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We investigate four types of gold nanoantennae (the monopole, the dipole, the cone-shaped, and the cone-bowtie
antenna), under a fixed working wavelength. The finite-difference time-domain (FDTD) simulations show that
the near-field enhancement values do not increase monotonously when the antennae sizes decrease, and optimi-
zation conditions vary with the antenna shapes. We also propose a distributed dipole ring model to analytically
calculate the near field. The size condition for the strongest enhancement is the compromising result of the total
radiated energy and the near-field distribution factor. Assuming the cone-bowtie antenna is the best for high
enhancement, the maximum potential in near-field enhancement is 2 x 10° for a linear signal or 4 x 10'* for

typical nonlinear signals.
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1. INTRODUCTION

During the past decades several nanostructure-based methods
were proposed to get near-field enhancement (NFE) signals,
such as using metal nanoparticle aggregates [1,2], metal nano-
particle dimers [3], sharp metallic tips [4], gain-assisted metal
nanorods [5], and so on. Those methods or techniques are
related to the concepts of optical antennae, which are nano-
structures designed to enhance the interaction between the
optical electromagnetic wave and the structures [6]. The main
and key advantages of using an optical antenna as a near-field
probe are to convert the light from free space to nanoscale
areas [7] and to highly enhance the local field at a sample
location. Typical applications can be found in surface en-
hanced Raman scattering (SERS) [8-10] and tip-enhanced
scattering [11,12]. In order to quantify the enhancement ef-
fect, researchers are using the NFE factor, proportional to the
square of the electric field, and the G factor, proportional to
the fourth power of the electric field, to describe the level of
the enhancement. The value of the NFE factor is critical in
the applications of the optical antennae, because this value not
only directly decides the signal strength, but also normally
decides the signal-to-noise ratio and spatial resolution in
the field-enhanced near-field optics. Therefore, how to opti-
mize and what is the maximum potential of the NFE factor of
optical antennae are very important questions. The answers
will help to improve the usage of optical antennae and under-
stand their application limits.
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In this paper, we use the finite-difference time-domain
(FDTD) simulation to evaluate the near-field properties of four
types—the monopole, the dipole [13], the cone shaped, and
the cone bowtie—antenna, of gold nanoantennae working at
an 800-nm excitation wavelength. Our result supports that
there is an optimum size of an antenna for a certain excitation
wavelength to obtain the best NFE factor. The optimization
conditions vary with the antenna shapes. Our simulation for
cone-shaped antennae shows an order of magnitude higher en-
hancement than infinite-sized metal tips, and suggests a way to
further improve tip enhancement by fabricating nanosized
cone-shaped antennae. We also introduce a distributed dipole
ring approximation method, use the quasi-static theory, and
analytically calculate the near-field of the monopole and
cone-shaped antennae. This method offers significantly re-
duced calculation time and much better physical insights than
numerical methods. The outcome from analytical calculation is
consistent with the result of the FDTD simulation, and reveals
that the optimization condition in size is the compromised
result of the total radiated energy of the antenna and the
near-field distribution factor. In terms of the values of the best
enhancement factor, our simulation for the cone-bowtie an-
tenna gives 2 x 10> for a linear signal (proportional to the
square of the electric field) and 4 x 10'° for typical nonlinear
signals (proportional to the fourth power of the electric field).
Those best enhancement values might be the maximum poten-
tial of optical antennae in NFE when we consider that the
cone-bowtie antenna is the best design for high enhancement.
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Fig. 1. Schematic pictures and dimensions of (a) the gold monopole
antenna, (b) the gold dipole antenna, (c) the cone-shaped antenna, and
(d) the cone-bowtie antenna.

