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Extraordinary optical transmission in
nano-bridged plasmonic arrays mimicking a
stable weakly-connected percolation threshold
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Abstract: Ultrasensitive sensors of various physical properties can be based on percolation
systems, e.g., insulating media filled with nearly touching conducting particles. Such a system
at its percolation threshold featuring the critical particle concentration, changes drastically its
response (electrical conduction, light transmission, etc.) when subjected to an external stimulus.
Due to the critical nature of this threshold, a given state at the threshold is typically very unstable.
However, stability can be restored without significantly sacrificing the structure sensitivity
by forming weak connections between the conducting particles. In this work, we employed
nano-bridged nanosphere lithography to produce such a weakly connected percolation system. It
consists of two coupled quasi-Babinet complementary arrays, one with weakly connected, and
the other with disconnected metallic islands. We demonstrate via experiment and simulation
that the physics of this plasmonic system is non-trivial, and leads to the extraordinary optical
transmission at narrowly defined peaks sensitive to system parameters, with surface plasmons
mediating this process. Thus, our system is a potential candidate for percolation effect based
sensor applications. Promising detection schemes could be based on these effects.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrasensitive detectors of various physical properties often benefit from a highly nonlinear
functional response of the employed detector structures. Such nonlinearities occur in systems with
phase transitions, such as percolation structures [1], formed for example by randomly distributing
conducting particles in a dielectric medium [2—4]. At the critical particle concentration, i.e. the
percolation threshold, a phase transition occurs in the parameter space of such a structure, which
radically changes its response (e.g. electrical conduction). It can be shown that this threshold
represents the critical fixed point of the renormalization group transformation for this system,
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implying an extreme nonlinear response [5]. Thus, this system, tuned by particle concentration to
be very close to the threshold, can serve as a very sensitive detector of various physical properties
such as temperature, pressure, presence of particles or molecules, optical radiation, etc. In fact,
many detector systems indeed employ this strategy [6].

It was also demonstrated that the optical response can be drastically changed at a percolation
threshold [7]. In one theoretical study, it was shown that a planar checkerboard structure, made by
cutting square openings in a metallic film, is a self-Babinet, periodic structure at the percolation
threshold [8]. Its optical, plasmonic response was shown to be highly nonlinear and chaotic.
Similar optical percolation structures were experimentally realized by nanosphere lithography
(NSL), which employs densely packed arrays of polystyrene spheres. Reducing the size of the
spheres without changing their locations allows one to create lithographic templates, which form
a percolation series of structures, ranging from arrays of isolated quasi-triangular particles, to
arrays of circular holes [9]. The percolation threshold structure, in this case, is that with the
circular holes just touching.

Sensor applications of percolation structures, however, remain very difficult to demonstrate.
On one hand, their extreme nonlinearity is beneficial, as it can increase sensitivity. On the other
hand, the critical nature of the threshold leads to notorious device instabilities; slight changes in
design parameters drastically change the device characteristics. A solution to this problem was
proposed and demonstrated in the context of the “impossible to measure” optical response of the
self-Babinet checkerboard structure exactly at the percolation threshold [10]. This mathematically
well-known response was finally measured successfully by changing the structure toward a
slightly disconnected array of square islands, and then by making weak resistive links between
the islands [10]. Briefly, the notion was to move away from the critical threshold point, toward
the weakly connected state of the structure, just outside the threshold. Thus, the stability of the
periodic percolation structures could be restored without significantly sacrificing the structure
sensitivity, by forming weakly-connected island arrays.

Inspired by this discovery, we have developed an efficient, inexpensive method to fabricate such
weakly connected island arrays. Shown schematically in Fig. 1, it is based on a modification of
the aforementioned NSL technique. In its simplest version, NSL utilizes a substrate supporting a
hexagonal closed-packed monolayer of polystyrene spheres (PS), as small as 200 nm in diameter,
and then uses this array as a template (Fig. 1(al)) for material (e.g. metal) deposition [11,12].
Various modifications of NSL have been developed. For example, PS can be annealed above
the glass transition temperature, wherein the resulting PS particles become slightly flattened,
narrowing the inter PS space. Using such structures as templates for metal deposition leads
the deposited pattern to form quasi-triangles, shrinking in size with increasing annealing time
[13,14]. Alternatively, the spheres can be reduced in size by plasma etching, while keeping their
locations fixed [15,16], schematically shown in Fig. 1(a2). Using such structures as templates for
deposition leads to a pattern of circular holes of controllable diameter in the deposited film (after
removal of the spheres).

