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Abstract
Metamaterials and metasurfaces provide unprecedented opportunities for designing light–matter
interactions. Optical properties of hyperbolic metamaterials with meta-atoms based on plasmonic
nanorods, important in nonlinear optics, sensing and spontaneous emission control, can be tuned
by varying geometrical sizes and arrangement of the meta-atoms. At the same time the role of the
shape of the meta-atoms forming the array has not been studied. We present the fabrication and
optical characterization of metamaterials based on arrays of plasmonic nanocones closely packed
at the subwavelength scale. The plasmonic mode structure of the individual nanocones and
pronounced coupling effects between them provide multiple degrees of freedom to engineer
both the field enhancement and the optical properties of the resulting metamaterials. The
metamaterials are fabricated using a scalable manufacturing procedure, allowing mass-
production at the centimeter scale. The ultra-sharp cone apex (2 nm) and the associated field
enhancement provide an extremely high density of electromagnetic hot-spots (∼1010 cm−2).
These properties of nanocone-based metamaterials are important for the development of
gradient-index metamaterials and in numerous applications in fluorescence enhancement, surface
enhanced Raman spectroscopy as well as hot-carrier plasmonics and photocatalysis.

Supplementary material for this article is available online
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Introduction

Individual dielectric and metallic nanoparticles interacting
with light give rise to a variety of important phenomena
associated with the presence of electromagnetic resonances,
defined by the nanostructure geometry, size, material and
surrounding medium [1–4]. When they are assembled in an
array with the spacing at a subwavelength distances (=λ), the
electromagnetic waves perceive the material as a layer of
homogeneous medium, namely, a metamaterial which can be
described as an effective medium [5–8] by an effective
permittivity (and sometimes permeability) arising from the
interaction of the coupled ‘meta-atoms’. Such metamaterials
display a tunable electromagnetic response that depends on
the subwavelength geometry of the constituent meta-atoms
and their filling factor in the surrounding dielectric. Meta-
materials provide an excellent platform to design optical
properties such as negative refraction, subwavelength

imaging, optical cloaking and an enhanced nonlinear response
[7–13].

Fabrication of metamaterials operating in the visible
spectral range is generally challenging due to the limitations
of standard fabrication techniques in terms of both the
achievable resolution and the dimensions of the overall
nanostructured area. In this regard, the approaches based on
self-assembling and self-organization are very beneficial. A
particularly useful method is based on electrodeposition into
nanoporous anodized aluminum oxide (AAO) templates
[14–16], resulting in an array of vertically aligned nanorods.
The diameter of the nanorods may be varied from approxi-
mately 10 to 200 nm, and their separation from 30 to 500 nm
and their length from a few tens of nm to microns [17–20].
This geometrical flexibility is realized by varying the anodi-
zation conditions, namely the voltage and/or electrolyte type,
which offers control over the diameter and spacing of the
pores comprising the AAO template hence enabling the
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diameter and spacing of the nanorods to be engineered.
Meanwhile, the length of the nanorods may be tuned by
controlling the duration of the electrodeposition. All of these
parameters provide multiple degrees of freedom to design the
optical response of the metamaterial.

Plasmonic metamaterials based on vertically aligned
plasmonic nanorod arrays exhibit unusual linear and non-
linear optical properties [17–30]. Such metamaterials are
anisotropic and below the effective plasma frequency [25],
which depends on the diameter of the rods and their peri-
odicity, they exhibit hyperbolic dispersion with different signs
of the permittivity for light polarized parallel (ε||<0) and
perpendicular (ε⊥>0) to the rod axis [25–29]. In addition to
the high field enhancement due to the small separation of the
individual nanorods, their highly-dispersive anisotropic opti-
cal properties give rise to extraordinary refractive index sen-
sitivity [19], prominent nonlinear optical effects [24] and
enhanced spontaneous emission rate near and inside the
metamaterial [23].

