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Abstract: We theoretically investigate the fluorescence enhancement of a
molecule placed in a variable (4 - 20 nm) gap of a plasmonic dimer, with
different dye molecules as well as different nanoparticle geometries, using a
fully vectoria three-dimensional finite-difference time-domain (3D FDTD)
method. This work extends previous studies on molecular fluorescence in
the vicinity of metal interfaces and single nanoparticles and shows how the
radiative emission of amolecule can be further enhanced by engineering the
geometry of a plasmonic structure. Through the use of rigorous 3D FDTD
calculations, in conjunction with analytic guidance based on temporal
coupled-mode (TCM) theory, we develop a design procedure for antennae
assemblies that is useful both for general understanding of molecule-metal
structure interaction and experimental efforts in plasmon-enhanced molec-
ular spectroscopy.
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1. Introduction

It iswell known that the absorption cross section and radiative efficiency of a molecule can be
enhanced by a nearby plasmonic nanostructure; this enhancement is important, for example,
for applications in biosensing and photovoltaics [1, 2]. Furthermore, while the enhancement
of the local optica field due to the meta structure can be calculated accurately numerically,
much less numerical research has been carried out on the combined effects of excitation and
guenching. Fluorescence enhancement depends on the metallic composition, size, shape, ori-
entation of the nanoantennae, the dielectric properties of the surrounding medium, the number
of nanoantennag, and the polarization state and frequency of the incident beam. Each of these
parameters modifies the combined effects of excitation by the incident field and ohmic lossin
the nanoantennae [3-5]. Recently, Dal Negro and coworkers have theoretically investigated the
fluorescence enhancement based on varying shapes and sizes of single metal nanoparticle, as
well as their near-field interactions in the deep-ultraviolet spectral range using a surface inte-
gra equation method [6]. However, there has been no systematic investigation of the emission
properties of dye coupled to nanoantennae of different shapes, sizes and their interactions in
the visible spectrum region.

Analysis of the fluorescence properties of an emitter such as a dye molecule can be carried
out by generalized Mie theory (GMT) [7]. However, Mie theory cannot directly predict the
scattering of non-spherical particles or of an arbitrary ensemble of nanoparticles. Thus for the
case of light scattering by non-spherical nanoparticles, only approximate GMT algorithms have
been established. In addition, an important earlier analytic study, which considered a single
spherical antenna [8-10], used a Green’s function approach to analyze the molecul€’s linear
excitation rate. This method provided a useful analytic formulation; however, such an approach
may lack the generality of rigorous numerical computation.

Concomitantly, synthesis methods have been devel oped by many groups, which enable fabri-
cation of specific nanoparticle structures for fluorescence with sub-nanometer precisions using
DNA self-assembly. For example, Gang and coworkers have devel oped methods of fabricating
arrays by DNA self-assembly [11-13]. These arrays consist of structures formed with metal
nanoparticles and dye molecules. In addition, Zhang and coworkers also have implemented
severa viable synthetic methodologies for the fabrication of a range of nanoscale formula
tions [14, 15]. These synthesis methods require a companion approach for computing the opti-
cal/fluorescence properties of the structures.

In this paper, we use a method based on full vectorial three-dimensiona finite-difference
time-domain (3D FDTD) computation to achieve accurate fluorescence enhancement calcu-
lations for arbitrary-shaped metal nanoparticle antennae. In addition, we show that temporal
coupled-mode (TCM) theory [16] can be used for analytical guidance in the optimization of
the antennae design. We have obtained the antennae configurations for the optimimized fluo-
rescence enhancement of each of a selected set of dye molecules, which are matched to three
different antennae geometries. Our results provide guidance for the rational design of optimized
metallic nanoparticle complexes for maximum fluorescence enhancement. Finally, we note that
this approach provides a design method for applications of optically active nanostructures in
near-field imaging [17, 18], biosensing [19, 20], light harvesting [21, 22] and nonlinear optical
properties of metal nanostructures [23, 24].