In recent work [17], we modified this process to induce nano-bridge formation between nearest
neighbor spheres. This was achieved by spin-coating a styrene monomer solution on top of the
NSL template prior to the plasma etching process. This nano-bridged NSL (NBSL), schematically
shown in Fig. 1(b2) [17], was used here to develop the deposition templates. Such a template
after metal deposition but without lift-off produces complementary pairs of structures as shown in
Fig. 1(b3): an array of semi-spherical islands deposited on the PS, weakly interconnected via the
nano-bridges, and an array of isolated metallic islands on the substrate, shadow-complementary
to the island array. As shown below, these complementary structures have a measured plasmonic
response in good agreement with finite difference time domain (FDTD) simulations, where the
presence of the nanobridges strongly narrows the resonance peaks with high sensitivity to system
parameters.
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Fig. 1. Schematic illustrating the fabrication of disconnected (a) and nano-bridged (b)
plasmonic arrays. In both cases a NSL template serves as the starting point (al, bl). Plasma
etching (a2) reduced the size of the individual PS spheres without displacing them. A pre-
treatment with a styrene solution induces the formation of nano-bridges (b2). Metallization
with gold then yields disconnected (a3) and nano-bridged (b3) plasmonic arrays.

2. Methods

2.1. Sample fabrication and characterization

We used monodispersed PS (5% water suspensions, 784 nm diameter, and CV of 1.9% Wuhan
Huge Biotechnology). A hexagonally closed-packed PS monolayer was self-assembled at a
water-air interface and deposited on infrared-transparent CaF, substrates as described previously
[18]. Subsequently, to obtain nano-bridge formation, 5 v% styrene in ethanol was spin-coated
at 4,000 rpm for 30 sec, followed by oxygen plasma etch performed in a CY-P2L-B100 plasma
cleaning system (Zhengzhou CY Scientific Instrument Co., Ltd) at 30 W power [17]. To obtain
non-bridged arrays, the styrene treatment is omitted. However, for subtle etching, the nano-bridge
formation occurs with and without the styrene treatment. The oxygen plasma etching of PS
spheres depends on temperature, pressure and etchant to carrier gas ratio. Here, we used 5
SCCM flow of oxygen as the etchant gas and 2 SCCM Ar as the carrier gas. The total plasma
pressure was 0.5 mbar at ambient temperature and the etching time was varied to control the
final size of the PS particles. Plasma etching for 335 s, 300 s and 265 s was used to reduce
the PS sphere size to 690 nm, 702 nm and 733 nm, respectively. Subsequently, 50 nm Au was
deposited via electron beam evaporation. The morphologies of the samples were characterized
by scanning electron microscopy (Zeiss, Sigma 500). Optical characterization was performed at
room temperature using a Fourier-transform infrared (FTIR) spectrometer in transmission mode
(Vertex 70v, Bruker Corporation). Note, that due to the spectrometer design, a large portion of
the light scattered misses the detector [19], making it difficult to compare quantitatively with
FDTD simulations, which include all scattering effects. We demonstrate below, that this scattered
light can be accounted for phenomenologically, thus improving the agreement with simulations.
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2.2. Simulations

Transmittance spectra were obtained using the finite difference time domain (FDTD) simulation
method on the commercial Microwave Studio software package from CST [20]. Simulations
were performed with appropriate periodic boundary conditions, that approximate a TEM wave
of normal incidence on the plane of the PS spheres. Perfectly matched layers in the z direction
hinder unwanted back reflections in the wave propagation direction. The CaF, substrate and PS
spheres are modeled as dispersionless with refractive indexes n = 1.4 and 1.6 respectively, and
the metal coating layer uses a Lorentz-Drude model for gold [21].