2. NUMERICAL SIMULATION STEPS AND
RESULTS

Four types of optical nanoantennae are considered in this work.
The monopole antenna is a rounded cylindrical nanorod with
hemispherical caps and the dipole antenna is a pair of nanorods
with a I-nm-wide gap. The cone-shaped antenna is a cone-like
rod with a small end and a large end; the cone-bowtie antenna
is a pair of cone-like rods arranged in a bowtie-like setting.
Figure 1 shows the sketches of the antennae. L, R, L,
Ry, L., R, L,, and R, are the total lengths and the tip radii
of the monopole, dipole, cone-shaped, and cone-bowtie an-
tenna, respectively. For cone-shaped and cone-bowtie anten-
nae, the large end radii are maintained to be 15 nm larger
than the tip radius. All four antennae are considered to be gold
and placed in a vacuum. The polarization direction of the ap-
plied electric field is along the long axis of the antennae, and the
propagating direction is in the perpendicular direction.

In this paper, we calculate the NFE values at a certain work-
ing wavelength of the four antenna types versus different radii
using the FDTD method [14,15]. First, we set a series of differ-
ent antenna radii and find the corresponding antenna lengths
that make antennae resonant at 800 nm. We consider that an
antenna is in best resonance with an 800-nm incident wave
when its far-field extinction curve peaks at 800 nm, and assume
that the condition for maximum NFE is approximately
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the same as the condition for maximum far-field extinction.
In Table 1, we list all the investigated radii (R,,, R;, R,
and R, from 2 to 30 nm) and the corresponding lengths
(L, Lys L., and L,) found from our simulations for best
working at 800 nm. All monopole, dipole, cone-shaped, and
cone-bowtie antennae are evaluated at the 800-nm excitation
wavelength. We use an optimization and parameter sweep
function of the FDTD method to obtain the target antenna
length for each radius. For an antenna radius, we know the
rough length range for resonating at 800 nm from a published
report [16]. The optimization function runs a large number of
FDTD simulations with a sweeping antenna length within the
known rough range, and gives us the target antenna length
when the far-field extinction curve peaks at 800 nm. Next,
based on these resonant structures, we use the FDTD simula-
tion to calculate the antenna NFE factor, 77 (1,,, 14, 11> and 77,
for the monopole, dipole, cone-shaped, and cone-bowtie anten-
nae). 17 is the ratio of the near-field electric field square value to
the incident electric field square value. The mesh sizes (the step
sizes of the wave propagation) of the FD'TD simulations are set
to be 1/10 of the antenna radii. The amplitude of the near-field
electric field is quantitatively calculated by taking an average of
a monitor window that is 1 nm away from the
tips of the monopole or cone-shaped antenna or is at the center
of the gap of the dipole or cone-bowtie antenna. The size of the
monitor window is the square of an antenna’s diameter.
Mathematically, we can write 7 = Y_,E? x mesh? /monitor,
where i is the mesh elements in the monitor window, E; is
the electric field in each mesh, mesh is the mesh size in length,
and monitor is the area size of the monitor window for evalu-
ating the near-field electric field. The amplitude of the incident
field is considered to be 1.

Our simulation parameters and results are presented in
Table 1. The subscripts m, 4, ¢, and ¢ identify the values
for the 1 monopole, dipole, cone-shaped, and cone-bowtie an-
tenna, respectively. We also plot the curves of the NFE factors
as functions of the radii for the antennae in Fig. 2, in order to
offer a better viewing of the trend. Both from Table 1 and
Fig. 2, our result shows that NFE has an optimized radius
for all investigated antennae. The optimization conditions vary
with the antenna shapes. For having the best NFE with an 800-
nm excitation, this radius is 7 nm for the monopole and 5 nm
for the dipole antenna. The cone-shaped antenna gives the best
NFE at about 3 nm radius, and the cone-bowtie antenna ap-
pears to have the best NFE at or below 2 nm. The maximum
enhancement factors are about 1.8 x 10°, 4 x 104, 2.1 x 104,

Table 1. FDTD Simulation Parameters and Results for NFE Factors as Functions of the Antenna Radii

