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Light Manipulation in Metallic Nanowire Networks with

Functional Connectivity

Henning Galinski, Andrea Fratalocchi, Max Débeli, and Federico Capasso*

Subwavelength engineered materials, or metamaterials,
designed to control the electromagnetic field are highly influ-
enced by microelectronic circuit design, which manifests in the
systematic assembly of well-defined and understood elements
in periodic arrays."!l In this communication, we explore a
different approach, which takes inspiration from random net-
work architectures. Complex networks arising in many dif-
ferent fields such as computer science (internet and the world
wide web), biology (genes regulation, metabolic networks,
food chains, neural networks), power transmission (large scale
electric grids), social interactions (citation patterns) are all
extremely robust and failure tolerant. In the internet!!?l and
other complex networks,[*] the removal of one or more nodes
does not diminish the capability of the system to transmit and
process information. Such robustness originates from the fact
that the response of these systems is typically collective, driven
by the functional connectivity among the network units. It is
quite easy to understand that when the network size becomes
sufficiently large, the overall system becomes extremely stable
and robust.'*l

An intriguing question concerns the possibility of adopting
these ideas as design principles for a new class of network met-
amaterials. At variance with classical metamaterials based on
a geometric pattern design, a network metamaterial lacks unit
cells and encompass randomly connected elements through a
network of links. The response of the material (e.g., the reflec-
tivity or transmissivity) depends on the interactions among
the elements of the network, and is tailored by controlling
its connectivity. In this design approach, the elements of the
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network are not required to possess sophisticated electromag-
netic behavior, because the response of the material is achieved
through the interactions among the network units. Random-
ness has the advantage of being easily realized on large scales
with minimal effort, and the interplay with light waves already
reported a series of fascinating dynamics, ranging from energy
harvesting, to lasing and beyond.'>28] The main question is to
find a process where the connectivity among disordered units
can be tailored and controlled. We here use metallic nanowire
networks fabricated by dealloying, a wet-chemistry tech-
nique.*®37] These systems appear similar to porous materials,
but with the unique difference that the short-range order, i.e.,
the network connectivity, can be here controlled in a determin-
istic fashion.

Dealloying is a reaction-diffusion process, first established
by M. Raney in 1927.38 This method is based on the selec-
tive dissolution of the less noble constituent of an alloy by the
use of an acid or alkaline solution. The selective dissolution
causes a reorganization of the remaining metal matrix, which
is accompanied by the formation of a nanosized open net-
work of pores.[22357373 The size of each pore is in the range
of 5-30 nm, and is scalable via annealing or compositional
changes.3%34401 Due to these features, dealloying is an ideal
process to fabricate random nanowire networks from metallic
thin films. Recent results showed that the dealloying of thin
films is characterized by a linearly propagating diffusion front,
which travels with a constant velocity of a few nanometers per
second.?”! This effect furnishes a precise way to adjust the
thickness of the dealloyed layer by controlling the dealloying/
etching time. As we show below, dealloying for different times
not only changes the thickness but also the connectivity of the
nanowire network. Thus, dealloying allows to easily structure
large areas in a fast and cost-effective fashion.

In our experiments, we deposited an initial 300 nm thick
thin film of PtYAl on an amorphous Si;N,/Si substrate. The
less noble Al in the Pt-alloy thin film is subsequently removed
by immersing the coated substrates in a 4 M aqueous solution
of NaOH. Networks with different connectivity are achieved by
changing the etching time between 1 and 60 s. Figure 1a shows
2D reconstructions of dealloyed Pts5Y,4Al,; nanowire net-
works with different degrees of connectivity, based on focused
ion beam (FIB) assisted scanning electron microscopy (SEM)
images as discussed in the Supporting Information online
text. The selective dissolution of the Al in the thin film caused
the formation of a percolating open-porous nanostructure
with 1500 connected nanowires per um for a given cross-sec-
tion in an open porous network. The nanowires have a mean
branch length of 50 + 10 nm and a mean branch diameter (b)
of 20 £ 5 nm. The mean pore intercept length of the porous
network (L), i.e., the average distance between two metal/pore
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Figure 1. Nanostructure and controlled engineering of network metamaterials with different degrees of connectivity. a) Illustration of different degrees
of connectivity ¢ reached by dealloying Pt-Y-Al thin-films for different times t. The depicted network architectures are based on focused ion beam (FIB)
assisted scanning electron microscopy images. b) Schematic cross-sectional view of a dealloyed nanostructure illustrating selected geometric param-
eters, such as the pore intercept length L and the branch diameter b. The mean branch diameter is 20 = 5 nm and the mean pore intercept length is
35+ 5 nm. The open porous network is formed by dissolving the less noble element (Al) in the alloy. c) Experimental near-normal incidence reflectance
spectra as function of the dealloying time and thickness of the disordered layer, respectively. The minima of the reflectance spectra are indicated by black
arrows. d) The position of the dissolution front is plotted as function of the etching time t4. The dissolution front (grey arrow) travels with a constant
speed of 15 £ 6 nm s7'. The error bars in t4 reflect the uncertainties in measuring the etching time.