2. Dye-molecule/antenna complex

First, for our emitter-dye complexes, the emission spectrum of each dye is dependent on both
the spectral response of each dye and the response and efficiency of its nearby nanoantenna.
Second, each dye/antenna combination exhibits strong fluorescence enhancement only over a
limited spectral region, where in this paper, only antennae having a fixed specific volume of
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metal are considered and compared. This behavior is sketched notionaly in Fig. 1(a) for the
cases of a spherical- and an €ellipsoidal-dimer antenna. This spectral response can be broadened
or shifted by changes in the geometry of the antenna. For example, a change in the spacing
between the antenna nanoparticles shifts the antenna response - but only by a relatively small
amount; see the dotted line in Fig. 1(a). On the other hand, it is possible to access other spec-
tral regions using an antenna with a different geometrical shape such as the ellipsoid shown
in Fig. 1(a), since the antenna has a distinct, shape-dependent localized-plasmon resonance
frequency. Finally, note that enlarging the radius of a spherical dimer also shiftsthe antennare-
sponse, while at the same time increasing the magnitude of field enhancement due to its larger
antenna polarizability [Fig. 1(b)]. However, larger antennae also experience larger ohmic loss.
This large ohmic loss makes the larger spherical dimer/dye cluster to be aless efficient emitter
than the smaller ellipsoid dimer/dye cluster. Therefore, the scope of this paper focuses on inves-
tigating the influence of the nanoparticle geometry, rather than the dependence on volumetric
scaling.

P’

(a

G

A A :

Fluorescence Enhancement

Fluorescence Enhancement

Wavelength Wavelength

Fig. 1. (8) A conceptua or notional sketch showing how the choice of nanodimer type (a
spherical and ellipsoidal dimer with afixed volume are shown here) selectively enhances a
certain fluorescence-emission wavelength region. Only a very limited tuning of the dimers
spectral response is achieved by changes in the interdimer-nanoparticle spacing. For exam-
ple, when the dimer spacing is adjusted by 1nm, the resonance will shift from solid curve
to dash line. (b) Spectral shifting and variation in fluorescence enhancement can also be
achieved with a change in dimer radius (solid lines). The larger enhancement due to shape
effect is shown for comparison (dotted lines).

Our goal is to provide a general approach to designing nanoantenna for efficient molecule
light-emitting clusters. Thus, we consider the radiative and quenching processes of an excited
emitting dye molecule in the near field of a metal nanoantennae, which is illuminated by a
monochromatic optical source, as shown in Fig. 2(a). The dye molecule is approximated, as
shown in Fig. 2(b), by atwo-level system. In the presence of incident light with intensity I,
the molecule undergoes optical excitation followed by either nonradiative quenching or fluo-
rescence, with an appropriate Stokes shift. If adye molecule islocated within the near field of
metal antenna, the existence of resonant |ocalized plasmons within the metal can enhance these
optical processes. In effect, the metal antennae causes a much stronger local field to form at
the position of the dye molecules due to excitation of localized surface plasmons (L SP), which
corresponds to the external field distribution, causing, in turn, stronger optical excitation of the
dye molecules. This excited molecul e gives enhanced fluorescence asit decays radiatively with
rate yrad = 1/7rad, @ shownin Fig. 2(c). Note a so that ohmic loss within the metal antennaalso
inserts an additiona non-radiative channel with the non-radiative decay rate of Yrad = 1/ Tnrad
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Fig. 2. (a) A schematic illustration of an antenna-dye system under laser illumination. (b)
Two-level system for dye moleculesin free space. (c) Two-level system for dye molecules
near metallic nanoantennae.

that is not present in an isolated dye molecule.

