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We experimentally demonstrate a low-loss multilayered metamaterial exhibiting a double-negative
refractive index in the visible spectral range. To this end, we exploit a second-order magnetic resonance of
the so-called fishnet structure. The low-loss nature of the employed magnetic resonance, together with the
effect of the interacting adjacent layers, results in a figure of merit as high as 3.34. A wide spectral range of
negative index is achieved, covering the wavelength region between 620 and 806 nm with only two

different designs.
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Optical media with a negative index of refraction are
theoretically allowed by Maxwell’s laws of electromagne-
tism [1]. Although not found in natural materials, a nega-
tive refraction index has been successfully achieved using
artificial nanostructured materials termed metamaterials
[2]. The interest in negative index media (NIM) lies in
the importance of their exceptional properties, such as the
possibility of superlensing or light storing [3.4].
Metamaterials exhibiting a negative index of refraction
have been experimentally demonstrated in several ranges
of the electromagnetic spectrum [2,5]. However, it is in the
visible regime where we can take full advantage of NIM
properties. For instance, the superior imaging ability of
NIMs would be essential for visible microscopy, with
applications in microelectronics, bio- and nanotechnology.

The desired features for a NIM are low loss and isotropy.
This last property includes by itself some other features
such as polarization independence and negative-index be-
havior in the three spatial directions. The strict condition to
obtain a negative real part of the refractive index n = n’ +
in" is g"u’ + p'e' <0 [6], where the permittivity and
permeability are ¢ = &’ + ie” and u = u' + iu”, respec-
tively. Therefore, a NIM having negative &’ and u/, called
double-negative NIM, is required if low losses are de-
manded. Up to now, only in a few experiments have
negative index metamaterials been demonstrated in
the visible spectrum, and none of the above features have
been attained [7-9]. Although a large part of the visible
spectrum has been covered by the nanofabricated NIMs
(wavelengths from 580 to 780 nm), the current challenge is
to improve the above-mentioned aspect in order to make
these metamaterials suitable for practical applications.

In this work, we have fabricated multilayer NIMs that
exhibit double-negative behavior at visible wavelengths
while presenting low-loss and polarization independent
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optical properties at normal incidence. This has been
achieved by exploiting the properties of a second-order
magnetic resonance of the so-called fishnet structure, in
contrast to previous works that used first-order magnetic
resonances, both related to gap surface plasmon polariton
(SPP) Bloch modes. Moreover, the fabricated metamaterial
is the first experimental NIM in the visible regime made up
of several unit cells along the propagation direction, an
important step towards bulk NIMs in this band.

The recent experimental demonstrations of NIMs in the
visible range are based on different variations of the
so-called fishnet metamaterial [7-9] (see Fig. 1), which
consists of 2N + 1 alternating metal (m) and dielectric (d)

FIG. 1 (color online). (a) Schematic of a fishnet metamaterial
made up of three unit cells in the propagation direction. The
overall number of layers is 7 (4 metal layers and 3 dielectric
layers). (b) Top-view SEM image of the fabricated 3-unit-cell
fishnet structure 3 (see Table I). (c) Detail of image in (b).
(d) Detail of the fabricated 3-unit-cell fishnet structure 4.
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stacked hole arrays resulting in N metamaterial unit cells in
the propagation direction (N = 1 corresponds to m-d-m,
N = 2to m-d-m-d-m, . ..). This structure can be described
by an effective permittivity governed by the cutoff fre-
quency of the waveguide mode supported by the holes
despite wavelength-scale nanostructuring [10,11]. The
negative index of this structure arises from the combination
of this effective negative permittivity with the permeability
resonance resulting from the excitation of a gap SPP in the
metal-dielectric-metal multilayer [ 10—12]. Since the multi-
layered structure is periodically patterned and forms a
plasmonic crystal, its SPP Bloch modes can be excited at
certain frequencies when diffraction of light on the peri-
odic structure contributes towards matching the wave vec-
tors of SPP and photons [13-15].

In all recent experimental realizations, the fishnet nega-
tive index is a consequence of the excitation of the first-
order SPP Bloch mode along the I'-X direction of the
Brillouin zone of the square lattice crystal. The main draw-
back of this approach is the high loss due to the weak
nature of this resonance in the employed configurations.
For instance, in experiments [7-9], the maximum figure of
merit (FOM), which is a standard loss measure defined as
FOM = |n'/n"|, is 0.5, 0.7, and 0.3, respectively, implying
large absorption losses. Theoretical analysis reveals that
the use of SPP Bloch modes in the I'-M direction of the
Brillouin zone (the so-called second order magnetic reso-
nance) makes attainable a strong permeability resonance
with an associated negative permeability within the nega-
tive permittivity region [16]. In the overlapping band, the
structure exhibits a double-negative refractive index with
low loss. One of the fundamental advantages of this struc-
ture is that the square lattice structure leads to polarization
insensitive optical properties at normal incidence.
Although there are ways to improve the loss aspect in
fishnet structures based on the first-order SPP resonance
[17], it has been shown that, for a polarization independent
configuration, the FOM associated with the second-order
resonance is noticeably higher than that of the first-order
one. Thus, the use of the second-order resonance is more
adequate if our goal is to achieve low-loss and polarization
independence simultaneously. It is worth mentioning that
polarization independence has not been attained in pre-
vious experiments, either due to the geometry of the em-
ployed structures (based on nonsquare holes or lattices) or
to fabrication limitations.