interfaces in a given direction (Figure 1Db), is calculated to be
35 + 5 nm. As a result, the characteristic mean nanowire diam-
eter and the mean pore intercept-length of the dealloyed thin
film do not exceed 0.2 for the visible spectrum. It is to expect that
the optical properties of this random network of subwavelength
structures scale with the moments of the size distribution of its
constituting elements, namely the nanowire length and mean
branch diameter, the mean pore intercept length and their
connectivity.

In order to determine the mean connectivity (c), defined as
the average number of contacts of a nanowire per unit area, of
the dealloyed thin films, FIB cross-section images of different
dealloying states have been analyzed (see the Supporting Infor-
mation online text for detailed information). The mean connec-
tivity changes from (c)e[1.52,2.59] with increasing thickness
de[10-270 nm)] of the dealloyed layer, as shown in Figure la.
The change in connectivity can be interpreted as result of a
continuous transition of the porous network, beginning with
a channel-like 2D porosity with few interconnections at small
etching times and ending with a fully percolating 3D porous
network.

We employed Rutherford backscattering spectroscopy (RBS)
to measure the thickness and composition of the dealloyed layer
with high accuracy. RBS is an ideal technique for elemental
depth profiling in thin films as it is nondestructive and highly
quantitative.?>#l In our study, RBS measurements are essential
to quantify the controllability of the connectivity in the fabri-
cated Pt-Y-Al thin film. Details on the RBS technique are found
in the Supporting Information online text. The position of the
dissolution front X(#) is calculated with respect to the initial
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film thickness hg and the thickness h(ty) of the remaining dense
Pt-Y-Al layer for a given etching time t;, and reads X(t) = hg-h(ty).
The velocity of the dissolution front X(t), obtained by plotting
the dissolution front position X(t) as function of the dealloying
time t, (see Figure 1d), is constant at 15 + 6 nm s7%. The thick-
ness of the nanowire network including its connectivity can be
therefore controlled with high precision, smaller than 0.07A for
a wavelength A > 200 nm, assuming a minimal etching time of
1's, which corresponds to a minimal increment of the dealloyed
layer of 15 nm.

In order to measure the electromagnetic response of the sam-
ples, we measured the near-normal incidence reflectivity spec-
trum of an ensemble of samples, reporting the results of a set
of samples dealloyed for different times in Figure 1c. A second
set of reflectivity spectra is given in the Supporting Informa-
tion online text, in conjunction with a data set with increased
yttrium content, illustrating the effect of compositional changes
as additional tuning parameter. By comparing the spectra
obtained from samples with the same thickness d, we did not
observe significant variations of the spectra, showing that the
randomness of one sample is already averaging the electromag-
netic response of the system. Figure 1c and the corresponding
simulation in Figure 2a show a rich dynamical scenario as the
dealloying time t, is varied. The as-deposited dense Pt-Y-Al film
behaves as a broadband reflector, as expected from a continuous
metal film. During dealloying, conversely, the response of the
material changes abruptly and an absorbing state clearly mani-
fests in the spectrum. Quite remarkably, such state is formed in
an ultrathin layer (=10 nm) and its wavelength can be precisely
adjusted in the broadband range 200-400 nm. For a thickness
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Figure 2. Near-normal incidence reflectance and FDTD simulations. a) Normal-incidence reflectance spectra obtained from the 2D-FDTD simulations
as function of the thickness d of the disordered layer, respectively. The minima of the reflectance spectra are indicated by red arrows. b) Comparison of
the experimental and simulated change in minimal reflectance as function of the thickness d of the disordered layer as obtained from the experiment.
Panels (c—f) show the time-dependent electromagnetic energy density ¢ (x,z)== (¢ E2 + uH?) (pseudocolor plot), with E, H the electric and magnetic
field, respectively, and the field lines (solid arrows) of the electric field E in a nétwork material characterized by a disordered metallic network with a
thickness of d = 20 nm. Each panel shows the system response to a monochromatic excitation at different wavelengths: ¢) 2 =450 nm, d) A =350 nm,
and e) A =250 nm. Panel (f) provides a zoomed view of the red dotted area of panel (c), where we also illustrated the regions of positive and nega-
tive charges with symbols @ and ©. The simulated reflectivity spectrum of the sample, as well as the corresponding positions of the monochromatic
excitations, are reported in panel (g). The blue dots represent the reflectivity values calculated by the FDTD simulations corresponding to the excitation