The optical properties of these metamaterials are deter-
mined by both the plasmonic resonances of the individual
gold nanorods and the electromagnetic coupling between
them [18]. However, despite the flexibility in engineering of
the optical properties via the dimensions and separation of the
nanorods [20], consideration should be in turn given to the
role of the meta-atom shape. Additional flexibility in engi-
neering the metamaterial spectral characteristics, namely the
magnitude and spatial distribution of the field enhancement,
can be achieved by replacing the cylindrical nanorods in the
metamaterial with more complex elements, such as multishell
nanorods, nanotubes or coaxial structures [21, 22]. Varying
the shape of the constituent nanoparticles not only facilitates
greater flexibility in the tuning of metamaterial modes, but
also allows further improvements in the field enhancement by
taking advantage of nanoscale geometric effects [31–39].
Increased local optical fields present in particles with sharp
apexes have been intensely studied due to their importance for
enhancing nonlinear effects [33, 34], improving sensing
sensitivity to small molecules [35], Raman spectroscopy [36]
as well as for hot-carrier generation [37, 38]. The combination
of both, metamaterial architecture and the shape effects of
their meta-atoms can be highly advantageous for applications
where field enhancement is important. This combination can
be realized by a metamaterial formed by arrays of sub-
wavelength metallic nanocones. The experimental imple-
mentation of such a metamaterial requires high resolution
fabrication techniques, capable of achieving upright nano-
cones with sharp apexes uniformly distributed over a mac-
roscopic area.

Here, we present the fabrication and optical character-
ization of a plasmonic metamaterial based on an array of
metallic nanocones, combining an engineered optical
response with an extremely high density of optical hot spots.
Previously reported arrays of cones fabricated using litho-
graphic [40–43] or chemical [44, 45] methods feature a
relatively large cone base (180–700 nm) and separation
(200–800 nm) and do not achieve densities for which inter-
action between nanocones become important so that

metamaterial properties are revealed. For these large cones,
the size of the apex was generally not at nanoscopic scales,
while ideal (non-rounded) conical structures where con-
sidered in the associated numerical studies. Similarly,
roughness of the surface of the previously fabricated large
cones is in many cases comparable to the overall size of
nanocones studied in this paper and becomes important for
overall optical properties due to stochastic field localization
effects. The metamaterial developed in this work is fabricated
using a scalable method, based on ion-etching of electro-
chemically grown Au nanorods, which provides well defined
and smooth nanocones structures. This fabrication technique
allows the realization of a novel metamaterial composed of
ultra-sharp plasmonic nanocones (cone base ∼40–60 nm,
cone apex 2 nm) closely packed at the subwavelength scale
(nanocone density ∼1010 cm−2), enabling strongly coupled
plasmonic modes as well as high field enhancement. The
experimental results are supported by numerical studies per-
formed to understand the nature of the resonances supported
by the metamaterial and their relationship to the ultra-sharp
cone apex. These simulations also reveal the strong electro-
magnetic coupling between the nanocones and the high field
localization and enhancement at their apexes, and show how
these factors strongly depend on the geometry, cone size, and
the illumination conditions. The nanocone-based metamater-
ials exhibit a high density of electromagnetic hotspots
important for enhanced spectroscopies, optical nonlinearities
and hot-electron properties as well as for the realization of a
transition metamaterial to achieve low reflection and high
absorption.

Fabrication methods

Nanorod metamaterial fabrication

The details of the fabrication of the initial gold nanorod
metamaterial (figure 1(c)) follows a procedure reported pre-
viously [14–20]. Briefly, plasmonic nanorod metamaterials
were fabricated via Au electrodeposition into nanoporous
AAO templates on a glass substrate. An Al film of a 500 nm
thickness was deposited on a substrate by magnetron sput-
tering. The substrate comprises a glass cover slip with a
20 nm-thick adhesive layer of tantalum pentoxide and a 8 nm-
thick Au film acting as a weakly conducting layer. Tantalum
pentoxide is deposited by sputtering tantalum in a 20%
oxygen/80% argon mixture. The porous alumina structures
were synthesized by two step-anodization in 0.3 M oxalic
acid at 40 V at 1.6 °C. After an initial anodization step, the
formed porous layer was removed by etching in a mixed
solution of CrO3 (20 gl

−1) and 3.5% H3PO4 at 70°C leaving
an ordered, patterned surface. The samples were then sub-
jected to a second anodization step under the same conditions
as in the first step and subsequently etched in 30 mM NaOH
to tune the diameters of pores from 50 to 60 nm (the etching
rate is 2 nm s−1). Gold electrodeposition was performed using
a three-electrode system and a non-cyanide solution. The
length of nanorods was controlled by the electrodeposition
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time. Free standing gold nanorod metamaterials were
obtained after dissolving the nanoporous alumina template in
a mixed solution of 0.3 M NaOH and ethanol.