R (nm) 2 3 4 5 6 8 9 10 15 20 30
mesh (nm) 0.2 0.3 0.4 0.5 0.6 . 0.8 0.9 1.0 1.5 2 3
monitor (nm?) 4 x 4 6x6 8x8 10x10 12x12 14x14 16x16 18x18 20x20 30x30 40x40 60 x 60
L,, (nm) 24.8 37.6 49.2 61 72 93.6 103.5 113.4  154.5 181 219.6
L, (nm) 91.2 102 111 120 128 135.6 142 148 154 176 190.8 207
L, (nm) 36.8 51.6 64.4 76 87.6 108 116.4 125 160 182 208.4
L, (nm) 106 109.6 113.4 117 125 135 139 139.6 160 175 191.5
Mo 591 853 861 1136 1232 1449 1438 1391 1056 741 392 157
N, 19,269 21,282 14,729 11,531 9710 7314 6793 4737 3778 1413 682 538
N 17,062 22,645 29,513 38,796 25,069 18,073 11,809 9067 8571 1845 525 161
n, 177,932 127,824 58,811 30,465 29,863 23,409 23,474 15,145 11,660 2280 541 187
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Fig. 2. Logarithm plots of NFEs of a monopole antenna (17, the
red line with dot symbols), dipole antenna (17, the black line with
square symbols), cone-shaped antenna (77,, the blue line with triangle
symbols), and cone-bowtie antenna (,, the pink line with reverse
triangle symbols), as functions of their radii.

and 1.5 x 10? for cone-bowtie, dipole, cone-shaped, and mo-
nopole antennae, respectively.

It should be stressed that we use an approximation when we
obtain the resonant antenna structures using the far-field
extinction curve. We approximate that the condition for maxi-
mum NFE is the same as the condition for maximum far-field
extinction. This approximation is not always valid for all cases,
but holds well for the situation we consider here. In order to
analyze the validity of this approximation, we present the spec-
tral dependences of the far-field extinction curve and the NFE
of a 10-nm radius monopole antenna in Fig. 3(a). We can see
that the near-field resonant curve shifts slightly (A4) to a longer
wavelength compared with the far-field extinction curve.
For this monopole antenna, AA = 3 nm, Apypy = 60 nm,
AL/ dpwrm ® 5%, and AL/ A, & 0.4%, where Apyry is the full
width at half-maximum (FWHM) of the resonant curves and
. is the center resonant wavelength. We also calculate the near-
field and far-field resonance difference for an R; = 10 nm
dipole antenna as well. Our result gives A1 = 5 nm, A1/, ~
0.6% for the dipole antenna. Both kinds of antennae show that
the near-field and far-field resonance difference is numerically
small enough compared to the FWHM of the resonant curves
and the center wavelength so that the resonance condition dif-
ference between the near-field and far-field can be ignored
within a 10% margin of error. Therefore, our approximation
that the condition for maximum NFE is same as the condition
for maximum far-field extinction is valid for the monopole and
dipole antennae working around 800 nm.

We also need to discuss the effect of nonlocalization of the
surface plasmon in the dipole and cone-bowtie antenna situa-
tions. When the gap between the two arms of the antennae is
small enough (smaller than a few nanometers), the surface plas-
mon within the two arms becomes nonlocalized, will couple to
each other. and does not have a clear cut boundary condition at
the metal surface [17]. In principle, our FDTD simulation for
the 1-nm gap dipole or cone-bowtie antenna is invalid for
obtaining the accurate field enhancement factor. However,

Research Article

the purpose of the simulation for the dipole and cone-bowtie
antennae is to find an upper limit for the field enhancement of
optical antennae. The plasmon coupling between the two arms
of the dipole antenna will only reduce the field intensity within
the gap, so the true value of the enhancement factor will be
smaller than that from our FDTD simulation. The value of
the field enhancement factor from the FDTD simulation
for the cone-bowtie antenna is valid as an upper limit to evalu-
ate the potential of optical antennae in field enhancement
applications.

