mixing model extends the applicability of the Mie’s solution to heterogeneous media,
allowing us to describe the effective refractive index of a composite material comprising
AgNWs embedded in a matrix of air [38]. The model combines the contributions of the
individual nanowires weighted by their volumetric fraction f, and spatial arrangement
(assuming a homogeneous and isotropic distribution of the nanowires), effectively bridg-
ing the microscopic Mie scattering results with macroscopic optical behavior. Based on
that model, the effective composite refractive indices are:
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n ()\) = Naj ()\) 1+ 71)/\ Im[S(O)]
net alir 2 2 D ) )
k ()\) = Naj ()\)77))\ RG[S(O)]
net alr 2 2CD ) b

where ¢ = 0.617 is a dimensionless geometrical factor relating the volume of a nanowire
to its projected area (See Supplementary Information S1 for more details). In summary,
this hybrid approach offers a physically grounded framework for modeling the complex
and heterogeneous nature of AgN'W networks by treating them as an equivalent smooth
thin film system of air in which nanowires are stochastically embedded. With the refrac-
tive indices (1, k) predicted by the Mie+vdH model, we calculate the transmittance Tjes
of the networks using the Fresnel’s and Beer-Lambert’s equations. The former equation
describes the interaction of light with interfaces between materials of differing refractive
indices:

_ A=n)*+ KN

B = o 2oy @)

From there, the well-known identity 7'(A\) = 1 — A(\) — R(\) can be used to deduce the
value of T. We note that the absorbance A is not related to the scattering efficiencies that
appear in Mie’s model but rather strictly quantifies the amount of power absorbed by the
AgNW network given its refractive indices.

3 Results and discussion

The measured optical transmittance and reflectance spectra in the visible and near-
infrared wavelengths [300-2500] nm of AgN'W networks of varying nanowire density
and with different average diameters Dy are shown in Fig. 2 (See S1 of the Supple-
mentary Information for more information on experimental methods). The transmit-
tance and reflectance of the network itself, respectively Thet and Ryet, were extracted
from the AgN'W/glass as follows:

Ther () = Tng(A()A) )
Rnct()\) - R()\) - Rglass(/\) (6)

The transmittance of all samples decreases with increasing wavelength, an observation
already made and explained by Atkinson et al. [39] as the consequence of the combined
effect of (i) the increase of the RIs (both #n and k) of silver itself with increasing wave-
length, leading to a simultaneous increased absorbance and reflectance of the nanow-
ires themselves, and (ii) the average spacing size between the nanowires, which plays an
important role in the transmission of light whose wavelengths are comparable or larger
than the characteristic dimension of said gaps. These effects also explain the depen-
dence of the rate of the transmittance drop as a function of the wavelength, as thicker
diameter NWs tend to have a lower imaginary part of the RI due to lower surface scat-
tering effects, and have higher average spacings than smaller diameter nanowires. From
the curves in Fig. 2, Eq. (1) was used to deduce the imaginary coefficient k spectra of the
networks as a function of the wavelength.
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Fig. 2 Optical transmittance (solid lines) and reflectance (dashed lines) of AGQNW networks under normal inci-
dence with Dxw =a 40 nm, b 60 nm, ¢ 90 nm and d 120 nm. For each average diameter, varying densities,
expressed in areal mass density (amd), were investigated. Note that for a given f 4, the amd explicitly depends on
Dy, such that thicker NWs networks are associated to higher amds, and reciprocally. Due to the low noise as-
sociated with the optical measurements, the error bars (of the order of 1 %) are not visible in the plots

Figure 3 presents the empirically deduced k spectra alongside the predicted values
obtained from the Mie+vdH model for varying nanowire diameters and densities. A
detailed examination reveals a general upward trend of k with increasing wavelength.
Notably, the slope of this trend intensifies with smaller nanowire diameters and higher
densities. This behavior can be attributed to the intrinsic optical properties of silver,
which are well-approximated by Drude’s model [40]. The observed increase in k with
wavelength reflects the dissipative nature of the free electron response in metals. At lon-
ger wavelengths, the interaction of free electrons with the electromagnetic field becomes
more significant due to enhanced low-frequency scattering. This scattering is a result
of the increasing contribution of Ohmic losses, where longer electron oscillation peri-
ods (relative to the plasma frequency of silver, approximately ¢/(328 nm) [41]) amplify
energy dissipation and absorption. Such mechanisms are characteristic of the longer
wavelength ranges explored in this study. The influence of nanowire density on & is also
evident. As density increases, the areal filling fraction (f4) of the network rises, lead-
ing to more pronounced metallic behavior [42]. This manifests as higher k values across
the spectrum. Similarly, variations in nanowire diameter significantly impact k. Thinner
nanowires result in shorter electron mean free paths due to more frequent interactions
between free electrons and the nanowire surfaces. This reduction in mean free path
enhances energy dissipation, further increasing k.