Considering these processes, we can express the fluorescence rate y=m of asingle molecule as
the product of an excitation rate e and the quantum yield g, where q is defined as the ratio of
radiative transition rate (from excited to ground state) to the total decay rate: thus nonradiative
quenching lowers q. It is sufficient to treat the excitation and emission processes independently
because there is no coherence between the two processes [8]. The fluorescence enhancement
can then be expressed as

Yem  Yexc 4
Jfom _ jexe A 1
B B P @

where the superscript ‘0" indicates the corresponding free-space quantity. Since we are consid-
ering only linear excitation processes, the excitation rate of the moleculeisdirectly proportional
to the number of incident photons, i.e., the incident intensity of the field:

Yoo [E0)P
B BN @

The values of E(r) and Eg(r), which are the electric-field strengths for a specific optical
frequency w at the location, r, of the molecule with and without the presence of an antennae,
are obtained from our 3D FDTD calculations. The fluorescence enhancement is calculated by
approximating the emitting molecule as a classical dipole; this approach has been described
earlier by Gersten and Nitzan [25] and Novotny [8, 9]. The wavelength of the dipole is set to
the emission wavel ength of the dye, i.e., the Stokes shift isempirically accounted for. To obtain
the quantum yield, g, of the isolated molecule, ohmic loss must be obtained using the dielectric
function of the nanoantenna metal. This process includes a nonradiative rate yp,aq, Which then
gives the quantum yield [26],

_ Vrad/YPad
a= 0\ /0
%ad/?’road‘Fanad/?}r)ad"'(l_q )/d

where rad/Y2g and Yhrad/ 1 e normalized radiative and non-radiative decay rates and o
is the free-space intrinsic quantum yield of dye molecules. Placing the emitter within the near-
field of the nanoantennae increasesitslocal optical density of states[27]. Then based on Fermi’s
Golden rule, the radiative decay rate will change compared to its value in free space. The
analysis - discussed in [8, 10] - shows that the normalized energy-transfer rate can be written
as Yrad/%pa = Prad/Po and Vnrad/yroa = Phrad/Po, With Rag being the power radiated by the

©)
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classical dipolein the presence of a metal nanoparticle, Pyraq being the power absorbed by the
metal particle due to ohmic loss, and Ry being the power radiated by a classical dipolein free
space. The quantum yield isthen obtained by measuring the power absorbed by the nanoantenna
and the power emitted from the dipole-nanoantenna system.

3. Theoretical approach

In order to model the metal antennae optical response accurately, a parameterized Drude-
Lorentz model [28, 29] was used. The analysis below considers Au antennae because of the
prevalence of Au antennaein many fluorescence applications[8,11]. We chose dyes that emit at
red or near-infrared wavel engths because Au has alow absorption coefficient in this wavelength
range. In thiswork, the size effects on the metal dielectric constant were neglected and al dye-
molecules are assumed to have unity intrinsic quantum yield, i.e. ¢° = 1. In addition, because
they are commonly used in cellular and biophotonics applications, we chose commercially
available fluorochrome conjugates for these molecules, namely, CF"™568, CF ™660R and
CFT™790 [30], which have useful spectral distributions, namely excitation maxima at 562nm,
663nm, 784nm, and peak emission wavelengths at 583nm, 682nm, and 806nm, respectively.

3.1.  Analytic method

In order to gain analytical insight into the optical properties of our nano-system, wefirst treat the
metal nanoparticles as coupled resonators and employ the TCM theory discussed by Haus [16]
to analyze the energy transfer between the incident light and metal nanospheres. While the use
of the TCM theory is approximate, it does enable a qualitative analysis of our systems. It, thus,
alows us to determine the factors controlling the antennae performance and provides guidance
for understanding, under which conditions, the metal antennae will increase radiative efficiency.
The framework of the TCM theory can be best illustrated by considering the fields of a metal
antenna cluster in the presence of an exciting beam with power of |s, |2.

