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Abstract:  We introduce a design strategy to maximize the Near Field
(NF) enhancement near plasmonic antennas. We start by identifying and
studying the basic electromagnetic effects that contribute to the electric
near field enhancement. Next, we show how the concatenation of a convex
and a concave surface allows merging all the effects on a single, continuous
nanoantenna. As an example of this NF maximization strategy, we engineer
a nanostructure, the indented nanocone. This structure, combines al the
studied NF maximization effects with a synergistic boost provided by
a Fano-like interference effect activated by the presence of the concave
surface. As a result, the antenna exhibits a NF amplitude enhancement of
~ 800, which transforms into ~1600 when coupled to a perfect metallic
surface. This strong enhancement makes the proposed structure a robust
candidate to be used in field enhancement based technologies. Further
elaborations of the concept may produce even larger and more effective
enhancements.
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1. Introduction

The rational design of effective optical antennas [1] is challenging and necessary to push the
limits of several emerging technologies such as field-enhanced spectroscopies|[2, 3], plasmonic
biosensing [4, 5], and plasmon enhanced photovoltaics and photocatalysis [6-8]. Various struc-
tures, such as dimers [9, 10] and plasmonic lenses [11] have been proposed and adopted to
obtain electromagnetic hot-spots with very large field enhancements of up to 1000 timesthein-
cident electromagnetic field amplitude. These huge enhancements are obtained mainly through
electromagnetic coupling of metallic nanoparticles. The field-enhancements produced by iso-
lated nanostructures are less spectacular, typically not higher than 100 in amplitude. In this
contribution, we first introduce the elementary strategies for maximizing the near-field en-
hancement around metallic structures and secondly, we combine these building blocks on a
single continuous nanostructure, the indented nanocone, to show the potential of combining all
the enhancing effects in one single continuous nanostructure.

The electromagnetic field enhancement in the proximity of metallic nanostructuresisan in-
trinsic property of surface plasmons excited at certain resonant frequencies. This enhancement
is a consequence of the localization of the fields in the vicinities of the metal-dielectric inter-
face. In structures supporting propagating Surface Plasmon Polaritons (SPP-s), the localization
of fields can be optimized by means of different tapering strategies [12—14]. On small structures
instead, the optical response is dominated by L ocalized Surface Plasmon Resonances (L SPR-S)
and localization of the fields is determined by the geometrical details of the structures and by
the coupling to other systems. The strong dependence of the optical response on the charac-
teristics of the geometry and the coupling make the optimization of the field enhancement a
challenging task in nanophotonics. In the next section we summarize the most relevant effects
that lead to an increase of the field-enhancement in a plasmonic nanoantenna whose optical re-
sponseis dominated by L SPR-s. Some of the effects cannot be isolated and very often different
effects are expressed jointly. However, it is useful to identify them separately for conceptual
clarity.

2. Ingredientsof thefield enhancement

To gaininsights about the nature of the different near field enhancing effects, wefirst introduce a
simple non-retarded analytical model and later verify the identified effects with numerical sim-
ulations obtained by using the Boundary Element Method (BEM) [15, 16] to solve Maxwell’s
equations.

L et us assume the generic polarizability tensor components oj; of an ellipsoidal particle (P)
of volumeV in amedium (M) [17]

AregV ep(0) —em (o)
=T e0) (@) re(@)n O @

where ep/ev/€p are the dielectric functions of the particle/medium/vacuum respectively, and
L; isthe so called depolarization factor, corresponding to the direction of the component j of
the applied field, that only depends on the shape of the particle. og = 4megV /L is the static
polarizability of the particle.