We explored antenna radii down to 2 nm and gap size 1 nm,
in order to find the best optimization conditions and maximum
enhancement limitations. In terms of fabrication feasibility of
corresponding dipole and cone-bowtie antennae, a 5-nm gap
might be achievable by using a FIB (focused ion beam) quickly
cutting through a connected two-arm antenna. For instance,
using a FIB cuts the center of a nanorod with a diameter of
a few nanometers to make a dipole antenna. How to achieve
a 1-nm gap or make very sharp cone-bowtie structures remains
an open question. However, we believe that the trends and
behaviors for a 1-nm gap are valid for a 5-nm gap as well,
and theoretical simulations can be a little bit ahead of exper-
imental feasibility so that we can evaluate an experimental ef-
fort. The smallest 2-nm radius structure is getting close to the
quantum regime, and whether the FDTD method still holds or
partially holds is unclear. However, such a scale is also on the
edge or outside of the maximum capability of the ab inito
method. Considering the above reason and that the 2-nm data
point is the edge data of our simulation, using the FDTD to
simulate 2-nm radius structures is still a valid choice and the
single point at 2 nm does not affect the overall trends and key
findings.

3. ANALYTICAL CALCULATIONS WITH A
DISTRIBUTED DIPOLE MODEL

We developed a distributed dipole model for analytically cal-
culating the near field around a single body optical antenna.
In this section, we will demonstrate this method’s applications
on monopole and cone-shaped antennae, and we will show that
the physical reason of the resonant behavior of NFE versus ra-
dius is the compromise of two terms: the total radiated energy
of the optical antenna and the near-field distribution factor.
The size effect of metal nanostructure’s interaction with light
is dominated by different mechanisms for different structure
sizes compared to the light wavelength. As in our case, the sizes
of gold nanoantenna radii (2-30 nm) generally fit the quasi-
static standard. In order to analytically explain the behavior
of the NFE value changing with the antenna size, we build
an approximate distributed dipole model based on electrostatic
theory. We consider that the electric field around an antenna is
the result of a two-step process. First, the incident wave inter-
acts with, excites the antenna, and generates the polarization of
the antenna. In this step, we take the nanoantenna as an ideal
dipole and calculate its polarization under the electrostatic
theory. Then, we consider the distribution of the surface
charges with a dipole ring approximation. Using this model,
we analytically calculate the NFE of gold monopole and
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cone-shaped antennae and give the detailed steps for the
monopole here.

Under the electrostatic theory, the nanoantenna can be
approximately treated as an ideal dipole when its size is small
compared with the incident wavelength and the polarization of
the applied field is along the long axis [18]. Hence, the monop-
ole antenna’s far-field electromagnetic response to the applied
uniform static electric field is mainly produced by this ideal
dipole’s excited oscillation. Because of energy conservation,
the antenna’s excitation level from the incident field can be de-
scribed by this ideal dipole’s polarizability. For simplicity, here
we consider an ellipsoid with semi axes R, R, and L/2 to ap-
proximately substitute for our monopole antenna. The applied
field propagates along the short axis and polarizes along the
long axis. The polarizability of the gold monopole antenna
can be presented as [19]
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where

2

Ly = %f&o ((L/z)zd-?-q)f(q)’ flg) =(q+ R)(q+
(%)2)%, and ¢, €, are the antenna’s effective permittivity and
vacuum permittivity at 800 nm, respectively. The dipole mo-
ment P, induced by the applied field, satisfies P = ¢yaE,
where Ej is the incident electric field. From Eq. (1), we can
see that a has a resonance when the frequency and size-depen-
dent dielectric function &(w, R) of the antenna fit the condition
|3¢y + 3L3(e - &y)| = Minimum. Here in our analytical
model, the values of R and L of the antennae are taken from
Table 1, the result of our FDTD resonance sweep. Therefore,
the antennae with different diameters are all in resonance with
the 800-nm excitation wavelength, and we are calculating their
NFE factors analytically for comparison.

If an antenna size (i.e., radius) is larger than 25 nm, the
contributions from higher-order multipoles and the phase re-
tardation become important. The electromagnetic effect can be
fully described by the bulk frequency-dependent dielectric con-
stant [20] &(@). The nanoantenna size range in our work,
mainly under 25 nm, is usually called as in the intrinsic regime,
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(a) Far-field extinction curve (black line) and the NFE (blue dash line) spectral dependence of a gold monopole with a 10-nm radius; (b)