For illustrative purposes here, we consider a metal antenna consisting of two spheres with a
fixed spacing, i.e., adimer, which isilluminated by a beam propagating in a direction perpen-
dicular to and the polarization paralleled to the dimer axis. The TCM theory then generates the
following rate equations to describe the relationship between the isolated sphere L SP-modes,
ay 2 with energies |a;|? and |ap|? and L SP resonant frequency ; and wy,

dag . +
dftl — i3y — Jrad T Tad 5 120 30 + Kins + %az 4
da; .
72:|a)2a2_wa2+ Kins-i-'i_@al (5)
dt 2 2
where 149 IS the radiative decay rate of a sphere with radius of rq at frequency o gives[31]
2nr0\°
_A2AT 0
ym"”“( A ) 1+ 2¢p ©)

and A and ep are the wavelength of incident beam and the dielectric constant of the medium,
respectively; the nonradiative decay rates ynrag = ¥ With v being the metal ohmic loss in the
Lorentz-Drude approximation. The in-coupling coefficient, ki, is the degree of coupling be-
tween the power of incident light and the energy of LSP, and y12 and 721 are the coupling
coefficients between an L SP of one sphere with another.

Based on the dipole-dipol e approximation [31,32], thein-coupling coefficient x;,, can be eval-
uated as Kin = (¥24)"/2, with Q being the far-field solid angle, where ¥2, = %ad Jo* (6, 9)dQ
and f(0,¢) = 3(1—sin6cos’p) /8r. Due to the symmetry of our dimer system, the coupling
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coefficients y12 = 21 = ¥ and the amplitudes of the LSP modes a; = a, = a. We can evaluate
the ¢ using overlap integral asfollows,

@)

where E;(r) is the electric field at location r when both LSP; and LSP, are present, Ex(r)
is the electric field at location r when only LSP is present and the LSP mode energy
a2 = Le0epE2,, Ve 1, Where Ve 1 is the effective mode volume [31]. Therefore, the steady-
state solution of Egs. (4) and (5) yields

e =

2Kin
a—= - 5 8
('}’rad‘|‘?’nrad—Vc)_21((1)—(00)5+ &

where ay is the LSP resonance frequency. This equation shows the proportionality between
s; and a, and hence between the incident power |Ejnc|? and the isolated LSP |Eqax|? Of the
sphere. Theradiative 59 and non-radiative 10ss rates -5 are mostly dependent on the particle
size, while the coupling rate 1 is mostly dependent on the inter-particle spacing. By coupling
power back and forth between the two resonators the total loss rate ¥%ag + Yhrad — ¥ IS actualy
reduced, hence the increase in intensity. We can then vary the enhancement viaa changein o
or in nanoparticle geometry.

n
o
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Fig. 3. The intensity enhancement measured at the center of the gap using TCM is pre-
sented as the dashed curve (blue) for a dimer structure with two 40nm-radius spherical Au
particles under the illumination of 663nm light; the solid dot (red) is the result from FDTD
simulations and the solid curve (red) is an interpolation based on FDTD results; note that
the curves continue to diverge at smaller interatomic spacings of the dimer.

As mentioned before, while useful for qualitative insight, TCM is not as precise asis our nu-
merical computation. Thus, we illustrate its accuracy with a detailed comparison between the
results using TCM theory and FDTD simulation. Thisis shown in Fig. 3. For this comparison,
we have selected adimer structure with two 40nm-radius spherical Au particlesunder illumina
tion by 663nm light. The surface-to-surface spacing is adjusted from 4nm to 20nm. The dashed
line shows the enhancement achieved from using of TCM, which isin good agreement with the
FDTD results (solid curve) at larger spacing (>10nm). At this larger spacing, results obtained
using an isolated metal-sphere-nanoparticle overlap equation, i.e., Eq. (7), agree well with the
exact numerical solution.
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3.2. Smulation

The advantages of FDTD simulation are its accuracy and simplification of implementation.
Our simulations are implemented on the computer clusters (gen04) at Center for Functional
Nanomaterials at Brookhaven National Laboratory. The problem was solved across hundreds
of cores, which can not only divide a large numerical problem into smaller calculations, but
also investigate multiple structures concurrently. Our code has been tested against analytical
and experimental results[8] for the single-particle case and has been proven to yield the correct
results (not shown). For our simulation model, a nanoantenna/dye molecule was illuminated
using a cw plane-wave source, with an excitation wavelength located at the peak absorption
frequency of the dye molecules. The dipole radiates at the Stokes-shifted emission frequency
of the dye molecules. In FDTD, we surround the metal particles with a suitably chosen closed
surface; we then calculate the net power flowing in through this closed surface, averaged over
time. This averaged power into the closed surface is then the averaged power absorbed by the
metal particles. A perfectly matched layer (PML) was used as the radiation boundary condition
for the computational domain and the simulation had a mesh size of 0.5nm, which achieves
results within 2% difference compared with that with a superfine/ultrahigh resolution i.e. a
mesh size of 0.1nm.