For illustration purposes we will use a Drude dielectric function to describe the optical re-
sponse of the metal particle in this non-retarded analytical model.

o3
=1-— 2
ep/o o(@+17) (2
being wp, the bulk plasma frequency of the metal and y the Drude damping. We will consider

the surrounding medium to be vacuum. The maximum field enhancement is proportional to the
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absolute value of o. Linearizing Eq. 1 around its resonant energy, the field enhancement can be

expressed as
Vv V84i/2
| E/Eo LiVa [(\/Lj — Q)2+ (T/2)2)4/2’ &)

where Q = w/wp and T" = y/wp. Vy accounts for an apparent volume corresponding to the
evaluation point. Separating the static polarizability prefactor from the resonant part with reso-
nance frequency wp \ﬁ , it is easy to notice that the enhancement depends on both the shape
of the object through L; aswell as the characteristic length scale of the object related to V, and
the material properties (wp and y) as we will now describe in more detail.

Material: Taking Eq. 3 as a reference, it is easy to conclude that the resonant value of the
field enhancement is correlated with the Drude damping of the materia (y). Smaller y factors
give rise to sharper resonances and thus, to higher values of the maximum field enhancement
in the surroundings of the spheroid.

Fig. 1(a) illustrates this dependence. We cal cul ate the fiel d enhancement spectraof three 5 nm
spheres 1 nm away from their surface for 3 different materials with different Drude damping
factors. We choose Coper, Gold and Silver as an example. The Drude damping factors of these
materials are ycy = 0.0955 €V, ya, = 0.07088 eV and yag = 0.02125 eV [18]. The maximum
value of the near field increases as the Drude damping factor of the material decreases. Note
that the resonant wavelength is also modified due to the different bulk plasma frequencies (wp)
of the materials. Based on this argument and in the spirit of trying to maximize the near field
response of a nanostructure, we will choose silver as the material to usefor therest of the study.

Sze effect: The near field enhancement achieved through the excitation of localized surface
plasmons decays with the cube of the distance from the surface of the object. In Eq. 3 this decay
is accounted by the apparent volume V4. The maximum field enhancement will occur right at
the surface of the object where V = Vy. When fixing the distance between the surface of the
object and evaluation point, higher volumes will give rise to field enhancement values closer to
the maximum achievable values, sinceV /Vy will asymptotically approach unity as the volume
of the object isincreased. In general, we can conclude that, structures with larger volumes, will
alow higher field enhancements in their vicinities.

Fig. 1(b), analyzes this effect. We calculate the near-field spectra in the proximity of silver
spheres of different volumes 1 nm outside their surface. For spherical particles, V = (4/3)na’
and Vy = (4/3)r(a+b)3, where a is the radius of the sphere and b the separation between the
surface of the sphere and the observation point. Finally, V /Vyg = (a/(a+ b))3. Keeping b un-
modified, the maximum field enhancement will increase as a becomes larger. It will ultimately
saturate, sinceV /Vy will tend to unity for large values of a.

Lightning rod effect: The field enhancement obtained by increasing the volume of the struc-
ture can still be enhanced through further localization of the near-field response with the use of
sharper geometries. The reason behind thisrelies on thelightning rod effect. L arge variations of
the surface curvature produce alarge potential gradient in very reduced areas. Therefore, large
field values are produced at sharp structures.

The static polarizability o = @ contains the lightning rod effect in terms of the depo-

larization factor L; in the denominator. As the shape of the object gets sharper, which for the
prolate spheroid happens when the mgjor axis a is much larger than the minor axis b = ¢, the
static polarizability increases accordingly. As the spheroid becomes more elongated along the
j direction, L; approaches zero. For a prolate €llipsoid the depolarization factor for the major
axis L, can be expressed as[19]