3. Results and discussion

The morphology of the nano-bridged and disconnected plasmonic arrays is shown in the SEM
micrographs displayed in Fig. 2. The pitch of the periodic arrays is determined by the 784
nm diameter of the hexagonally closed-packed PS spheres prior to processing, with an error
of 1.9% due to a small divergence from monodispersity. Nano-bridged plasmonic arrays with
690 nm and 702 nm, etched and metallized, sphere diameters are displayed in Fig. 2(a) and
Fig. 2(b), respectively. Typically, the metallized caps of the individual PS spheres are connected
to their nearest neighbors. The insets show magnified SEM micrographs that were imaged at
45° angle. Here, the details of the nano-bridges are evident: the nano-bridges form seamless
metallized connections between the gold-coated PS sphere caps. Simultaneously, Au is found
on the CaF, substrate between the individual PS spheres and nano-bridges, a consequence of
their shadowing during metallization. Equivalent structures without the nano-bridges but with
the same dimensions, i.e. disconnected plasmonic arrays, are shown in Fig. 2(c) and Fig. 2(d),
respectively. In this case, the Au cap at the apex of each individual PS sphere is disconnected
from all its nearest neighbors and the shadow-deposited gold on the CaF, substrate forms a
periodically perforated gold thin film. Consequently, these structures consist of two plasmon
active, periodic, metallic slabs that are vertically separated by a submicron distance.

First, we consider the nano-bridged case. Here, the bottom array (on the substrate) consists of
the shadow-defined pattern of the spheres and nano-bridges, and yields disconnected islands.
As this array is disconnected, its electrical resistance diverges. The top array is composed of
semi-spherical islands (the caps of the deposited material on each PS), with each island weakly
connected to its nearest neighbor along the coated nano-bridges. The resistance of this top array
is finite, and limited by the size and material properties of the links. Thus, the in-plane resistance
of the two simultaneously measured arrays is determined by the top layer, and the system acts as
a weakly connected array of islands near the percolation threshold, which typically results in a
high sensitive to parameter changes. In the absence of nano-bridges, the bottom slab is an array
of holes in a deposited film and thus conductive. Consequently, it is little affected by parameter
changes. The upper slab consists of an array of disconnected gold caps, thus having diverging
in-plane resistance. In either case, the arrays form proximity-coupled, shadow-complementary
quasi-Babinet structures.

Such vertically coupled Babinet complementary plasmonic arrays have been exploited for
visible light applications such as plasmonic pixels and surface enhanced Raman spectroscopy
studies [22—-27]. Furthermore, the visible optical response of disconnected plasmonic arrays
based on plasma-etched PS spheres metallized with gold were studied, and revealed that it is
possible to tune the wavelength and the locations of the enhanced plasmonic fields within the
nanostructure [28]. A simpler structure was studied recently using FDTD simulations and showed
a remarkable optical response in the infrared [29]. It was shown that this structure exhibits
extraordinary transmission (EOT) [24] at a plasmon resonance and that, due to the underlying
Babinet physics of these coupled arrays, the spectral width of the plasmonic resonances was
reduced, and the higher harmonics suppressed.
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Fig. 2. SEM images of nano-bridged and disconnected plasmonic arrays. The pitch of the
arrays is 784 nm. (a) nano-bridges with 690 nm diameter spheres, (b) nano-bridges with
702 nm diameter spheres, (c) disconnected with 690 nm diameter spheres, (d) disconnected
with 702 nm diameter spheres. The insets show details of the nano-bridges or voids between
the spheres from a 45° perspective.