4, Results
4.1. Spherical dimer

Calculations of the fluorescence enhancement and quenching of a single spherical metallic
nanoantenna have been previously extensively investigated [2, 8, 26] yet it is useful to review
briefly the fundamentals of this standard model system for an optical antennae photoresponse.
For example, based on a quasi-static approximation [33], where the center of nanoparticleislo-
cated at the origin, the electric field near-field region due to a single spherical metallic nanopar-
ticleis given asfollows:
. o) Eg
E(r,0) = Eg(cosfer —sinfey) + drmeo 13
where e and ey are the unit vectorsin radial and polar directions, respectively; o:(w) denotes
the polarizability of the metal particle and r is the distance from the center of particle. The
genera expression for polarizability of the metal sphere[34] is

(2cosfe +sinfeg) 9)

B evm(0) — ep(w)
a(w) = 4nsor8—£M(w) 20 (@)

where gy and ep are the relative permittivity for metal and surrounding dielectric materials.
We retain only the | = 1 spherical harmonics and consider only a particle radius ro, such that
ro < A (i.e. the dipole limit). Note that the plasmon polariton frequency is resonant when
Re{em(w)} + 2ep(w) = 0, which for a Au particles is at A ~ 500nm. However, the strong
ohmic lossin the vicinity of this wavelength reduces the overall fluorescence enhancement.
Now consider the simplest multiparticle ensemble, namely adimer of two spherical nanopar-
ticles. Our TCM calculations show that coupling between the two Au nanoparticles changes
their optical propertiesincluding astrong field enhancement and adown-shifting of the plasmon
resonant frequency of the assembly, compared to the response of asingle metal nanosphere. For
asingle Au spherical particle, the strongest enhancement occurs at 520nm [10], but for the Au
dimer structure, the peak enhancement is, say, red shifted to 570nm (for a spherical-dimer with
radius of 40nm), due to the lower plasmon resonant frequency. With this geometry, the en-
hanced intensity decreases as the spacing increases, which is demonstrated by the dashed line

(10)
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Fig. 4. (a) Plot of the intensity distribution of a dye/dimer complex under illumination by
a cw source at the maximum absorption frequency of dye molecules, i.e. 562nm. (b) The
intensity distribution for an excited dye molecule at its maximum emission freguency, i.e.
583nm. (c) A comparison of calculations of excitation rate Yexc/73c Using TCM theory
(dashed lines) with calculated curves using FDTD (solid lines) for three dye molecules.
Also, the FDTD calculated the quantum yield q as afunction of dimer separation for differ-
ent spacing. (d) The calculated emission rate yam/ Y3, and as afunction of dimer separation
for different particle sizes.

shown in Fig. 4(c). Further, our TCM results show that this new spectral response, in turn,
leadsto less ohmic loss. Note that this red-shifting has been previously introduced and reported
in [35, 36] and this prior work on this model system was used to provide a validation of our
model. Our TCM calculations show that the size of the Au nanospheres and the distance be-
tween their centers directly controls the magnitude of the red shift of the resonant wavelengths,
aresult also shown in prior work [16].

Finaly, we add a cautionary note. Recently Nordlander [37] and Pendry [38] have studied
guantum phenomenathat occur when the surfaces of two Au particles are within sub-nanometer
distances of each other. However, this near-contact case is not the focus of our research here.
Instead, we examine cases, in which the Au particles are separated by a surface-to-surface
spacing, which is larger than 4nm. Therefore, the small near-contact effects, such as quantum
tunneling, are ignored in our calculations.