wavelength (450, 350, 250 nm).

of d =70 nm and tq = 4 s the reflectivity minimum drops to
0.006 and a perfect absorbing state is created.

Wavelength control is achieved by changing the dealloying
time, which systematically redshifts the reflectance minimum
when the thickness of the dealloyed layer d increases. This
effect is reminiscent of spherical nanospheres,*? in which
the resonance quadratically redshifts as a function of their
characteristic radius. For dealloyed layers with thicknesses
approaching 100 nm, we observe a second absorbing state that
manifests around 200 nm (Figure 1c, Figure 2a), making the
dynamics even more counterintuitive.

In order to interpret these results, we first realized a
series of 2D, massively parallel finite-difference time-
domain (FDTD) simulations, where we built a model of
metallic networks that matches the average randomness and
connectivity of our system. In our simulations we do not
employ any fitting parameter. We employed 2D simulations
in order to reproduce the average disorder of our samples
through scanning electron microscope images from FIB pol-
ished cross-sections (Figure 2c). Our model is characterized
by a percolation network with isotropic Gaussian correlation
function,*3 which fits our fabricated samples as measured
from SEM images. More details on the FDTD simulations
can be found in the Supporting Information online text.
Figure 2a reports the normal incidence reflectance spectra
calculated from FDTD simulations. The numerically com-
puted spectra show a good agreement with the experi-
ments, illustrating the tunable absorbing state observed in
our experiments and its systematic redshift for increasing
thickness d of the dealloyed layer along with the appearance
of a second reflectance minimum. The quantitative predic-
tion of our FDTD models agrees well with the experimental
values (Figure 2b). This is a very important result, especially
considering that our model reproduces the disorder of the
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sample on average, while furnishing realizations that might
differ from point-to-point in the sample (see the Supporting
Information, Figure 3a,b). This indicates that the meas-
ured reflectivity spectra are stable and repeatable, while not
relying on the specific realization of disorder—which differs
from sample to sample and is never repeated—but only on
its average properties.

We investigated the physical reasons behind these effects by
first analyzing the resonant state. To this extent, we considered
a sample characterized by d = 20 nm, and calculated the energy
distribution (Figure 2c—e pseudo color plot) and the electric
field force lines (Figure 2c—e solid arrows) corresponding to
the material response when illuminated by a monochromatic
source at wavelengths, which cover different parts of the reflec-
tivity spectrum (Figure 2g). Far from the reflectivity minimum,
when the monochromatic source is set at A = 450 nm, the
response of the system is characterized by an almost constant
electromagnetic field that does not exhibit any modulation of
intensity (Figure 2c,d). The situation abruptly changes when
the input wavelength moves near the reflectivity minimum at
A =250 nm (Figure 2e,f). In this situation we observe the gen-
eration of a complex pattern of localized hot spots, with each
hot spot resembling a dipole-like resonance characterized by
opposite charge concentrations (see Figure 2e and the zoomed
portion in Figure 2f).