The spectral response of our disconnected and nano-bridged structures is also controlled by the
Babinet plasmonics, which as will be shown below leads to the surprisingly large long wavelength
transmittance, even though these are highly metalized structures with ~100% projected metal
coverage. The basic physics can be identified even with simple metamaterial arguments. Consider
the simplest model of the Babinet pair of layers, as sketched in the top panel of Fig. 3(a), with an
array of metallic islands (brown rectangles) in the upper layer, and the corresponding aligned
complementary array of holes just below. The in-plane component of the electric field of the
incoming wave, with wavelengths long in comparison to the geometrical structure details, induces
(at an instant of time) a displacement of electron gas in the metallic structures, which results
in the surface charge build-up (red and blue colors). Note the reversed charge polarization on
different layers. Each layer can be viewed as an array of antennas driven by an initial wave, that
re-radiate electromagnetic waves. In the absence of the second layer, the re-radiated wave by
the first array would tend to cancel the initial wave moving forward at large distances, as all
metals do. This would lead to vanishing transmission, and large back reflection. However, in the
presence of the second layer, the wave reradiated by the second array cancels-out the action of
the first layer antenna array, and thus the initial wave can easily penetrate the structure largely
unperturbed. The lower panel in Fig. 3(a) shows a color map of the electric field magnitudes in
our structure, and confirms the charging scheme implied in the upper panel of Fig. 3(a).

The above analysis, which only roughly explains the high transparency of the highly metalized
Babinet bi-layer, can be made more rigorous by employing the effective medium picture of
the Babinet arrays [8]. The effective susceptibility of an island array layer at frequency w
can be written as y(w) = @*%, where A = [[,(w} - @?), B = [[,(w} -w?), and & is a
constant. When negligible metallic losses can be assumed, y(w) is real, and is sketched in the
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Fig. 3. Model of the Babinet pair of layers (a, top panel). A color map of the electric
field magnitudes in our bridged structure at maximum of transmission (a, bottom panel).
The effective medium picture of the Babinet arrays: (b, top panel) shows the electronic
susceptibilities y(w) (thin-solid line), y.(w) (thin-dashed line) and y,(w) (thick-solid
line); (b, bottom panel) shows the simulated 7}, vs w. FDTD for complementary Babinet
pairs following Eq. (1). (c) shows T}, for the bridged (thin-dashed line) and disconnected
(thick-solid line) Babinet pairs. Both curves are for spheres of diameter d =702 nm. The
4 insets show the electric field simulations of the two complementary slabs at 4 spectral
locations on the main plot, identified by the arrows. The color code of the electric field is
the same as in (a).

top panel of Fig. 3(b) as a thin solid line. The corresponding complementary array of holes has
corresponding susceptibility y.(w) = —(ww) 4 (where wy = 2¢/d’, with d’ the film thickness)
displayed as a dashed line in Fig. 3(b). The effective susceptibility of the Babinet pair is simply
Xp(w) = x(w) + x.(w), and this is displayed as a thick sold line in the top panel of Fig. 3(b).
Transmittance through this pair is then given by

I,=1/

2
1+ ( ) xp(w)zl (1)
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A sketch of T}, is shown in the bottom panel of Fig. 3(b). Since ( ) = nz(%) < 1(disthe

w
Wy

combined layer thickness), large maxima of 7,, ~ 1 can occur at conditions leading to vanishing,
or simply small (of order 1) values of |x,(w)|. The existence of a surface plasmon requires
| xp(w)| = 2, and thus satisfies this condition. This confirms, that like in the conventional EOT,
the surface plasmons play a key role in boosting transmittance in our case.

The basic structure of the transmittance sketched in the bottom panel of Fig. 3(b), consisting
of multiple transmittance maxima, valid for both bridged and disconnected Babinet pairs is
reproduced by our FDTD simulations, displayed in the main plot of Fig. 3(c). Moreover, the
electric field simulations of the top and bottom layers (shown in 3 color field distribution panels
around the main plot), fully confirm the main physics discussed above and sketched in Fig. 3(a):
the minima of 7, occur when only the top layer is active (see 2 bottom color panels), and the 7,
maxima require the field canceling activity of both layers (see 2 top color panels).

Figure 4 shows experimental 7}, spectra (versus vacuum wavelength of the incoming wave) for
our disconnected Fig. 4(a) and bridged Fig. 4(b) structures. The corresponding FDTD simulated
results are shown in Fig. 4, for disconnected Fig. 4(c) and bridged Fig. 4(d) structures. Note,
that the two plots in Fig. 3 are identical to those plotted in Fig. 4(c) and Fig. 4(d), except for the
change of the horizontal axis from eV into wavelength.

Even though there is some similarity between the experimental and simulated results regarding
peak width and the main peak locations, there is also a major discrepancy: the simulated
transmittance seems much stronger than the experimental one. This is a measurement artefact.