Numerical computation of enhancement and spectral shifts. Consider now our FDTD com-
putations. The intensity enhancement obtained when illuminating with a cw source at the max-
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imum absorption frequency of a dye molecule and in the presence of a dimer antennais shown
in Fig. 4(a); in this figure the dye molecule is located at the center of the spacing between the
two spheres of the dimer. In addition, the incident field is, as shown, polarized parallel to the
dimer axis. The numerical results of the antenna intensity enhancement at the location of dye
molecule with respect to the spacing between sphere particles are demonstrated in Fig. 4(c).
Recall that in this paper, in order to compare the dye/antenna assemblies uniformly, we fixed
the volume of Au in the dimer to be equal to that in a spherical antenna with aradius of 40nm,
in which case, the spherical antenna has a plasmon resonant frequency that is peaked near the
maximum excitation wavelength of CF TM568. The fluorescence quenching, due to the ohmic
losses of the dye/nanoantennae assemblies, has also been investigated. By treating the excited
dye molecule as a dipole source (see Fig. 4b), we find that the dipole radiative decay rate is
related to its surrounding environment and the non-radiative decay rate is proportional to the
power absorbed by the Au particles; this dependence enables us to cal cul ate the quantum yield
for different dye molecules and dimer antennage of different dimensions. Figure 4(c) shows the
overall quantum yield, g, for our three different dye molecules. As the spacing is reduced, the
in-coupling coefficient from the radiating dye molecule to the Au particles increases. In par-
ticular, more of the optical energy emitted from each dye molecule is then dissipated through
ohmic losses in the Au-particle antenna, thus causing a decreased quantum yield. As shown
in Eq. (1), the total fluorescence enhancement reflects the combined effects of excitation and
guenching. In summary, for the aforementioned three dye molecules, we can achieve a 100-200
fluorescence enhancement by using spacings of 8-11.5nm. A plot of the perfrmance of each
dye/antennatypeis given in Fig. 4(d).

Finally, as discussed in the previous section, standard TCM underestimates the antenna-
intensity enhancement, especially when the interparticle spacing in the dimer is very small
(<10nm). This underestimate is due to the fact that the isolated-sphere solution is used to
calculate the overlap integral for intersphere coupling. In effect, this approach assumes that
the polarizability o of each particle behaves as it would for an isolated particle, which in turn
effectsthe value of y49. We note, however, at such close spacing, we can treat the dimer pair as
asingle-dipole with an increased polarizability opair, due to the coupling between the original
dipole moments of the spheres; this effect has been described in [7]. When this approach is used
in the TCM framework, the results, as shown in Fig. 4(c) (dashed line), are in good agreement
with our FDTD calculations.

4.2. Ellipsoid dimer

In the previous section, it was shown that a spherical-dimer nanoantenna is well matched for
enhancing the fluorescence efficiency of aCF "™568 dye. To enhance fluorescence for alonger
wavelength dye, such as CF ™660R, the spherical shape was changed into an ellipsoid; the
longer major axis of elipsoid nanoantenna was adjusted to match the plasmon resonance of
the structure with the longer-wavel ength emission peak of dye molecules, i.e., 663nm. This ap-
proach is based on insight from our TCM solution, which suggests that an ellipsoidal structure
will yield a larger polarizability and stronger coupling coefficient at longer wavelength, thus
allowing us to increase the intensity |a|2/|s, |2. Hence, in this section, we use ellipsoid dimers
and, for simplification, focus on spheroids, which have two axes of equal length; therefore, only
one geometrical factor is independent. From our results on spherical dimers, we recall that the
dimer structure has 200x the fluorescence enhancement for CF T™568 compared with its value
for the molecule with no antenna, while the enhancement for CF TM660R is only 150x and only
100x for CF™790. The low values for the last two dyes is due to the fact these wavelengths
are off-resonance for their emission wavelengths, as was shown in a notional way in Fig. 1.
Thus we can achieve better fluorescence enhancement for dye molecules, simply by altering
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the shape of the nanoantennae to change its L SP mode.

