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Despite the exciting optical properties metamaterials exhibit, their implementation in technology is being
hampered nowadays by the inherent losses of their metal constituents and the expensive and low-
throughput procedures used. As an alternative, we present a new design of double fishnet metamaterials
that can be easily realized combining two inexpensive and up-scalable techniques: nanosphere
lithography and metallic electrodeposition. A monolayer of polystyrene spheres is used as a template for
the infiltration of two symmetric gold layers separated by an air gap. The effective refractive index of the
metamaterial can be easily tuned by the appropriate choice of the diameter of the spheres and the gap
width between the metallic layers, varying its value from positive to negative. The good agreement
between optical measurements and finite-difference time-domain simulations confirms the success of
our process. Fishnet metamaterials with refractive index going from 1.5 until —1.0 in the near infrared
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Introduction

Metamaterials have attracted a great deal of attention over the
recent years because of the exotic electromagnetic phenomena
that they can present. Their artificially engineered structure
enables the appearance of novel exciting properties not
observed in naturally occurring substances such as negative or
zero index of refraction. Besides the challenging physics
explaining their optical characteristics, negative-index meta-
materials (NIMs)' stand out for their potential application as
super lenses, with an image resolution beyond the diffraction
limit.> This negative refractive index is achieved by engineering
the values of the complex electric permittivity ¢ = ¢’ + i¢” and
magnetic permeability u = y' + iun” in the same spectral region.
Depine et al.* demonstrated that the necessary condition for
such behavior implies that ¢u” + u'¢” < 0. Based on this
requirement, NIMs can be classified into two groups: double-
negative, that present simultaneously ¢ < 0 and ' < 0, and
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range are demonstrated and the key parameters for these architectures provided.

single-negative, where negative refraction is still reachable with
only one of these parameters being negative.

A very stimulating phenomenon is obtained when ¢ and u’
approach values close to zero, leading to the so-called near-zero-
index metamaterials (NZIMs).* The interest in these structures
relies on their intrinsic characteristics of small phase variation
as light propagates and the possibility of tailoring the outgoing
radiation pattern. As a result, an extensive variety of applica-
tions have been proposed, including the energy tunneling
effect,” highly directive radiation® or cloaking.”

Nowadays diverse designs are being studied and developed
for the realization of such properties based on metallic,® all-
dielectric,” semiconductor’® or graphene'® metamaterials.
Among the classic metal-dielectric structures, a widely studied
geometry to achieve unusual refractive index values in the
visible and near-infrared (NIR) ranges is the fishnet design. It
consists of a 2D array of dielectric holes penetrating a multi-
layered structure of metallic and dielectric films. This configu-
ration is known to allow an independent control of the
permittivity and the permeability at a specific wavelength.” In
particular, the electric response is governed by the cutoff
frequency of the hole waveguide whereas the magnetic behavior
is associated with the excitation of the so-called gap surface
plasmon polariton modes in the dielectric cavities.™

Since the first experimental demonstration in 2005,
different experimental and theoretical designs of fishnet NIMs
have been published. While the highest figures of merit (FOM =
|Re (n)/Im (n)|) are found for structures operating around 1.5-
2.5 pm,**** NIMs working at the visible range and its vicinity
have also been successfully studied and fabricated, showing

This journal is © The Royal Society of Chemistry 2019
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FOMs that range from 0.3 to 1.3.>*° The strong metal losses at
these wavelengths have been counteracted by incorporating
active optical media into these structures.””*® Similarly, fishnet
NZIMs can be found operating at both the near-infrared region
and the visible spectrum.'®* The major drawback for the large
area production of metamaterials nowadays is their cost since
the commonly used lithographic techniques based on electron
beam,* laser interferometry*® or focused ion beam® imply
expensive and low-throughput processes. Even when using
nanoimprinting or nanosphere lithography (NSL), most of the
procedures still involve costly top-down deposition equipment
such as electron beam evaporation'® or sputtering.** A prom-
ising alternative is the combination of NSL with electrodeposi-
tion as previously reported.*> However, first attempts to
fabricate the required architecture with such techniques
suffered from lateral misalignment of the holes in the metallic
layers, thereby inhibiting the achievement of a large negative
index.*

In this work, we present a new double-fishnet design based
on such a combination of NSL and electrodeposition, two well-
known scalable and low-cost techniques. We are truly able to
control several experimental parameters such as the diameter of
the spheres and the space between the metallic layers, thus
enabling the effective refractive index tuning from positive to
negative and zero values in the NIR range. We provide the key
parameters controlling the optical response of these meta-
materials achieved by an entirely bottom-up fabrication route.