Nanocone metamaterial fabrication

Arrays of gold nanocones are fabricated by machining arrays
of free standing gold nanorods (figure 1) using oblique angle
argon ion beam milling (figure 2) [48]. The geometry of the
individual nanocones is primarily controlled by varying the
ion flux, accelerating voltage, milling duration and the inci-
dent angle of the ions.

To create the nanocone metamaterials, it is essential that
the gold nanorods are oriented perpendicular to the substrate
after the AAO matrix removal (figure 1(c)). Ion-etching of the
nanorods is performed using an argon ion beam (figure 2) at
an angle of incidence (with respect to the rod axis) of 60°
while rotating the substrate at 3 rpm for durations ranging
from 60 to 180 s. For all fabricated nanocone samples, the
acceleration voltage was 2 kV and the ion beam current was
approximately 30 μA [45]. The final geometry also strongly
depends on the geometrical parameters of the nanorods: the
length of the cones is primarily determined by the initial
length of the rods, while their sharpness by the power and
direction of the Ar ion beam. The shape and size of the
nanocones are controlled by varying the duration of the ion
etching for a fixed intensity of the ion beam. The length of the
nanorod metamaterial is initially determined by the duration
of the electrodeposition step (figure 1) however milling at
normal incidence to the substrate may be used to decrease the

length of the rods if desired. Depending on the ion-beam
intensity profile curvature, the length and diameter of the
nanorods and the separation between them, either nanocone
or nano-pencil-shaped arrays are created (figure 3).

Figure 2(a) shows a schematic of the Ar ion milling
process applied to the nanorod metamaterial. The area of the
milling depends on the size of the beam spot which was
between 0.5 and 1 cm depending on the beam current and
accelerating voltage: a light-colored circular area of nano-
cones is surrounded by the darker nanorod metamaterial area
(figure 2(b)). The scanning electron microscopy (SEM)
image presented in figure 2(c) shows the geometry of the
nanocone metamaterial after the ion milling of the gold
nanorods (110 nm length, diameter 60 nm, center-to-center
spacing 100 nm) at an angle of incidence of 60° for 1 min.
Using the same parameters to ion-mill rods 240 nm in length
results in the nanocone array shown in figure 2(d). In this
case, the duration of the ion milling was increased to 180 s to
reflect the increased initial length of the nanorods. Using
such an oblique angle milling technique, macroscopic areas
comprising a nanocone metamaterial with ultra-sharp tips
can be fabricated. The area of the final metamaterial is only
limited by the size of the incident ion beam with the final
structure consisting of an array of parallel nanocones
oriented perpendicular to the substrate. The geometry of the
individual nanocones can be easily seen in the SEM images
in figure 2 with nanocone apexes comparable in dimensions
to the resolution limitations of the microscope (2 nm).
Crucially, it is possible to fabricate large area nanocone

Figure 1. (Top) SEM images and (bottom) measured extinction spectra of p-polarized light at different angles of incidence of (a) an anodized
aluminum oxide (alumina, Al2O3) template with a hexagonal array of pores (nanopore diameter is 60 nm, the center to center distance is
100 nm, thickness 300 nm), (b) the Au nanorod metamaterial (Au nanorods surrounded by an AAO matrix having a refractive index of 1.66),
and (c) the Au metamaterial after the removal of the AAO matrix (Au nanorods in air).
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metamaterials, with ultra-sharp apex diameters and different
lengths using a manufacturing-scale fabrication technique.
Figure 2(b) also shows that in the nanostructured area, the
optical properties change dramatically due to the sensitivity
of the plasmonic properties to the nanoscale geometry that
manifest in the visible region of the electromagnetic spectra.
The area of the nanostructured material with nanorods and
nanocones can easily be distinguished by eye. The nanocone
region in the center of the sample appears more transparent
and colorless, while the nanorod area on the outer side
appears in deep red. The area between the nanorods and
nanocones is occupied by their intermediate stage, nano-
pencils. These are produced by the lower intensity at the
edges of the argon ion beam.