Figure 5(a) shows the intensity distribution of a spheroid dimer under illumination by a cw
source at the wavelength of maximum absorption for three dye molecules. In addition, for this
figure, the major axisis aligned along the polarized E-field of incident light. The polarizability,
a, of an isolated spheroid in afield parallel to its major axisisthen

&M — D
3ep+3L(em —&p)

whereaisitsmagjor axisand b = c areits minor axes; ey and ep are the dielectric constants of
the metal and the surrounding medium. An analytical expression for the geometrical factor L
as afunction of the eccentricity e = /1 — b?/a? can then be found from [39]:

1-¢ 1+e
L:ez< | 1_) (12)

Based on Egs. (11), (12) and setting a > b = c, the choice of alonger major axis a will yield
asmaller L, which will lead to stronger polarizability a. Based on the quasi-static approxima-
tion, the near-field enhancement of such a spheroid, in general, will be much larger than that of
a sphere of comparable volume. In fact this high enhancement is obtained in our calculation,
as shown in Fig. 5(b). This result can also be seen from application of the TCM solution. In
particular, since the spheroid’ s radiative mode is more directional than that of a sphere, the cou-
pling coefficient k for the spheroidal dimer is also larger. Based on Eq. (8), the magnitude of
a/s; will increase when x isincreased. In our simulations, our spheroid antenna was designed

e
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Fig. 5. (8) The intensity distribution under illumination from a cw source, having the ab-
sorption wavelength of aspecific dye molecule. (b) Calculated excitation rate, exc/ Yo, and
quantum yield, g, as afunction of dimer separation. (c) Calculated emission rate, Yem/ Yo,
as afunction of dimer separation.

#213601 - $15.00 USD Received 6 Jun 2014; revised 12 Aug 2014; accepted 20 Aug 2014; published 3 Sep 2014
(C) 2014 OSA 8 September 2014 | Vol. 22, No. 18 | DOI:10.1364/0E.22.022018 | OPTICS EXPRESS 22028



to be a= 110.7nm and b = ¢ = 34nm, since these dimensions yield a resonant frequency of
665nm. As shown in Fig. 5(c), this antenna structure has a 650x fluorescence enhancement
for CF TM660R when the surface-to-surface spacing is 8nm. This result is more than 4x than
for a spherical-dimer antenna. For CF 790, the spheroid still has a 250x fluorescence en-
hancement - that is 3x times higher than that obtained when using a sphere. It is worth noting
that a recent publication has reported an advanced fabrication capability that can synthesize a
cylinder nanorod with round tip [40]. However, for our equivolume design rule, the cylinder
dimer normally resonates in the near-IR spectrum that is out of the range of commercia dye-
molecule fluorescence. The fluorescence enhancement is thus very weak at our three selected
dye wavelengths using a cylinder dimer and thus its use will not be discussed further here.

4.3. Bowtie

In order to efficiently fluoresce at the longest wavel ength considered in this paper, it was neces-
sary to consider and examine a third dimer structure - the nanobowtie (triangle dimer). Using
the same approach, the fluorescence enhancement of a bowtie hanoantenna was investigated,
again with the same fixed volume of Au as was used for the spherical dimer discussed above.
The choice of a bowtie to increase fluorescence enhancement at longer wavelengths was also
motivated by the TCM theory. In particular, its strong near-field coupling and its large planar
area cause it to have a stronger resonance at alonger wavelength than for the two antennae dis-
cussed above. Note also that its use has also been enabled by a recent development in advanced
fabrication procedures [41,42].
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Fig. 6. () The intensity distribution, 1, due to the illumination of a cw source at the max-
imum absorption wavelength of the three dye molecules. (b) Calculated excitation rate,
Yexc/ Yo @d quantum yield, g, as afunction of dimer separation. (c) Calculated emission
rate yem/vSy and as afunction of dimer separation for different particle sizes.