and (c) are the schematics of the electron distribution in the dipole ring model for the monopole antenna and cone-shaped antenna, respectively; (d)
and (e) are analytical and numerical NFE values versus the radius for the gold monopole antenna and cone-shaped antenna, respectively; (f) is the
logarithm plots of 7, , (blue dash line with diamond symbols) and #,, ;, (purple solid line with dot symbols) versus the antenna radius for
the monopole antenna; and (g) is the logarithm plots of 7, , (yellow dash line with star symbols) and #, ; (wine solid line with square symbols)
versus the antenna radius for the cone-shaped antenna.
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and the dipole plasmon oscillation determines the near-field
properties. When a nanostructure’s size reduces to a few nano-
meters, the excitation electric field exists both on the surface
and in the internal of the structure. Therefore, a size-dependent
dielectric function €(@, R) must be introduced to represent the
electromagnetic and the optical properties of the antennae. For
noble metals, in which there is a narrow forbidden energy
band, the inter-band transitions must be taken into account,
especially in the visible light frequency range [21].

Consequently, the dielectric function can be expressed as

€= - + X |0

where the first part represented by the Drude model is the con-
tribution of free electrons. y,, = 9 represents the interband
transitions [22], @ is the frequency of the incident light,
and @, is the plasma frequency, 1.36x 10'® s for gold
[23]. 7 is the collision frequency and becomes size-dependent
because the additional collisions with particle boundaries
increase the damping contribution. It can be written as [24]

14
Y = Ybuk T A;F) (3)

where 4 is the particle radius, or the radius of the monopole an-
tenna in our model. The parameter A is 1 for the simple Drude
model and isotropic scattering, yp is the bulk collision fre-
quency modified as y,y = vr//, vr is the Femi velocity, and
/4 is the conduction-electron mean free path. For gold, v is
1.4 x 10° m/s and /o, is ~42 nm. We can get the specified
monopole antenna polarizability by combining Egs. (1), (2),
and (3).

The near-field properties of a gold nanoantenna are deter-
mined by the charge accumulation on the antenna [25]. The
surface charge oscillation plays an important role in localizing
and enhancing the near field, which is originated from the
resonant excitation. A monopole antenna cannot be simply re-
garded as an ideal dipole because the near-field location we
are studying is too close to the surface of the antenna [26].
Here we establish a distributed dipole model to approximately
describe the contribution of the surface charge oscillation in a
monopole or cone-shaped antenna. Because of the edge effect,
we approximately consider that the surface charges accumulate
and oscillate around the rings of the end faces. The two rings
formulate a dipole ring at the side face of the monopole or
cone-shaped antenna, as Figs. 3(b) and 3(c) show. The near
field is calculated by taking an average of the field in a monitor
window, which is a round area (4R? in size and 1.13R in radius)
and 1 nm away from the antenna end face. The monitor win-
dow in our analytical calculation has the same size in area as
that in previous numerical simulation for the best comparabil-
ity, but is round for the simplification in calculation. If the total
charge of each ring is Q, the average electric field value within
the monitor window of the monopole can be calculated as

. Q? R 2 2 .
E* = 764775£%RZA ((Z]Bj> + (chf) ) - 2zrdr.

)

Functions B; = - J&((r - R cos 9)/D;/2)d9 and C; =

o (dj/D;/ )6 are the radial and the axial components
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of the electric field generated by the dipole rings,
D;=r"+ a']2 + R? - 27 R cos 0, where the subscript index
j=-land1l.d_; = (L+ 1) nmand 4, = 1 nm are the dis-
tances from the monitor window to the upper or lower ring. Q
can be obtained from Q = P/L = gyaEy/L. Thus, the en-
hancement of the near field, 7, is

E2
N =73
E§

2 R 5 ,
ZM/O <<Z/B/) + <Z]—Cj> >'2m’dr. (5)

We plot the analytically calculated NFE (1,,) values from
Eq. (5) as a function of the monopole antenna radius in
Fig. 3(d). We also plot the numerically simulated NFE (1,,)
values for the monopole antenna from Fig. 2 into Fig. 3(d),
in order to compare the FDTD simulation result with our
dipole ring calculation result. Figure 3(d) indicates that the ana-
lytical calculation result has a very similar behavior to our
numerical simulation result, and both are demonstrating a
maximum NFE value as the radius varies. The peak position
for the analytical calculation is at R = 8 nm, which is very close
to the 7 nm peak position of the numerical simulation.
However, the values of the analytical calculation are about
1.6 times the values of the FDTD simulation. This quantity
difference is due to our approximation in the analytical calcu-
lation that all the surface charges accumulate around the rings
of the rod ends.