Results and discussion

The geometry proposed in this work (Fig. 1a) consists of two
gold layers separated by an air gap and symmetrically perfo-
rated by a 2D hexagonal array of polystyrene (PS) spheres on top
of a glass substrate. Numerical simulations were performed to
study the evolution of the effective refractive index n of the
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Fig. 1 (a) Schematic representation of the proposed fishnet meta-
material, where L denotes the lattice parameter, D the diameter of the
spheres and w the gap width separating the metallic layers. Numerical
simulations of the real part of the retrieved effective refractive index
when varying (b) the diameter of the beads and (c) the air gap width
between the gold layers.
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structure when tuning its two main parameters: the diameter
(D) of the beads and the gap width (w) between two 50 nm thick
gold layers for a given lattice parameter (L), i.e., center-to-center
distance, of 480 nm. The real part of n for different sphere
diameters and widths of gap is plotted in Fig. 1b and c,
respectively. As can be observed, by separately tuning one of the
two parameters, the value of the refractive index changes,
moving from positive to negative and redshifting when
decreasing either D or w in the simulated ranges.

In particular, small decreases in w produce large redshifts of
the operating wavelength of the structure, while reductions in D
primarily result in lower values of n. Consequently, the sizes of D
and w act as turning knobs that enable us to achieve meta-
materials featuring positive, zero and negative refractive indices.

The entirely bottom-up fabrication process of the double-
fishnet materials is summarized in Fig. 2. First, a close-
packed monolayer of 480 nm PS beads is self-assembled from
water on a nickel-plated conductive substrate.** Polystyrene
spheres (n = 1.59) are used for the monolayer assembly because
of their low size dispersion and the high quality of the mono-
layer assembly that can be attained. Similar results are also
possible with other polymeric microspheres available (poly-
amide or polyethylene) with a slight blue-shift of the optical
features attributed to the smaller refractive indices of these
materials (see Section 1 of the ESIT). Once on the substrate, the
size of the particles is reduced by oxygen plasma etching while
controlling the time of treatment to obtain non-close-packed
monolayers of different diameters (ESI Fig. S21). The resulting
array is then used as a template for metallic electrodeposition,
where the metal layers grow upwards starting from the
conductive substrate.*>*® Sacrificial nickel layers are deposited
as supports for gold layers and allow posterior removal and
transfer of the structure. In this way, subsequent electrodepo-
sition of nickel, gold, nickel and gold through the PS template
produced two perfectly aligned 50 nm thick gold layers,
symmetrically placed with respect to the equatorial plane of the
PS beads and separated by a variable sacrificial Ni spacer (ESI
Fig. S371). Finally, the structure is immersed in nitric acid
(HNOj3) to dissolve the Ni parts. Once detached from the
substrate, the sample is scooped and transferred to a trans-
parent glass slide.
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Fig. 2 Scheme illustrating the fabrication of double-fishnet meta-
materials by nanosphere lithography and electrodeposition through
the colloidal template. The multilayered structure is obtained by
alternating sacrificial nickel and gold layers. The dissolution of nickel

parts gives rise to two symmetrical gold layers separated by an air gap.
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The double fishnet metamaterial structure obtained after Ni
removal is depicted in Fig. 3a, where one can easily recognize
the two gold layers separated by an air gap surrounding the
particles. The hexagonally well-arranged PS beads are still
present in the sample after the HNO; treatment as shown in
Fig. 3b. This approach enables the fabrication of free-standing
membranes, once detached from the substrate (Fig. 3c), illus-
trating the flexibility and potential adaptability of these double-
fishnet materials to different surfaces and substrates fabricated
over centimeter-size areas (Fig. 3d and e).

In order to ensure the most reliable reproduction of the
optical properties of the structures, optical characterization was
performed throughout each fabrication stage and compared to
the predictions obtained by finite-difference time-domain
(FDTD) simulations as control steps. Measured and simulated
reflectance spectra of three samples with different values of D
were recorded just after the same multilayer deposition
(Fig. 4b-d), which consisted of a first supporting Ni layer, two 50
£ 9 nm thick Au layers and a 70 £+ 8 nm thick Ni spacer placed
on a nickel substrate as depicted in Fig. 4a.