b2

L. —
&7 a2h2 + a2c2 + b2c2.

4)
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Fig. 1. Evolution of the near-field amplitude enhancement spectra 1 nm above the surface
of one of the extremities of different metallic structures when changing different parame-
ters of the system. Calculations were performed by using the BEM. Incident electric field
polarization is chosen to be parallel to the rod axis. Vacuum is assumed as the embed-
ding material. a) Material: Near field enhancement in the surroundings of three different
5 nm radius spheres made of Coper, Gold and Silver. Smaller damping factors give rise to
sharper resonances and higher values for the maximum field enhancement. b) Size effect:
Modification of the volume of the system V, keeping the distance between the surface and
the observation point constant. The field enhancement on the surroundings of three silver
spheres of different radii (r = 5,10,15 nm) is calculated. The near field enhancement in-
creases with the volume, saturating for large volumes asV approaches the apparent volume
V. €) Lightning rod effect: Modification of the length keeping the volume and the distance
to the observation point of the system constant, so that V /Vy = 1, for different rod radii r.
Sharper structures give rise to higher values of the field enhancement due to the lighting
rod effect. d) Coupling: System composed of arod and a sphere, for different separation
distances (d) between the rod and the sphere. The near field in this latter case is evaluated
at the center of the gap. Smaller separation distances produce a stronger coupling and a
higher field enhancement.
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When written in this form, it is helpful to connect the depolarization factor with a well-
defined measure of the sharpness of a surface, i.e. its curvature. For a surface with principal
radii of curvature p; and p; at a point , we can define the mean curvature as H = %(p—ll + ,le)
and the Gaussian, or total, curvature as K = ﬁ We can now express the depolarization L,
(Eq. 4) interms of the Gaussian curvature K, p ¢ at the endpoints of the ellipsoid in the direction

of the coordinate axes

L a?/Ka 1
47 a2 /Ky +b2/Kp+C2/Ke. — 202K,

since for an elongated ellipsoid (b = c) Ky = (b%)2 > Kp c. Conseguently, we can express the
enhancement from the lightning rod effect as being directly proportional to the Gaussian cur-
vature.

We illustrate this effect in Fig. 1(c), by calculating the near field spectra of three structures
with different sharpness. To avoid the interplay of any apparent size effects, we elongate a
sphere and transform it into a thinner rod while maintaining the total volume and the distance
to the observation point constant. In this way, we ensure that the V /Vy ~ 1. We can observe in
the near-field spectra of Fig. 1(c) how the enhancement increases as the radius of the structure
decreases and therefore the Gaussian curvature increases. A complementary way of exploiting
this effect on an antennais to use of sharp antenna terminations instead of rounded endings.

Coupling: Coupling of the electromagnetic response of a nanostructure to adjacent metallic
systems is known to produce field localization and correspondingly enhancement of the near-
field at the region in-between the structures [2, 9, 20-22]. We illustrate this effect in Fig. 1(d)
by calculating the near field spectra of a coupled system composed by a 62 nm long silver rod
with 9 nm radius silver sphere. We calculate the near-field at the center of the gap between the
rod and the sphere for different separation distancesd (d = 6 nm, 4 nm and 2 nm). An increase
of the near-field maximum can be observed as the separation distance becomes smaller. This
effect is connected with the appearance of a coupled bonding plasmon that belongs to the whole
system arising from the symmetric coupling of the dipolar plasmons of each nanostructure.

Due to the in-phase excitation of the rod and the sphere, considering them as equipotential
surfaces, the potential drop due to the external field is concentrated at the gap. The field en-
hancement increases proportionally with the inverse of the separation distance [20]. Fig. 1(d)
corroborates this assumption. Taking the peak near-field enhancement for the largest separation
distance as areference (NF, = 80 for d, = 6 nm), the NF for the other gap sizes should scale as

®)

NFo

NFinax(d) = 7"

(6)

According to Eg. 6, for d = 4 nm and d = 2 nm, the corresponding peak field enhancements
should take values of 120 and 240 respectively. These values are in excellent agreement with
the maximum field enhancement values cal culated by solving Maxwell’s equations numerically
using the BEM (121 and 250).

Typically, by means of coupling, the field enhancement can be increased about an order of
magnitude with respect to that of the isolated systems. Interestingly, in this particular example
of arod coupled to asmall sphere, the spectral response of the coupled system does not red shift
when the particles are approached as could be expected. Being the sphere much smaller than the
rod, the rod dominates the spectral behavior of the system making the expected red shift due to
the coupling between the structures negligible. This particular detail could be specially valuable
for spectroscopic applications such as SERS and SEIRA. Carefully designing the rod one could
engineer its resonances to match the absorption frequencies of the molecules under study [23]

#169440 - $15.00 USD Received 31 May 2012; revised 5 Oct 2012; accepted 6 Oct 2012; published 22 Oct 2012
(C) 2012 OSA 5 November 2012 / Vol. 20, No. 23 / OPTICS EXPRESS 25206



and in a second step gain an extra order of magnitude of field enhancement by coupling it to a
small sphere without modifying the resonance frequency of the coupled system.