Figure 4 shows the measured and theoretical transmittance curves, alongside the pre-
dicted n values derived using the Mie+vdH model. The gray area corresponds to the
model predictions for a 20% variation in input nanowire density, accounting for the
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Fig. 3 Imaginary part of the refractive index, k, as a function of the wavelength, as determined by Eq. (1) (dashed
lines) and as predicted by the Mie+vdH models (gray areas). The latter were calculated for amd values spanning
the (amdmin — 20%, amdmax + 20%) range for each given D nyy, such as to account for the intrinsic error as-
sociated to the amd measurement. Due to the low noise associated with the optical measurements, the horizontal
error bars (of the order of 1 %) are not visible in the plots

measurement uncertainty on this parameter. A comparison between the theoretical
transmittance of the network (T,¢¢) and experimental data demonstrates fair agreement,
particularly for networks with larger nanowire diameters (Dnw) and at shorter wave-
lengths. This enhanced matching between theory and experiment is attributed to the
greater accuracy of the vdH model at shorter wavelengths relative to the structure size,
addressing a known limitation of this theoretical framework. At large wavelengths, when
A/Dnw > 25 (size parameter a« = (TRyw)/A < 0.06 where Ry is the radius of the
nanowires), deviations are observed between the model and the experimental results.
We attribute this breakdown to the limitations of van de Hulst’s mixing rule, which
assumes independent scattering and relies on the anomalous diffraction approximation
(ADT), both of which lose validity when the size parameter becomes small (« < 0.2), i.e.
when the wavelength of the incident light becomes too large compared to the character-
istic size of the nanostructure [38, 43, 44]. This constitutes a limitation to the models, not
identified before, and which should be explicitly considered when simulating the optical
properties of silver nanowire networks with this theoretical framework. The observed
increase in n with wavelength is distinctly different from the behavior of metallic thin

Page 7 of 12
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Predicted real part of the RI, n, in dashed lines

films, where n < 1 typically rises with wavelength. This divergence underscores the
hybrid nature of the nanowire network, necessitating consideration of its structural
features to fully understand the observed physical trends. A key factor influencing this
behavior is the average gap size between nanowires. As the ratio of the gap size to the
incident wavelength grows, the optical response of the network increasingly resembles
that of air rather than silver. Consequently, for shorter wavelengths, n approaches 1,
the refractive index of air. Conversely, at longer wavelengths, the interaction between
incident light and the network becomes more significant, causing # to deviate from 1
towards smaller values. This interpretation also explains the observed decrease in # with
increasing areal mass density (amd). Denser networks, characterized by smaller gap
sizes, exhibit more metallic-like optical properties, resulting in # values closer to those
of a silver thin film [45]. Additionally, the relationship between nanowire diameter and
gap size provides further insight: as the diameter increases, the average gap size grows
due to the reduced number of nanowires required to achieve the same areal density [39].
Thicker nanowires, associated with larger gaps, exhibit optical behavior closer to air, as
reflected by n values approaching 1 and a slower decline with increasing wavelength.
These results highlight the nuanced interplay between the structural parameters of
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Fig. 5 Comparison between T550, experimentally measured (dashed line) and theoretically predicted (symbols)
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nanowire networks and their refractive index behavior, emphasizing the importance of
both density and nanowire diameter in the shaping of their optical properties.

On a final note, the results obtained in this study for the refractive index can be con-
sidered from the perspective of their application in optical simulations. Figure 5 illus-
trates the excellent agreement between the measured and predicted transmittance at
A = 550 nm (T550), a standard metric for characterizing the optical properties of AgN'W
networks. The relative error across all datapoints remains below 10%, with accuracy
improving as the nanowire diameter increases, consistent with the trends observed in
Fig. 4. This strong correlation validates the use of our results as a reliable tool for the
design of multilayer stacks incorporating AgN'W networks. The ability to accurately pre-
dict the optical properties of these networks enables precise fine-tuning of their behav-
ior, offering significant potential for the design of advanced optical applications.

4 Conclusion

In summary, through the use of a comprehensive theoretical approach, we have pre-
dicted the refractive indices and optical transmittance of AgN'W networks from the
visible to the NIR spectra. By combining Mie’s scattering theory, van de Hulst’s mixing
model and Fresnel’s equations, we achieve a predictive framework validated by experi-
mental data. The model provides theoretical insights into the optical behavior of AgN'W
networks across the visible and NIR spectra, offering practical guidelines for optimiz-
ing these materials for diverse multimaterial applications. Our results also originally
evidence the non-trivial, hybrid optical behavior of AgNW networks, which cannot be
understood solely by looking at the silver response, but rather by having to consider
explicitly the composite nature of the material, which introduces effective medium
effects. We identified clear limitations to the use of these combined models, i.e. that the
criterion A/ D yw should be lower than 25 (size parameter o < 0.06) due to key approxi-
mations of the van de Hulst mixing model. Future work could focus on extending this
methodology to other heterogeneous TCMs including other metallic NW or carbon

Page 9 of 12
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nanotube networks [46], and on exploring the influence of environmental factors such
as oxidation on optical performance. The integration of these models within device-level
simulations, such as those using the Transfer Matrix Method, will further enhance their
utility in designing advanced optoelectronic systems.
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