A very good correlation between the experimental and the
numerically simulated curves can be appreciated, confirming
the successful deposition through the colloidal template. The
slight discrepancies between both spectra are justified in
Section 3 of the ESL{ A redshift of the main valley in the
reflectance spectra is observed as D values become larger, being
located at around 660, 870 and 990 nm for D equal to 270, 340
and 410 nm, respectively, which confirms the dependence of the
optical response of the structure on the diameter. Further
insight into this resonance is given in ESI Fig. S5, where the
electromagnetic spatial profiles at the nickel middle plane are
presented for the numerically obtained wavelength of reso-
nance shown in Fig. 4b. There it can be seen that both the
electric and magnetic fields stay confined inside the particles in
the presence of nickel around them. This means that the peri-
odic system confines the radiation at larger wavelengths as D
increases, modifying the optical response as observed.

Following the nickel removal and transfer to glass
substrates, the double-fishnet structures were optically charac-
terized in reflectance and transmission modes. Fig. 5 shows the
extinction spectra (1-R-T, where R denotes the reflection and T

200 nm

Fig. 3 (a) SEM tilted and (b) top views of the hexagonally ordered
double fishnet structure obtained after nickel dissolution. (c) Close up
view of a free-standing metamaterial membrane. Photographs of the
samples (d) on a conductive substrate before nickel dissolution and (e)
on a glass substrate after nickel removal.
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Fig. 4 (a) Scheme of the simulated unit cell, where E denotes the

polarization of the electric field and k the direction of the incident
wave. Measured (solid lines) and simulated (dashed lines) reflectance
spectra of Au—Ni—Au films embedded with etched PS particles of (b)
270 + 20, (c) 340 £+ 10 and (d) 410 + 20 nm diameter.

the transmission) obtained from double fishnet metamaterials
featuring different combinations of D and w, revealing a main
extinction peak that shifts towards the NIR region as a function
of these two parameters. Close inspection of the extinction
spectra enables us to identify the role played by the diameter of
the spheres and the gap width. Fig. 5a and b illustrate how for
a fixed gap width of 25 nm, the resonance blue-shifts from 920
to 890 nm when increasing the diameter of the beads. In
contrast, when keeping D = 300 nm constant, decreasing the
gap from 25 to 15 nm redshifts the features towards 970 nm
(Fig. 5b and c). This trend is also confirmed when keeping the
same gap width of 15 nm but increasing the diameter to
350 nm, which blue-shifts the resonance to 920 nm (Fig. 5c
and d).

Close inspection of the samples by SEM and the simulated
curves pointed out a slight decrease in the particle size as well as
in the space between the gold layers after the immersion in
HNOj;. The broadening of the measured spectra with respect to
the numerical calculations is attributed to some fluctuations of
the parameters D and w over 100 um length scales after Ni
dissolution, which are quantified in the form of error ranges.
Nevertheless, a fairly good agreement between numerical and
experimental results can be observed.

The effective refractive indices corresponding to each meta-
material film were extracted from the simulated transmitted
and reflected electromagnetic fields following previous
reports®”*® and taking into account the bianisotropy of the
structures caused by the presence of the substrate®*° (see ESI
Section 5 for detailst). The real parts of the refractive index
retrieved from the different metamaterials are summarized in
Fig. 5e. The values vary from positive to negative depending on
D and w, both parameters acting as turning knobs for the
optical properties of the metamaterials. In this context, the
sample with the largest diameter (D = 350 nm) exhibits a posi-
tive n over the whole wavelength range of interest despite its

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Experimental (solid lines) and simulated (dashed lines) extinc-
tion spectra of double fishnet samples with (a) D = 200 + 20 nm and w
=254+5nm, (b) D=300 + 20 nmand w =25+ 12 nm, (c) D = 300 +
20nmandw =154+ 8nm, (d) D =350 £ 30 nmand w =15 £+ 11 nm. (e)
Real part of the refractive indices extracted from the numerical
reproduction of the experimental spectra.

small gap thickness of 15 nm. This value of the refractive index
can approach zero for the double fishnet structure with D =
300 nm and w = 25 nm (n = 0.5 at 855 nm), and for the one with
D = 300 nm and w = 15 nm (n = —0.16 around 970 nm).
Negative refractive indices are also within reach for fishnets
with the appropriate structural parameters. The metamaterial
with D =200 nm and gap = 25 nm exhibits a minimum value of
—1.0 at 945 nm, being well below zero over a broad spectral
range of 100 nm width. To illustrate the behavior of light
through this metamaterial, an ideal prism composed of several
layers of the basic structure has been numerically modelled. ESI
Fig. S91 shows how the light front propagates with a negative
refraction angle at A = 945 nm. Two movies showing negative
phase propagation through the beads and negative refraction of
the impinging wave are also provided in the ESLt{ The angle
dependence of the structure has been well studied, revealing
a redshift of the extinction resonance as the angle of incidence
increases (ESI Fig. S10t), in line with previous studies.* This
result suggests that our structure could operate at different
wavelengths depending on the incident angle.