Another issue is the transition from two-dimensional to
bulk metamaterial behavior in this geometry. It is known
that the constitutive parameters of the fishnet metamaterial
change with an increasing number of functional layers,
until they stabilize for a certain N [16,18]. Moreover, the
addition of more layers in this metamaterial also enhances
the FOM [16,18,19]. Thus, the fabrication of a multiple-
functional-layer fishnet metamaterial is highly desirable.
Given the previous considerations, we designed several

seven-layer (N = 3) fishnet structures with the second
order magnetic resonance in the visible spectral range.
Structures with a single functional layer were investigated
for comparison (see Table I). It is worth stressing that only
single-layer fishnet structures with negative index in the
visible spectrum had been fabricated until now.

The designed structures with several sets of parameters
(Table I) were fabricated as follows. Soda lime glass
(refractive index of 1.51) was used as a bulk substrate.
Silver layers of thickness ¢ were deposited by e-beam
evaporation at 2.5 A - s~!. Spin-on resist FOX-12 (pro-
vided by Dow Corning) based on hydrogen silsesquioxane
(HSQ) was used as the interlayer dielectric. The resist was
diluted in methyl isobutyl ketone in a ratio of 1:6 and
spinned at 6000 rpm with an acceleration of 3000 rpm -
s~1. It was annealed after deposition to remove solvents
and densify the film. The resulting refractive index of the
dielectric layers (thickness s) in the considered spectral
range was 1.41. An additional HSQ layer of the same
thickness was deposited on top of the outer silver layer to
avoid environmental effects. Thus, the one- and three-unit-
cell structures were made up of four and eight layers,
respectively. To create the periodic pattern of square holes,
focused ion-beam milling was used due to its ability to
achieve high aspect ratio geometries. Geometrical patterns
were designed on a pixel-by-pixel basis, with each point
represented by its spatial coordinate (specifying ion-beam
position) and an associated dwell time controlling the
milling duration. Initially, depth calibration was performed
using atomic force microscope characterization of struc-
tures fabricated with a range of milling times. Lateral
dimensions were adjusted using scanning electron micro-
scope (SEM) data to ensure ion-beam tail effects were
incorporated in the final designs. The ion current used for
all fabrication was maintained at a maximum of 10 pA,
ensuring the smallest focused spot size, at an accelerating
voltage of 30 kV. Top-view SEM images of some of the
fabricated structures are shown in Fig. 1.

Experimental and simulated spectra of the fabricated
metamaterials are presented in Fig. 2. Numerical modeling
was performed with CST Microwave Studio. In the simu-
lations, silver was characterized by a Drude-Lorentz model
including a term accounting for interband transitions [20].
The adjustable parameters « (chosen such that the collision
frequency y,. = 8.5 X 10'3 s7!) and B were set to match
experimental data. Note that, due to the interband
transitions term, the losses ascribed to Ag are somewhat

TABLE I. Geometrical parameters of the fabricated structures.

Structure N Ag layers HSQ layers ¢ (nm) s (nm) /4 (nm) a (nm)

1 12 2 35 30 250 400
2 12 2 35 30 220 365
3 34 4 35 15 250 400
4 34 4 35 15 220 350
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FIG. 2 (color online). Normal incidence zero-order measured
and simulated transmission spectra of different fabricated meta-
materials: (a) structure 1 (see Table I), (b) structure 2,
(c) structure 3, and (d) structure 4. Polarization of the incident
light with respect to the crystal lattice is shown in Fig. 1.

higher than in previous works. The optical transmission
spectra were measured using a fiber-coupled spectrometer
with a liquid-nitrogen-cooled CCD and W-halogen white-
light source. The normal incidence transmission spectra
are the same (within fabrication tolerances) for the two
orthogonal polarizations of the incident light along the
main axes of the crystal lattice, which confirms the polar-
ization independence at normal incidence. A good agree-
ment between the simulations and the measurements is
observed, verifying the reliability of the numerical results,
from which the effective metamaterial parameters can be
extracted. Discrepancies at short wavelengths below
Wood’s anomaly (dips around 600 nm) are due to the
fact that only zero-order transmission is captured in
the measurements, while total transmission is calculated
in the simulations, including high-order diffraction beams.
A generalized version of the retrieval algorithm described
in [21] was used to account for the bianisotropy introduced
by the substrate and top HSQ layer. The retrieved parame-
ters of the fabricated structures with N = 3 are shown in
Fig. 3, where we also depict the retrieved parameters for
the free-standing case to allow for comparison with
previous works where bianisotropy was not considered
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FIG. 3 (color online). FOM and real (solid) and imaginary
(dashed) parts of the fabricated structures effective parameters
with [(a) structure 3 and (b) structure 4] and without
[(c) structure 3 and (d) structure 4] the substrate and top HSQ
layer. £ = & + i£" is the bianisotropy parameter.