Some optimization strategies based on acombination of someor all of these effectshave been
applied recently to obtain large field enhancements. We can cite among others [24-27] the case
of bowtie antennas [28], where a combination of interparticle coupling and sharp ends produce
large enhancements in the plasmonic antenna gap, or the case of the plasmonic lens[11] where
three particles of different size are brought together combining effects of size, coupling and
sharpness of the structures to produce huge field enhancements. All these studies suggest the
use of discrete structures to obtain the enhancing effect. In this contribution, we propose the
use of a continuous structure based on a metallic cone where we will induce size, coupling and
lightning rod effects with the help of concave and covex deformations of the surfaces at the
metallic apex of acone. We call this structure the indented nanocone.

3. Indented nanocone

We introduce in this section a novel nanostructure that merges simultaneously all the concepts
described above. Wewill consider that the structure is made of silver, using dielectric datafrom
the literature to characterize its optical response [29].

A big metallic cone, when polarized along its main axis, provides a large volume that will
ensure maximum field enhancement values in the vicinities of the structure. Complementarily,
the sharp the cone apex alows to localize very efficiently the induced surface charge density
[30]. Figure 2(a) shows the optical extinction cross section of a 300 nm height silver cone of
aperture angle of 30° and radius of curvature at the apex of 10 nm. Incident polarization is
indicated at the inset of Fig. 2(a). Figure 2(b) shows the corresponding NF spectrum cal cul ated
1 nm below the cone apex. We observe that the highest NF enhancement for such a structure
occurs at A = 985 nm. The surface charge density associated with thislocalized plasmon mode
and the near-field map at the cone apex are shown in Fig. 2(c) and Fig. 2(d) respectively. Field
enhancements of around 40 times the field amplitude of the incoming electric field can be
obtained in the proximity of thisfinite conical structure.

The optical properties of metallic concave and convex geometries offer the possibility to con-
trol the symmetry of the surface charge density of the lowest order plasmonic modes [31, 32].
Figure. 3(a) and Fig. 3(b) show the surface charge density profile for the lowest energy mode
of a convex and a concave perfect metallic surface respectively. A concave surface (Fig. 3(a))
presents a symmetric profile for the surface charge density, piling up charge at the edge. On
the complementary convex surface, instead, sum-rules ensure that the lowest energy mode will
present an anti-symmetric surface charge density profile [31, 33]. As a consequence, a node of
the chargeis produced at the convex area[34], as shown in Fig. 3(b). The combination of acon-
cave and a convex surface thus produces inevitably a change of the sign of the surface charge
density at one type of surface with respect to the other. It is possible to create in this way areas
where the surface charge density isforced to change sign within the same continuous structure.
Consequently, a combination of concave and convex surfaces permits to exploit in the same
closed geometry both the aspect of localization, caused by the presence of the sharp edges, as
well as the aspect of coupling, happening between facing surfaces with induced surface charge
density distributions of opposite sign.

A combination of concave and convex surfaces in the same continuous structure can be
realized in an indented nanocone structure as the one depicted in Fig. 4(a). Illuminated by
light polarized along the cone axis, this geometry allows for a combination of the different near
field maximization factors introduced above: alarge volume, localization of the charge density
at the edges and coupling of plasmonic modesin close proximity.

We show in Fig. 5(a) the optical extinction cross section of a silver indented nanocone. The

#169440 - $15.00 USD Received 31 May 2012; revised 5 Oct 2012; accepted 6 Oct 2012; published 22 Oct 2012
(C) 2012 OSA 5 November 2012 / Vol. 20, No. 23 / OPTICS EXPRESS 25207



35

30

25

20
15

7

Extinction cress section (a.u.)