This analytical calculation helps us to understand the physi-
cal reason why the size-dependent NFE value has a maximum
at a certain radius. The optimization in size is the result of the
combination and compromise of two terms, the total radiated
energy of the optical antenna and the near-field distribution
factor. In Eq. (6) we divide 7, into two parts: 7, ;, the total
radiated energy of the optical antenna normalized to the incom-
ing field power density, and 7, 4, the near-field distribution

factor. 7, , is calculated from the power of a dipole
4nc
3egAt
el £o* Qg
= A

|P|? divided by the incoming field power in a unit volume,

is the incident wavelength, ¢ is the light speed, € is
the unit volume and is considered as 1 in our calculation. 1, ,
reflects all the location-related terms.

87>
N =Nt *Mm_d> Non_s :3/1390a
3°Q, (R 2 :
s =5, (58) +(Z6) ) 2

(6)

In Fig. 3(f), we plot the 1, , and 1,, 4, as functions of the
antenna radius. #,, , shows a sharp drop in values at the small
radius end, because the total radiated energy of the antenna
obtained from the incoming excitation field will diminish
quickly with decreasing size after R < 10 nm. On the other
hand, #,, 4 drops faster than the increasing of the 7, , at
the large radius end. Therefore, 7,,, the product of the two
parts, has a best optimized value somewhere when R is between
1 and 10 nm for an 800-nm excitation, and is a joint result of
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the total radiated energy of the antenna and the concentrated
distribution factor at the enhancement location.

For the cone-shaped antenna, we use the same method to
calculate the antenna polarizability, as we approximately con-
sider the cone to be an ellipsoid with equal volume. The surface
charges are considered to accumulate and oscillate around the
rings of the end faces and form the dipole ring of the cone-
shaped antenna, as Fig. 3(c) shows. The near field is calculated
by taking an average of the field in a monitor window, which is
a round area (4R* in size and 1.13R in radius) and 1 nm away
from the tip end face. The calculated NFE (7;,) values as a func-
tion of the antenna tip radius are plotted in Fig. 3(e), and the
numerically simulated NFE (57,) values from Fig. 2 are also
plotted for comparison. Our analytical result shows a similar
behavior as the numerical simulation for most radii, but departs
from numerical simulation at the very small radius end (2 and
3 nm). In terms of absolute values, the ratios of our analytical
values and numerical values are smaller than 3. This suggests
that our model with the rough ellipsoid approximation is still
applicable for cone shapes until the tip size is smaller than
3 nm. The failure at a very small radius does not devalue
our method because calculating a feature size smaller than
3 nm is fundamentally difficult with any analytical or numerical
classical method.

In Fig. 3(g) we plot the 77, , (the total radiated energy of the
cone-shaped antenna normalized to the incoming field power
density) and 7, , (the near-field distribution factor), as func-
tions of the antenna radius. Differing from #,, , in Fig. 3(f),
the 57, , shows a much (10%) slower dropping at the small radius
end. This is due to the constant size (15-nm radius) at the large
end of the cone antenna and the equal volume ellipsoid
approximation when we calculate the antenna polarizability.
This 10° smaller dropping 77, , causes the analytically calculated
1. to continuously increase at the very small radius end. The
large end of a cone does help with increasing the total energy
the antenna takes from the incident field and transports energy
to the small end to increase the field at the tip, however, the
transporting efficiency should diminish when the tip gets to
be too small. The changing of the plasmon transport efficiency
with reducing radius is not considered in our model. The
behavior difference at the small radius end in Fig. 3(e) is
probably due to the above reason, and weakly suggests that
the cutoff radius for efficient plasmon transport on a gold wire
is about 3 nm.