Optical properties of nanocone metamaterials

Experiment

The measured extinction spectra of the nanorod arrays
embedded in an AAO matrix are typical for the considered
nanorod parameters [17–20]. For s-polarized incident light,
there is one extinction peak around 530 nm originating from a
transverse plasmonic resonance of the nanorods, while for p-
polarization at non-zero angles of incidence, another extinc-
tion peak appears at around 620 nm in the epsilon near zero
regime (figure 1(b)) [28, 29], which can be tuned throughout
the visible and near-infrared spectral range by varying the
nanorod diameter and period [25–29]. Generally, the position
of both peaks depends on the diameter of the nanorods and

Figure 2. (a) Schematic of Ar ion beam milling at an oblique angle to a nanorod metamaterial in order to fabricate a nanocone metamaterial.
(b) SEM images of nanorod- and nanocone-based metamaterials in the same sample, where the ion-etching area of cones in the middle of the
sample appears brighter. (c), (d) SEM images of the arrays of the Au nanocones with a base diameter of 60 nm, a 100 nm center to center
separation and heights of 110 nm (c) and 240 nm (d).
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separation between them [26], for instance, by increasing the
nano rod separation or introducing a high-index surrounding
material allows the effective plasma frequency to be shifted
into the near-infrared spectral range [20]. When the alumina
matrix (figure 1(b)), having a refractive index of 1.66, is
removed and the surrounding medium is air (figure 1(c)), the
optical properties change significantly, evidenced by a shift of
the long-wavelength extinction peaks which spectrally over-
lap with the transverse resonance resulting in a broad peak
around 510 nm (figure 1(c)). The optical properties of the
nanorod, nanopencil and nanocone arrays surrounded by air

are compared in figure 3. When the shape of the meta-atoms
changes to sharp cones, extinction peaks at normal and
oblique illumination are red-shifted (figure 3). The extinction
is markedly lower compared to nanorods, especially for the
longest nanorods, while the width of the resonance increases
for all nanocone lengths. For the rods with a ∼110 nm length
and a 60 nm diameter, the Ar beam can pass through the
structure and the gold layer below the metamaterial is also
milled.

Figure 4 shows the comparison of measured extinction
spectral curves for the nanorod and nanocone metamaterials

Figure 3. (a) SEM images of the metamaterial during different stages of fabrication. (b)–(e) Extinction spectra measured for nanorod,
nanopencil and nanocone metamaterials in air for p-polarized illumination at (b), (c) normal and (d), (e) oblique incidence for meta-atoms of
(b), (d) 110 nm and (c), (e) 240 nm lengths. For all metamaterials, the meta-atom base diameter is 60 nm and center-to-center separation is
100 nm.

5

Nanotechnology 30 (2019) 055301 R M Córdova-Castro et al



of 110, 160 and 240 nm element lengths and illumination
from 0° to 50°. Here, the resonance that occurs at normal
incidence in nanorods at around 515 nm (figure 4(d)) is
observed at a longer wavelength around 630 nm for the short
nanocones (figure 4(a)). With the increase of the nanocone
height, the effect of separation is diminished, for instance the
extinction spectrum for the metamaterial with a 160 nm
nanocone length shows that the peak at normal incidence is
around 620 nm (figure 4(b)) and for cones with a 240 nm
length it is at 560 nm (figure 4(c)). On close inspection of the
extinction curves in figure 4(a) (e.g. the cyan curve for 30°
illumination), one can observe that there are actually two
peaks in the extinction, with the same behavior as in the case
of the nanorods in the AAO matrix, suggesting their similar
nature.