The major effective properties for the sample exhibiting
a negative refractive index of —1.0 are presented in Fig. 6. The

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Retrieved effective parameters of the double fishnet meta-
material with D = 200 nm and w = 25 nm. (a) Refractive index. (b)
Figure of merit of the negative region. (c) Magnetoelectric coupling
parameter. (d) Impedance values for light coming from the air (solid
lines) and from the substrate side (dashed lines). (e) Electric permit-
tivity. (f) Magnetic permeability.

reasonably high imaginary part of the effective index (Fig. 6a)
likely originates from the strong energy dissipation in the gold
layers when light travels through the metamaterial. Conse-
quently, its FOM gets a maximum value of around 0.3. Addi-
tionally, the substrate under the fishnet structure unfavorably
affects both the minimum Re (n) and the FOM when compared
with the free-standing case (Fig. S8 of the ESI{), in agreement
with previous studies.*® The break of symmetry coming from the
substrate is revealed by a non-zero magnetoelectric coupling &
at the region of operation (Fig. 6¢). As a consequence, the
electromagnetic impedance z adopts different values depending
on the direction of propagation of the incoming light. Fig. 6d
shows the real and imaginary parts of z for light coming from
the air (solid curves) and from the substrate side (dashed
curves). The real and imaginary parts of the effective permit-
tivity and permeability are shown in Fig. 6e and f, respectively.
We can observe that whereas ¢’ has a negative value over the
whole plotted range, ¢’ remains positive. We have therefore
realized a single-NIM working in the near-infrared region.
Replacing our structures by a slab possessing these effective
properties, the optical properties shown in Fig. 5a-d have been
successfully reproduced making use of the Fresnel equations
(see Section 8 of the ESIT), which confirms the validity of our
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retrieval. The losses due to the inherent metallic absorption
could be compensated by including a gain optical medium
within the gap,””** making feasible the imaging beyond the
diffraction limit with bottom-up approaches.

In order to understand the correlation between the retrieved
effective properties and the resonance at this region (Fig. 5a),
the electromagnetic spatial distribution for the maximum of
extinction (A = 920 nm) is calculated for the two planes depicted
in Fig. 7a. At the air middle plane in between the gold layers, the
electric field presents a polarization dependent dipole around
the particles (Fig. 7b), in contrast with what was found in the
presence of nickel (ESI Fig. S51). Equivalently, in this case a new
magnetic resonance is found in both x and y directions at the
center position between the PS spheres (Fig. 7c). This structure
behaves as an inductor and capacitor resonator where anti-
symmetric currents are created in the metallic strips along the y
direction between the spheres as illustrated with red arrows in
Fig. 7e. These currents are induced by the propagation at the
air-gold internal interfaces of the so-called gap surface plasmon
polaritons (SPPs), which occur when the two metallic layers are
close enough so their evanescent fields overlap.**** The electric
field pointing at opposite directions generates a magnetic
dipole parallel to the x direction and confined in the dielectric
spacer as can be observed in Fig. 7e.** Consequently, the
magnetic resonance, and therefore the negative index, strongly
depends on the gap width, disappearing for the limiting case
when the metallic separation reaches zero (see Section 9 of the
ESI}). On the other hand, the electric permittivity response of
these structures is dominated by the cutoff wavelength of the
hole waveguide and gives us the transition between positive and
negative values of the real part of the effective permittivity.'®
From an analog point of view, for the studied ranges of values,
when the diameter of the spheres decreases, the fill factor of the
gold layers increases and gives rise to larger negative values of
the permittivity and, consequently, of the refractive index

200 -100 0
y (nm)

100 200 -200 -100 0

y (nm)

100 200

Fig. 7 Electromagnetic field spatial profiles at the 920 nm resonance
for the double fishnet metamaterial exhibiting a refractive index of
—1.0. (a) Unit cell of the simulated system with the mapped planes,
where E denotes the polarization of the electric field and k the
direction of the incoming wave. On the right: electromagnetic spatial
distributions at A = 920 nm for (b and c) the sketched horizontal plane
and (d and e) the vertical plane, where the red arrows represent the
magnitude of the electric field. The white dashed lines are a guide for
the eyes outlining the different surfaces.
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(Fig. 1b). This trend is reversed for smaller diameters, for which
light does not effectively couple to the periodic structure (see
Section 9 of the ESI for further detailst). These are the reasons
why the dielectric gap between the gold layers and the diameter
of the spheres can be considered as the main keys for achieving
a negative index metamaterial.