500 1000 1500 500 1000 1500
wavelength (nm) ( ) wavelength (nm) ‘y
E[)

—_
(o]
-~

£l

8 ‘

> 30

2

[0}

s =

S 20

g

o

3 10

@©

©

=1

%)

0

(c)

Fig. 2. Optical response of a 300 nm height, 10 nm radius and 30° aperture angle silver
nanocone a) Extinction cross section in arbitrary units with incident light as displayed in
the inset. b) Near-field amplitude enhancement spectra of the silver cone calculated 1 nm
bellow the cone apex. c) Surface charge density profile of across section of the conefor A =
985 nm. Blue and red areas indicate regions where the surface charge density is negative
and positive respectively. The charge density distribution presents azimuthal symmetry. d)
Near-field enhancement distribution of the cone for normal incident light of A = 985 nm
polarized along the cone axis. The optical response of the cone is mainly characterized by
astrong localization at the cone apex giving rise to amaximum field enhancement of ~ 40.
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Fig. 3. Surface charge density (o) plots, in arbitrary units, for the lowest energy modes of a
a) convex and b) concave perfect metallic surface. The lowest energy mode for the convex
surface presents a symmetric charge density distribution. On a concave structure instead,
the surface charge density mode is antisymmetric, presenting a node at the concavity. For
an elaborate discussion about these simulations see Ref. [31]. A combination of both kinds
of surfaces allowsto localize the surface charge density in sharp regions aswell asto couple
the charges with opposite sign excited at both sides of the concave surface.
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Fig. 4. Cross section of the geometry of the indented nanocone. @) The combination of the
four field enhancement ingredients (a large volume, the localization of the charge density
at the edges and the coupling), permits the creation of a field enhancement of ~ 800 at
the tip apex (see Fig. 5) b) Geometrical details of the proposed structure. The upper arrow
indicates the rotational symmetry axis of the geometry.

far-field spectrum of the indented nanocone shows strong similarities with that corresponding
to the smooth cone presented in the inset of Fig. 5(a). However, a new mode emerging at the
near infrared (IR) range of the spectrum appears as a predominant feature. This new mode
is very intense and narrow and it seems natural to assign its emergence to the presence of
the geometrical features of the indented nanocone. To confirm the nature of this new intense
peak, we calculate the surface charge density at the lowest resonant energy (A = 1061 nm)
as show in Fig. 5(c). As expected, the surface charge density is piled up on the convex zones
of the geometry (indented nanoconical arms and central tip). Therefore, the local fields show
maximum value and localization in these areas. In the concave area, azero in the surface charge
density isinduced, forcing the charge density to change sign and effectively acting as a source
of coupling and polarization of the system as explained above.

Interestingly, the new spectral feature presents the typical lineshape of a Fano-like interfer-
ence effect [35]. As previously mentioned, the concave surface imposes a change of sign of the
surface charge density, somewhat decoupling the response of the central tip from the response
of the overall object. As a consequence of this forced variation of the sign of the charge, the
rest of the smaller convex central tip becomes uniformly charged and its response mimics the
response of an electric monopole [36]. If we were to isolate the central tip from the overall ob-
ject, this monopolar resonance would be unexcitable (dark). It is, in fact, the concave geometry
that allows for the excitation of this mode by imposing a zero in the surface charge density at
the convex area. In this sense, the combination of a convex and concave surface presents a new
strategy, complementary to symmetry breaking [35, 37, 38], for the activation of dark modesin
nanoscal e optical systems. The prominent Fano-like resonance arises from the spectral interfer-
ence of this previously dark monopolar mode of the central tip and the broader bright mode of
the entire cone.

The resulting near-field map for the resonant wavelength (A = 1061 nm) is shown in
Fig. 5(d). A maximum field-enhancement of ~ 800 in amplitudeisachieved for realistic param-
eters of the arm length and their respective curvatures (see Fig. 4(b) for geometrical details).