Numerical modeling

In order to understand the observed optical properties, num-
erical simulations were initially performed on isolated meta-
atoms forming the metamaterials using the discrete dipole
approximation [51]. Infinite periodic arrays for both nanorods
and nanocones were modeled using finite element numerical
simulations [52] taking dielectric constants for gold from [46]
with a corrected mean free path of 3 nm [47].

For isolated nanorods and nanocones in air (no substrate)
with the illumination along their axes (electric field
perpendicular to the axis), the resonances occur at wave-
lengths of approximately 520 nm and 534 nm, respectively.
The calculated near field intensity maps at the resonant
wavelength show a typical dipolar plasmonic mode localized
along the base of both geometries in direction of the incident

electric field (figures 5(a) and (d)). When the nanoparticle is
illuminated from the side so that the electric field is along the
meta-atom axes (figures 5(c) and (f)), the peak associated with
the electron oscillations along the nanoparticles is present. In
the case of nanorod, the resonant peak is at 553 nm with the
plasmonic mode localized all around the bases of the rod and
exhibiting typical dipolar shape. For the nanocone, the reso-
nant peak occurs at 634 nm and the respective near field
intensity map shows the localization of the field in the cone
apex while the field intensity increases significantly up to 150
times. For the dimensions considered (aspect ratio ∼2), the
extinction is dominated by absorption and both shapes have
similar extinction. At oblique incidence, both resonances are
excited (figure 5(b)), for a nanorod, the resonances overlap
and a single peak is observed at 556 nm, the extinction effi-
ciency increases by a factor or two and the resonance
broadens. The nanocone illuminated at oblique incidence
presents well-separated resonances at 540 and 650 nm and the
extinction for the transverse resonance remains around 2.5
(figure 5(e)), while the scattering becomes significant for both
geometries. The intensity distributions for these cases are
presented in figures S1(b) and (c) available online at stacks.
iop.org/NANO/30/055301/mmedia. The near field intensity
map at oblique incidence for the nanorod at the resonant
excitation (figure S1(a)) shows the superposition of transverse
and longitudinal dipolar modes.

In the case of strongly interacting nanocones, with
separation of 60 nm (figure 5(g)), the extinction spectra at
normal incidence illumination show the transverse peak at
560 nm. At oblique incidence, two extinction peaks can be
observed the same as for an isolated nanocone, one at 560 nm
and another at 765 nm (figure 5(g)). Extinction of the

Figure 4. Measured extinction spectra for (a)–(c) nanocone and (d)–(f) nanorod metamaterials in air with a meta-atoms of a 60 nm base
diameter and 110 nm (a), (d), 160 nm (b), (e), 240 nm (c), (f) lengths for linearly p-polarized light illumination at various incident angles.
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transverse mode increases significantly compared to the iso-
lated particles.

The effect of coupling between meta-atoms in the
metamaterial can be seen when the individual cones or rods
are placed in a square array having a subwavelength peri-
odicity. Figure 5(h) reveals the collective nature of the cone
metamaterial modes induced by the coupling between the
individual nanocones as demonstrated by the change of the
extinction spectra for arrays of cones having different peri-
odicities (ranging from 160 to 65 nm). It can be seen that as
the cones become closer with the decrease of the separation
from 100 to 30 nm, both modes are blue-shifted, for a 10 nm

separation, three modes are observed and, for 5 nm separa-
tion, two of these modes overlap. As observed earlier, the
extinction of the structure is highly affected by the presence
of the substrate and the underlying Ta2O5 and gold layers,
which can be seen in figure 5(i) on an example of the same
cone array surrounded by air, on glass, and on glass with the
underlying layers.