Conclusions

A new design of double fishnet metamaterials has been fabri-
cated by nanosphere lithography and electrochemical deposi-
tion over centimeter-size surfaces. The obtained structures
exhibited extinction resonances in the NIR that were tunable as
a function of the diameter of the particles and the air gap width
between the metallic layers. The good agreement between the
optical measurements and the simulated spectra throughout
the entire fabrication process attests the good control over the
fishnet structures as well as the reliability of the calculations.
From the latter, the effective optical properties of the structures
were retrieved, demonstrating that we were experimentally able
to tailor the refractive index from positive to negative values.
The minimum achieved corresponded to a single-NIM with n =
—1.0 and FOM = 0.3 around 940 nm, working over a 100 nm
wide spectral band. Electromagnetic field distributions
confirmed that the nature of this behavior is related to the
excitation of a magnetic resonance within the dielectric gap, in
agreement with previous studies. We have therefore developed
an effective route for low-cost and large-scale implementation of
NIR negative index metamaterials.

Experimental
Samples fabrication

Monodisperse polystyrene (PS) beads with a diameter equal to
480 + 7 nm were synthesized by emulsion polymerization
according to a reported procedure.** Close-packed monolayers
of PS spheres were formed by direct assembly at the air-water
interface® and transferred onto nickel-plated gold-coated glass
slides previously cleaned by UV treatment. After a sintering step
of 1 hour at 90 °C to fix the position of the beads, the diameter
was reduced by oxygen plasma using a Plasma Etch PE100. The
working conditions were 10 scem flow of O,, a plasma power of
80 W and a cooling temperature of 15 °C. Etching times of 90,
120 and 150 s were used to form multiple non-close packed
monolayers. After a short rinsing step, the samples were sin-
tered for 15 min at 102 °C to improve adhesion of the beads
onto the substrate before electrodeposition. Subsequently, the
templates were used as working electrodes in a typical three-
electrode cell using a 3 mm thick glassy carbon plate from
Alfa Aesar as the counter electrode and a Ag/AgCl electrode from
Alvatek as the reference electrode. A cyanide-free gold plating
bath purchased from Metalor (ECF60) and nickel plating solu-
tion purchased from Alfa Aesar (bright-finish) were used as
electrolytes. The cell was kept in a water bath set at 25 °C. Nickel
and gold electrodeposition steps were carried out under
potentiostatic mode at constant potentials of —0.9 and —0.7 V,
respectively. The intensity of the faradaic current generated

This journal is © The Royal Society of Chemistry 2019
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from the ion reduction was measured using an Autolab PGSTAT
20 potentiostat (EcoChemie) monitored by the GPES 4.9 soft-
ware. The control of the electrodeposition time allowed us to
finely adjust the thickness of the metallic layers. The dissolu-
tion of the nickel layers was done by immersing the samples
into 10% vol diluted nitric acid (Sigma Aldrich) at room
temperature for 1 hour. Once the free-standing samples were
detached from the initial substrate, they were carefully scooped
on new glass slides.

Samples characterization

SEM images were obtained using a Quanta FEI 200 FEG-ESEM
microscope operating at 10 kV, and secondary and back-
scattered electrons were detected. The errors of the metallic
layers and the particle sizes correspond to the standard devia-
tion of their mean values obtained from the image analysis. The
vis-NIR spectra prior to the nickel dissolution were recorded at
normal incidence using a CRAIC 2020 microspectrophotom-
eter. Reflected light was collected through a 10x objective
working with a 50 x 50 um spatial aperture. The vis-NIR
reflectance and transmission spectra after nickel dissolution
were measured with a Bruker Vertex 70 FTIR spectrophotometer
attached to a Bruker Hyperion optical microscope. A 4x objec-
tive with a spot size of 400 x 400 um was employed. A silver
mirror exhibiting a =96% reflectivity was used as the reference
for every reflectance measurement. The experimental optical
properties shown are an average of several measured points on
each sample.

Numerical simulations

The optical response of the structures was modelled by finite-
difference time-domain methods using Lumerical FDTD-
solutions. The dispersion models of Au and Ni were taken
from Johnson and Christy** and Palik,*® respectively, whereas
the polystyrene spheres and the glass substrate were considered
to have constant indices of npg = 1.59 and ng,, = 1.56. The
errors of the fitted gap widths were obtained from simulations
whose resonance was within the full width at half maximum
(FWHM) of each experimental peak. The effective properties
were extracted applying the homogenization method for biani-
sotropic metamaterials following previous procedures (see ESI
Section 5%).373°
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