(note that the fabricated structures were optimized for the
free-standing case). Results are very similar in both cases.
The main features of all the fabricated metamaterials are
summarized in Table II together with the data for the other
experimentally made metamaterials for the free-standing
case. As can be seen, a high FOM with a maximum value
of 1.9 is observed in the 1-functional-layer structures. The
spectral ranges covered by the NIM region in these meta-
materials span 656-712 nm (structure 1) and 620-672 nm
(structure 2). A further improvement of the figure of merit
is achieved with the 3-functional-layer structure, reaching
values as high as 3.34. In this case, the NIM spectral ranges
are 693-806 (structure 3) and 620-713 nm (structure 4). A
minimum negative index of —1.3 is achieved (structure 3),
with a FOM = 2.73 at the wavelength at whichn = —1. It
is worth mentioning that the ratio of the free space wave-
length to the size of the unit cell along the propagation
direction goes from 12.4 to 15.6. It has been shown that the
zeroth-order Bloch mode dominates propagation inside a
fishnet structure so that it can be considered as homoge-
neous [22]. An indicator of this property is the convergence
of the refractive index with increasing N, which has been
verified for the fishnet configuration used here at N ~ 8
[16]. Nevertheless, the optical properties of the fabricated

TABLE II. Main features of fabricated metamaterials in comparison with previous experiments. The numbers in parenthesis in
column 1 refer to the corresponding structure in Table I. The polarization independence column refers only to the case of normal
incidence.

Reference N min (n') max (FOM) n < 0 bands Polarization independent Double negative
[7] 1 —0.6 (780 nm) 0.5 (780 nm) ~750-800 nm No No

[8] 1 —1 (776 nm) 0.7 (772 nm) 753-810 nm No No

[9] 1 —0.25 (580 nm) 0.3 (580 nm) 567-602 nm No No

This work (1) 1 —0.68 (690 nm) 1.9 (678 nm) 656-712 nm Yes Yes

This work (2) 1 —0.66 (650 nm) 1.75 (642 nm) 620-672 nm Yes Yes

This work (3) 3 —1.3 (752 nm) 3.34 (734 nm) 694-806 nm Yes Yes

This work (4) 3 —1.13 (670 nm) 3.19 (655 nm) 620-713 nm Yes Yes
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FIG. 4 (color online). Simulated and measured transmission of
structure 1 as a function of transverse wave vector and photon
energy. The incident light is p polarized with respect the plane of
incidence. The response is similar for s polarized light (not
shown).

structures have been optimized for their specific number of
unit cells.

The angular dependence of the optical properties of the
fabricated metamaterials has also been studied. The trans-
mission dispersion measurements were performed in the
angular range of 0°-30°, showing a very good agreement
between simulations and experiment (Fig. 4). The main
physical phenomena involved in the creation of the double-
negative band can be observed in the dispersion plot. On
one side, the wide transmission band around 1.86 eV
(667 nm) can be identified with the localized resonance
occurring at the cutoff frequency of the waveguide mode
supported by the holes (see also Fig. 2). This mode controls
the effective permittivity of the metamaterial [11]. On the
other side, the forbidden band observed approximately at
1.75 eV (708 nm), corresponds to the SPP in the I'-M
direction of the Brillouin zone, which is responsible for
the permeability resonance. Remarkably, the SPP Bloch
modes corresponding to this resonance exhibit weak dis-
persion, in contrast to the highly dispersive SPP modes
supported by unstructured metal-dielectric-metal multi-
layers or previous typical fishnet configurations. This
may be ascribed to the large size of the apertures compared
to the unit cell size and the hybridization of the SPP mode
with the above-mentioned localized resonance [10]. The
flatness of the SPP band responsible for the magnetic
resonance suggests the possibility to achieve nearly
angle-independent NIM properties in a considerable angu-
lar range.

It is worth mentioning that by using an active optical
medium as the dielectric layer and under optical pumping
conditions it becomes feasible to overcome losses and even

achieve gain in a fishnet metamaterial [23]. In this sense,
our metamaterial is merely passive and its performance
could be much improved by making use of an active optical
medium in the wavelength region at which the negative-
index behavior is obtained.

In conclusion, we have experimentally characterized
multilayer fishnet metamaterials with simultaneously
negative permittivity and permeability in the visible re-
gime. This entails an important step towards homogeneous
NIMs in this spectral range. The metamaterial exhibits low
losses and polarization independence at normal incidence.
In addition, it has been found that the gap-SPP Bloch
modes determining the permeability resonance display
weak dispersion. Further refinement of the fabrication
process is expected to extend the negative-index band
towards shorter wavelengths.
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