Simulated spectra (figure 6(a)) are in a good agreement
with the experiment (figure 4). The calculated extinction
spectra for a nanorod metamaterial illuminated at normal
incidence show an extinction peak around 516 nm with
maximum extinction intensity of 1.1, for oblique illumination

Figure 5. Simulated extinction, absorption and scattering cross-sections normalized by the particle geometrical cross-sectional area for
(a)–(c) an isolated nanorod (height 110 nm, diameter 60 nm) and (d)–(f) an isolated nano cone (height 110 nm, base 60 nm, apex radius 2 nm)
in air illuminated with a p-polarized plane wave at (a,d) 0°, (b,e) 45° and (c,f) 90°. Inserts in (a), (c), (d), (f) are the near-field intensity maps
corresponding to the plasmonic resonances as indicated. (g) Calculated extinction spectra for an infinite square array of Au nanocones of a
60 nm base diameter, a 2 nm apex radius and a 110 nm length with a period of 120 nm, supported by a glass substrate; the metamaterial is
illuminated with p-polarized plane wave at 0° and 45° angles of incidence. (h) Extinction spectra of the nanocone metamaterial illuminated at
45° for various periods. (i) Extinction spectra calculated for a nanocone metamaterial (period 70 nm, all other parameters as in (g)) suspended
in air, on a glass substrate and on a glass substrate coated with 20 nm tantalum pentoxide and 8 nm gold underlayers.
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the maximum intensity of the extinction peak increases to
1.45. For the nanocone metamaterial (cone apex radius of
10 nm), the peak in extinction at normal incidence experiences
a red shift to 560 nm and decreases significantly to a value of
0.5. At oblique incidence the peak is also present at around
560 nm and, in comparison with the nanorod metamaterial, the
extinction intensity decreases to a value of 1.15. Near-field
intensity maps at the wavelength of the maximum in the
extinction peak at normal incidence show that the nanorod
metamaterial exhibits higher field enhancement than the
nanocone metamaterial (see figures S3(a) and (c)). At oblique
incidence, the field localization at the apex of the nanocone

meta-atoms (figure 3S(d)) surpasses that in the nanorod arrays
(figure 3S(b)) at any incident angle. If the underlying gold
layer is removed by the ion milling and nanocones are elec-
trically separated (and being only supported by the tantalum
pentoxide layer having a refractive index of around 2.1), the
peak at normal incidence is more prominent (figure 6(b)) than
with the Au underlayer (figure 6(a)), which leads to the double
peak structure observed in short nanocones (figure 4(a)). In
figure S2, where the Au underlayer is omitted, the near-field
intensity maps show that the mode around 650 nm is localized
at the base of the cones with a clear indication of coupling in
the array, while there is hardly any field present at the cone

Figure 6. Simulated extinction spectra for various metamaterials: (a) nanorod and nanocone metamaterials (height 110 nm, base 60 nm, cone
apex diameter 20 nm) for an infinite square array with a periodicity of 100 nm on a glass substrate with 8 nm gold and 20 nm tantalum
pentoxide underlayers; (b) the nanocone metamaterial as in (a) but without the 8 nm Au underlayer; (c) the nanorod metamaterial (60 nm
diameter and 240 nm length), the nanopencil metamaterial with the same dimensions and an apex of a 20 nm diameter, and the nanocone
metamaterial of the same base diameter and height and various apex diameters between 28 nm and 15 nm; (d) the nanocone metamaterial
with different heights of nanocones with a 20 nm apex diameter and a 60 nm base diameter. The metamaterials are in air illuminated with a
p-polarized plane wave at 40°, if not specified otherwise.
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apexes in this case. However, at the 550 nm resonance, the
maximum of the localized fields is exactly at the apex, with
some modal field intensity also present at the base of the
cones.

In order to illustrate the effect of the apex on the
extinction peak, the calculations for a metamaterial with the
nanocones of different apex radii from 14 to 7.5 nm have
been carried out, keeping the same base diameter of 60 nm
and height of 240 nm (figure 6(c)). Figure 6(c) also shows
the calculations of the extinction for nanopencil-like shapes
which consists in a combination of the rods at the bottom
and a cone of apex radius of 10 nm at the top, such a geo-
metry is fabricated when the ion-beam changes the shape
only at the top of the rod (figure 3). It is observed that the
peak remains at the same wavelength as for the nanorod
metamaterial at 516 nm but with decreased extinction. When
the cone shape is completely formed the extinction of the
nanocone metamaterial with the same apex radius of 10 nm
further decreases, the peak is red-shifted and becomes
broader (figure 6(c)).