The reason for this huge enhancement does not rely on the sharp curvature of the central tip
of the indented nanocone, as one intuitively could think on a first approach. Calculations of
the field enhancement for the small central tip of the indented nanocone (same curvature) only
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Fig. 5. Optical response of the indented nanocone depicted in Fig. 4. @) Extinction cross
section in arbitrary units for the incident polarization displayed in the inset. b) Near-field
enhancement spectra of the silver indented nanocone calculated 1 nm below the cone
apex. ¢) Cross section of the surface charge density profile of the indented nanocone for
A = 1061 nm (in arbitrary units) d) Near-field enhancement distribution of the system for
normal incident light at A = 1061 nm polarized along the cone axis. The proposed struc-
ture, allows for the combination of the field enhancement ingredients introduced in Fig. 1,
giving rise to field enhancement factors of ~ 800 in amplitude.
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Fig. 6. Optical response of the silver indented nanocone for different central tip lengths h.
a) Extinction cross section in arbitrary units. The lineshape of the Fano-like interference
can be tailored by modifying the central tip length. b) Near-field enhancement spectra cal-
culated 1 nm below the cone apex. The maximum field enhancement occurs for h = 70 nm.

reach enhancements of the order of one order of magnitude in amplitude. It is the combination
of al the ingredients mentioned in this work what makes this structure a unique continuous
structure providing such enhancement. In that sense, the role of the convex part of the indented
nanocone is crucia for two different reasons. Firgt, it allows for a geometrical localization of
the surface charge density, and second, it activates the interference between the the dipolar and
the monopolar modes. This gives rise to a spectra region where the surface charge densities
of the two resonances interfere constructively boosting the near field response of the system.
In conclusion, the concave surface alows for a synergistic combination of all the ingredients
for the field enhancement through the activation of a Fano-like interference effect involving a
localized mode at the tip apex and a broader mode extended to the whole structure.

Modifying the depth of the small central tip allows for atailoring of this interference effect.
Fig. 6(a) plots the extinction cross section of the indented nanocone for different central tip
lengths (h). The lineshape of the Fano-like interference changes from adip to a peak depending
on the relative spectral position of the dark monopolar mode of the central tip with respect
to the resonant frequency of the bright dipolar mode of the cone. Fig. 6(b) presents the near
field enhancement spectra 1 nm bellow the cone apex. The peak near field enhancement is
maximized when the near fields produced by the central tip and the cone interfere constructively
in an optimum manner. This occurs for a central tip length of 70 nm, which corresponds to the
chosen length for the calculations presented in the previous figures.

It is possible to go further in the enhancing strategy by providing an additional external cou-
pling to this structure. To this end, we locate an indented nanocone facing a perfect metallic
surface acting as a mirror for different separation distances. The image charges on the perfect
metal mimic the presence of an additional indented nanocone facing the original structure on
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Fig. 7. Indented nanocone coupled to a perfect metallic surface. a) Near-field amplitude
spectra for different separation distances d = (4,3,2,1 nm). b) Near field map for a sep-
aration distance of 1 nm at A = 1212 nm. The extra coupling results in a maximum field
enhancement of ~ 1600 in amplitude.

a bowtie configuration. Fig. 7(a) shows the NF spectra 0.5 nm below the nanocone tip for 4
different separation distances (d = 4,3, 2,1 nm). The extra coupling results in afield enhance-
ment of ~ 1600 for a separation distance of 1 nm. The near field distribution of the coupled
system on resonance (A = 1212 nm) is shown in Fig. 7(b) for a separation distance of 1 nm,
showing avery strong concentration of the fields at the gap between the indented nanocone and
the metallic surface.

4. Conclusion

In summary, we have identified the key electromagnetic effects that can be used to optimize
the near-field enhancement of a metallic nanostructure and applied them to design a contin-
uous nanoantenna where the field enhancement reaches about the largest values reported in
the literature. Further modifications of this concept may lead to even larger factors. To obtain
these enhancing factors appropriate valuesfor the diel ectric response and damping of the metals
have been used as well asrealistic parameters for the cone lengths, curvatures and indentations.
This structure, or different variations of the same concepts, could be very beneficial in pho-
tonic applications based on field enhancement such as surface enhanced spectroscopy and light
harvesting for photovoltaics.
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