While simulations collect all transmitted radiation, the FTIR setup misses the stray scattered
light. However, this can be corrected by writing

Ty =Texp 0 2)

where o is the relative scattering cross section. The simplest model formula, which accounts for
the dominant Rayleigh and Mie scattering mechanisms, and which agrees with computations in

Ref. [27] is
A
- 3
T 1B 3

where A and B are parameters of this phenomenological model. For sufficiently large B (or
sufficiently large 1) this formula reduces to o = A/BA*, i.e. the Rayleigh scattering dominates,
and strongly depletes the forward transmitted light of short wavelength components (the blue-sky
effect). In the other limit of large scatterers one expects the Mie scattering to dominate [30],
which is characterized by large forward directionality of the scattered light (larger 7,), and weak
dependency on A. In our model, this occurs for sufficiently small B (or sufficiently small 2),
which leads to o — A, i.e. a simple one parameter scaling. Using Eq. (1), with o given by Eq. (2)
and T,,, from Fig. 4(a) and Fig. 4(b), we obtain Fig. 4(e) and Fig. 4(f), respectively. Optimizing
an agreement with simulations required us to employ our model in the Mie limit when correcting
the structures without nanobridges (B = 0), and in the mixed Rayleigh-Mie limit for the structures
with nanobridges present approximated with (B =0.001 um™*). The values for A are derived
from a least-squares fit. This is fully consistent with the scattering theory, since the Rayleigh
scattering is strongly favored when very small (as compared to 1) scatterers (nanobridges) are
present. The corrected experimental curves, shown in Fig. 4(e) and Fig. 4(f), agree with our
simulations much better. Field animations in Visualization 1, Visualization 2, Visualization 3
(Supplementary Materials online) demonstrate simulated stray scattering induced by modeled
boundaries of our structure. In contrast to the simple phenomenological approach used above,
microscopic simulations of the stray scattering are sample-size dependent, and require models
with broken in-plain periodicity, or defects, which are very computationally expensive.

The observed high sensitivity of the transmission through our bridged structure at fixed
frequency, by taking advantage of the very large slope of 7), (e.g. at 4 = 4 pum) would be very
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Fig. 4. Transmittance spectra for the coupled quasi-complementary plasmonic arrays in the
infra-red wavelengths range. Experimental results for (a) separated and (b) nanobridged
arrays, parametrized with the sphere diameters. Corresponding simulated results are shown
in panels (c) and (d) respectively. (e) and (f) are the corresponding experimental results,
corrected for scattering using Eq. (1) and the phenomenological model Eq. (2). Model
parameters used to obtain (e) are: B=0, and A=5 (d=702nm), A=4.5 (d=690nm).
Model parameters used to obtain (f) are: B=0.001 um™4, and A =0.0013 (d =733 nm),
A=0.0012 (d =702 nm), and A =0.002 (d =690 nm). Vibrational modes of water vapor and
CO, are observed that are caused by slight fluctuations of the atmospheric conditions. The
CO, peaks are positioned at 4.27 um (2343 cm™!) and 4.38 um (2283 em™!) and multiple

peaks of water vapor are located around 6.6 um (1515 cm™1).
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easy to measure, and could lead to inexpensive detectors. Finally, note that the in-plane resistance
of our structure should in principle be also sensitive to similar, slight parameter modifications,
making sensor applications even more facile. Such possibilities will be investigated elsewhere.

4. Conclusions

In this work, we developed a method to inexpensively fabricate a new plasmonic structure which
is stable at its percolation threshold, with potential for sensor applications. Our procedure is a
modified, conventional nanosphere lithography, in which the polystyrene spheres in the array
are connected via nanobridges. By vertical metal deposition of metal (without a lift-off), one
generates coupled, shadow-complementary quasi-Babinet metallic arrays near the percolation
threshold, with nanobridges playing an important role of smoothing-out the criticality. We
show via experiment and simulation that the main plasmonic effect is the EOT highly sensitive
to variations of the system parameters. This effect can be used as a basis for high sensitivity,
inexpensive sensors.
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