The localization of energy generated in the single hot-spot
in Figure 2f shows a remarkable similarity with subwavelength
light confinement observed in metallic nanoparticles. These
systems, thanks to a size much smaller than the skin depth,*2
are able to localize the energy into very narrow energy spots.
This fundamental property might enable a number of applica-
tions in nanoplasmonics, ranging from ultrafast control of light,
to nanolasing, single molecule imaging, energy harvesting
and beyond.*>*4] Our dealloyed networks do not encompass
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nanoparticles and is conversely based on a percolating metallic
thin film. However, the complex nanowire network created
during the dealloying process imposes a characteristic length
scale that suppresses the diffusion of surface plasmon (SP)
waves,*l localizing energy in a quasi-static configuration of
dipole-like charges.

Figure 2e shows that different dipole-like states mold the
flow of electromagnetic energy, concentrating the electric
field lines in random positions that follow the geometric con-
nectivity of the metal (Figure 2e). The distribution of dipole-
like charges observed in Figure 2c—f does not manifest long-
range order and forms a structurally disordered network of
hot energy spots localized at the nanoscale. The complexity
of such system cannot be analyzed by effective index param-
eters or classical mixing rules,”) as any homogenization
approach would average out the hot-spots. These are essential
for the formation of absorbing states in the system response,
as illustrated by our FDTD simulations in Figure 2c—f. We
therefore provide an alternative approach, which combines
ideas from graphs and time-dependent coupled mode

www.advancedsciencenews.com

theory (TDCMT).*1 The TDCMT is a simple and powerful
approachl'® that decomposes the solution of Maxwell equa-
tions into a series of resonances. The description of this
approach is detailed in ref. [50]. A detailed description of this
approach is provided in the Supporting Information online
text, while we here summarize the main findings. Figure 3a
provides a pictorial representation of the random network
of dipole-like states originated when light interacts with our
structure. With reference to our material, we can intuitively
represent resonant states by standing wave patterns that origi-
nate from dipole-like resonances existing at different frequen-
cies. In the network, the distribution of resonances is repre-
sented as a distribution of nodes, with each node being a
dipole-like resonance, and a random series of links, with each
link representing a dipole—dipole coupling between two dif-
ferent dipole resonances (Figure 3a). The distribution of links
identifies the functional connectivity, which determines the
global response of the material. In our system, the connectivity
is characterized by two different aspects: (i) in the number of
links departing from each resonance, and (ii) in the strength of
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Figure 3. Different phases of a network material controlled by changing the connectivity of the dipole-like network. a) Schematic representation of
the dipole-like network as a random network of electromagnetic dipole-like resonances, connected by random coupling links. Panels (b-d) report the
experimental measured (solid blue line) and theoretically calculated (dashed red line) reflectivity spectra of fabricated samples for different dealloying
times and nanowire thickness d. Panels (e-g) show the corresponding density of states p(®,) used in the TDCMT calculations. Theoretical calculations

are performed by using Equation (1) with N = 1000 resonances.
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each link. The number of connections per resonance describes
the topology of the dipole-like network, and depends on the
geometric connectivity of the nanowires, which can enable or
disable connectivities according to the spatial distribution of
nanowires. The strength of each link, conversely, measures the
amplitude of the coupling between two dipole-like resonances
and depends on the spatial overlap between the corresponding
electromagnetic fields. In order to differentiate this contribu-
tion from the former, we refer to this as “electromagnetic” dis-
order, i.e., disorder that arises from random electromagnetic
overlaps in space. The material's response is characterized by
the number of connections found in each resonance and the
corresponding electromagnetic disorder. Within this represen-
tation, the reflectivity R(w) of the material is found to be (Sup-
porting Information online text)

z(rm—a

~ (T, +0t,)

Y +(o-w,)
Y +(w-w,)

1)

where o,, T, and o, are the oscillation frequency, outcou-
pling, and absorption loss, respectively, of the n = 1,...,N spec-
tral eigenstates of the random network. The latter describe the
dynamics of the dipole-like in terms of a new set of noninter-
acting modes. Details on the expressions of the various terms
,, T',,, and o, appearing in Equation (1), as well as the calcula-
tion of the modes of the network, are found in the Supporting
Information online text. Theoretical analysis shows that the
dipole-like network possesses two different phases, which can
be triggered by a variation in the network connectivity (see
the Supporting Information). In the regime of strong connec-
tivity, the features of electromagnetic disorder are completely
smeared out and the system response is that of a broad-band
metallic reflector (see Supporting Information, Figure S5a).
Conversely, when the network connectivity is reduced to =2,
the features of electromagnetic disorder emerge, triggering
the formation of absorbing states in the system response (see
Supporting Information, Figure S5b). As shown in the Sup-
porting Information, each absorbing state originates from a
scale of electromagnetic disorder, which creates macroscopi-
cally dominant states in the resonance spectrum, inducing a
destructive interference effect and the formation of a reflec-
tivity minimum.