4. PHYSICAL MEANINGS AND CONSEQUENCES

Our simulation results in Table 1 and Fig. 2 clearly show that
NFE has a strong dependence on and has an optimization
condition associated to the nanoantenna’s size, although all
those antennae satisfy the plasmon resonance condition with
the excitation field. These results prove that an optimum size
exists for all four investigated types of antennae, which cover
single-body, two-body, symmetrical and asymmetrical types.
Therefore, the idea of “the smaller the tip, the stronger the
enhancement” is not right in general.

Our simulation results for cone-shaped antennae suggest
that a finite-sized cone-shaped antenna might be able to im-
prove the enhancement factor by an order of magnitude from
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current infinite-sized tips. In experiments, people commonly
use infinite-sized field enhancement tips, e.g., microsharpened
macro-sized metal tips or metal-coated AFM (atomic force
microscopy) tips, to perform tip enhanced near-field micros-
copy. Reported experiments with those tips have shown that
a single metal tip setup normally offers a field enhancement
factor at the scale of 10° and a spatial resolution of 10 nm
[27]. For finite-sized cone-shaped antennae, our simulations
show that the maximum NFE is at 3 nm and suggests a best
tip diameter at 6 nm with a 10% enhancement factor. This is
half the best resolution and 10 times the maximum enhance-
ment reported from infinite-sized tips. The improvement in
enhancement might be due to the plasmon resonance achieved
with finite-sized cone-shaped antennae. Such finite-sized
cone-shaped tips might be fabricated by depositing a few hun-
dred nanometer metal films on the end of a dielectric rod and
sharpening it afterward.

Another conclusion from our study is the maximum poten-
tial of a single optical antenna in NFE stands at about 2 x 10°
for a linear signal, or 4 x 1010 for typical nonlinear (i.e., )((2))
signals. The cone-bowtie antenna structure is the best design to
offer a high field enhancement, and our FDTD simulation
shows that a gold cone-bowtie antenna offers 2 x 10° field en-
hancement at the best for a linear signal. Another commonly
used material, silver, offers a slightly higher enhancement than
gold, and the difference is litde (less than 50%) [28]. All
simulations and calculations in this report are considering only
linear processes. Signals from a typical nonlinear measurement,
e.g., tip-enhanced spectroscopy or a two-photon excitation
measurement, are proportional to the fourth power of the
incident electric field or the square of the field enhancement
factor we are discussing in this report. Therefore, the maximum
potential in signal enhancement for nonlinear signals is about
4 x 10!, Arrays of antennae are not considered in this report; a
multiple antennae structure might further increase the local
field enhancement due to constructive interferences.

5. CONCLUSION

Taking into account a fixed working wavelength, we per-
form numerical simulations for four different kinds of gold
nanoantennac—monopole, dipole, cone-shaped, and cone-
bowtie antennae—to study the optimization and maximum
potential of optical antennae in NFE. The results indicate that
the near-field antennae have an optimum size for offering the
best enhancement at a certain working wavelength. This con-
clusion might be applicable to all near-field enhancement
antennae and probes, and reveals that seeking methods to
manufacture further smaller probes cannot always solve the
problem if enhancement is not high enough. Our simulation
for cone-shaped antennae shows an order of magnitude higher
enhancement than infinite-sized metal tips, and might reveal a
way to further improve tip enhancement by fabricating nano-
sized cone-shaped antennae. We also present an analytical
calculation method, using a distributed dipole ring approxima-
tion for monopole and cone-shaped antennae, to evaluate and
analyze antenna designs. This method offers significantly re-
duced calculation time and much better physical insights than
numerical methods. It proves that the physical reasons for such
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an optimization at a certain size are the combination and
compromise of the total radiated energy of the optical antenna
and the near-field distribution factor. In terms of the maximum
enhancement factor, the simulation result for the gold cone-
bowtie antennae sets the values at about 2 x 10° for a linear
signal and 4 x 10'° for typical nonlinear signals. These values
might represent the maximum potential of the field enhance-
ment of optical antennae, unless a better antenna design can

be proposed.
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