By comparing the rod and cone meta-atoms of the same
diameter and length, one can see that for cones with a 7.5 nm
apex radius, the extinction peak is shifted to 540 nm

(figure 6(c)). As the sharpness of the nanocones increases, the
extinction decreases and a second peak begins to appear at
longer wavelengths, this second peak red shifts for smaller
apexes while the peak around 540 nm remains at approxi-
mately the same wavelength. The field intensity dramatically
increases with only a few nanometer reduction of the apex
radii of the cone meta-atoms, increasing by more than 3 times,
as can be observed comparing figures S4(d) and S4(f) for 10
and 7.5 nm apex radii, respectively. The near field intensity
maps also show that for a 7.5 nm apex radius the two modes
that appear at oblique illumination are spectrally well sepa-
rated (figures S4(e) and (f)). As the length of the cones is
increased from 100 to 240 nm while the apex radius is kept
constant at 10 nm, the extinction peak becomes broader,
significantly increases and is red-shifted from 560 to 600 nm.
Meanwhile, a second peak appears around 525 nm
(figure 6(d)), the field distributions of the modes are also
different for the metamaterials with short and long cones
(figures S3 and S4).

In contrast with the isolated meta-atoms, the maximum of
the field enhancement in the metamaterials does not corre-
spond to the peak in the extinction (figure 7). Figures S4 and
7 show the field distribution at the wavelengths of the highest

Figure 7. Near field intensity (left) and Ex component of the field (right) for (a) nanorod and (b) nanopencil metamaterials at a 596 nm
wavelength and (c) nanocone metamaterial at a 660 nm wavelength. These wavelengths correspond to the maxima of the field enhancement
for the respective metamaterials under the illumination with p-polarized light at a 40° angle of incidence. The metamaterials parameters are
(a) 60 nm diameter, 240 nm length, (b), (c) 60 nm base diameter, 240 nm length, 10 nm apex radius, in (b) the cylindrical section length is
170 nm. To avoid numerical artefacts and unphysical results, the top edge of the nanorods was rounded with a radius of 5 nm.
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extinction and the highest field enhancement, respectively, for
nanorod, nanopencil and nanocone metamaterials. For the
nanorod and nanopencil metamaterials, the strongest field
enhancement occurs at the wavelength of 596 nm with the
corresponding intensity enhanced by a factor of approxi-
mately 40 and 60, respectively. For the nanocone metama-
terials, this occurs at 660 nm with a 105-fold intensity
enhancement. For both nanopencil and nanocone metama-
terials, the maximum field enhancement is observed at the
apex. The coupling between individual nanostructures in
the array can be seen in the electric field distributions. If the
length of the cone (figure S5) and the apex diameter (figure
S6) decreases, the field enhancement increases significantly.

Conclusions

We have introduced a new metamaterial platform based on
arrays of plasmonic nanocones combining both engineered
mode dispersion and a very high density of electromagnetic
hot spots. Nanocone fabrication by ion beam milling is
readily capable of producing large area (cm2) metamaterials
with nanometric dimensions, in keeping with the self-
assembled nature of the nanorod precursor material. This
technique can be readily adapted to fabricate either arrays of
ultra-sharp nanocones or even individual nanostructures from
rods which can be made by any standard fabrication techni-
que. Such structures can be used in other applications where
the cone shape is essential, e.g. antireflective or hydrophobic
materials [43, 48–50].

The nanocone metamaterials introduced in this work
cannot be described as a uniform effective layer, as the metal
filling factor changes along the cone axis, so that the effective
plasma frequency must vary perpendicular to the substrate. A
metamaterial with such properties is described as a gradient
refractive index layer, also inheriting anisotropic optical
properties from the initial nanorod metamaterial. Previous
theoretical works introduce for this case the nomenclature of
‘transition metamaterials’ [53–56], in contrast with ordinary
metamaterials described as homogeneous media.

Nanocone-based metamaterials featuring coupled electro-
magnetic modes provide rich optical properties, tunability and
high field localization with a high density of electromagnetic
hot spots (∼1010 cm−2). Together, these properties can lead to
enhanced optical functionalities and are, therefore, extremely
promissing for applications related to enhanced spectroscopies,
nonlinear optics, sensing and hot-electron generation.
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