We validate our theory against experimental results
by analyzing the experimental spectra of Figure 2a with
Equation (1). As a standard approach in the TDCMT, we used
the distribution of resonance function p(®,) as a fitting param-
eter. Figure 3b-d reports the calculated TDCMT/(dashed red
line) and experimentally measured (solid blue line) reflectivity
spectra, while Figure 3e—g shows the corresponding density
of states used in the theoretical calculations. In the undeal-
loyed case (Figure 3b,e), the dense metallic film shows a high
reflecting response, which is very well represented by our
TDCMT approach by a network of fully connected resonances
with a flat density of states (Figure 3e). This originates from
the fact that in a metallic structure with no pore structures,
surface electric charges are free to move in every direction and
show the maximum connectivity possible. The small peak at
wavelength of 850 nm in Figure 3b is assigned to interband
transitions due to the presence of Al in the film, a well-known
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feature of aluminum.P! In the presence of metallic nanowires
(Figure 3c,d), conversely, the network connectivity becomes
reduced, triggering the generation of a different material
response. We calculated the mean nanowire connectivity by
counting the number of touching nanowires per junction from
the SEM images of the samples (see the Supporting Informa-
tion online text). For de[10 nm, 270 nm], we obtained a mean
connectivity in the range €[1.5, 2.6]. In such a reduced con-
nectivity regime, and in good agreement with our theory, the
material shows the formation of macroscopically dominant
states in the resonance spectrum (Figure 3c,d,f,g). In the case
of d = 31 nm, we observe the clear appearance of a single mac-
roscopically dominant state (Figure 3f), which originates an
electromagnetic absorbing state at =230 nm (Figure 3c). For a
larger nanowire network, randomness grows stronger and for
d = 94 nm we observe the emergence of a secondary scale of
disorder (Figure 3d,g), which induces the formation of a second
absorbing state lying in the ultraviolet (Figure 3d).

We have derived and experimentally confirmed a general-
ized approach to design and fabricate a new class of network
metamaterials. These structures do not rely on the concept
of identical building blocks. Similar to complex systems, our
materials are based on the connectivity among a large number
of fully heterogeneous units, which are arranged in random
networks. Despite the lack of both symmetry and long-range
order, these systems possess complex light-matter interac-
tions, which we here observed in the formation of controllable
absorbing states, tunable in a large optical window and origi-
nating in ultrathin material regions. We demonstrate that the
absorbing states result from random hot spots in the metallic
network. This form of light localization goes beyond the clas-
sical limit of effective parameters, which are usually employed
to characterize metamaterials. A combination of analytical and
numerical techniques explained these dynamics by introducing
the concept of a dipole-like network, which characterizes the
distribution of charges at the metal-dielectric interface of the
complex metastructure. The functional connectivity of different
dipole-like resonances leads to different phases in the material
response, which can be continuously adjusted from a reflector
to a perfect absorber.

The random nanowire networks introduced in this work
open up new possibilities, both in metamaterial research and
in material science. One of the most challenging issues that
hampers the large scale exploitation of metamaterials, at optical
wavelengths, lies in the fabrication of the samples. According
to the recent review,”! none of the existing techniques would
allow the production of identical 3D nanostructures beyond
the gram level. The nanowire networks used in this work are
fabricated by simple wet-chemistry and are not constrained
with respect to their active area. In addition, our Pt-Y-Al films
can sustain very high temperatures,?% making them a quite
promising candidate for high temperature applications in
energy harvesting, such as thermovoltaics. These applications
are naturally enabled by the presence of an absorbing state.[?!
By engineering random metallic networks with repeatable
techniques, such as the one illustrated in this work, we can
generate highly absorbing states on demand, irrespective on
the microscopic details of the sample but relying only on its
average connectivity.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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