The bowtie has several features, which are qualitatively distinct from those of our other two
nanodimers. One of these is its sharp point, which leads to a high directionality radiation. The
second difference is that, for a fixed nanoparticle volume, the bowtie has a higher in-coupling
coefficient ki and is resonant at longer wavelengths than for ellipsoids and spherical dimers.
Based on Eq. (8); this high directionality in-coupling coefficient, x, will further increase the
field enhancement.

The intensity enhancement resulting from normal-incidence light impinging on a bowtie
structureis shown in Fig. 6(a). Using our optimization procedure to scan through bowtie config-
urations with thicknesses from 20 to 40nm and angle 6 from 30°to 120°, wefind alocal optimal
enhancement structure of 30nm-thickness with a width of 120nm and a height of 149nm. As
anticipated, the bowtie has a much stronger resonance at 800nm wavel ength than at 560nm as
indicated in Fig. 6(b). Although the quantum yield of the bowtie structure is comparable to that
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of the spherical dimers, the field enhancement of the bowtie dimer is stronger. From Fig. 6(c),
we see that the optimal spacing between the bowtie tips for a CFT™790 molecule is 14nm,
which gives a 900x fluorescence enhancement compared with 150x fluorescence enhance-
ment with a spherical dimer structure and 300x fluorescence enhancement with an ellipsoidal
dimer. The enhancement for a CF "™660R dye using a bowtie dimer structure is comparable
to that achieved with a spherical-dimer antenna, however as expected, the enhancement for a
CFT™568 dye is significantly weaker. In summary, the bowtie structure is well matched to the
near-1R fluorescent molecule.

5. Conclusion

In order to summarize our theoretical investigation of our three different choices of nanoan-
tennae, we present our optimal fluorescence enhancement data for each configuration for the
dye-molecules CFT568, CFTM660R and CFT™790 in Table 1. As the table shows, there is
an optimal antenna structure for high fluorescence enhancement for each specific dye-molecule
pair; this enhancement is due to the different plasmonic response and field coupling with vari-
ation in shape at each wavelength. Our results show that, guided by TCM analysis, use of 3D
FDTD computation of enhancement and metallic loss can provide accurate fluorescence en-
hancement calculations for arbitrary-shaped metal nanoparticle antennae. These results enable
rational design of metallic nanoparticle complexes for maximum fluorescence enhancement.
Thus with the help of our theoretical tools, it is possible to design assembles before synthesis
and fabrication procedures, so as to achieve high performance. As computing hardware archi-
tecture advances, this method will soon be able to be implemented on a single desktop server
with massively parallel processors and extensive memory.

Table 1. Summary of the maximum fluorescence enhancement for each dye molecules

Max. Fluorescence Enhancement
CF™™568 CF™@EOR CF™790

Sphere 200 170 115
Ellipsoid 160 650 250
Bowtie 10 235 920

Acknowledgments

We thank Oleg Gang and Matthew Sfeir for their insightful discussions regarding Au nanopar-
ticle assemblies as well as Mark Hybersten and Deyu Lu for their assistance in adapting the
simulation software for use on a computer cluster. We aso thank James Misewich, Nathaniel
Osgood and Richard Osgood (111) for helpful discussion during the research. The simulations
were performed on the computer cluster in the Center for Functional Nanomaterials (CFN) at
the Brookhaven National Laboratory (BNL), which is supported by the U.S. Department of En-
ergy, Office of Basic Energy Sciences, under Contract No. DE-AC02-98CH10886. Theresearch
described here is based upon work supported as part of the Center for Re-Defining Photovoltaic
Efficiency through Molecule Scale Control, an Energy Frontier Research Center funded by the
U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences under Award
Number DESC0001085. We also thank the support from Wei Family Private Foundation in
helping X.M. attending professional meetings related to this research. N.C.P. was supported by
EPSRC, grant No. EP/J018473/1.

#213601 - $15.00 USD Received 6 Jun 2014; revised 12 Aug 2014; accepted 20 Aug 2014; published 3 Sep 2014
(C) 2014 OSA 8 September 2014 | Vol. 22, No. 18 | DOI:10.1364/0E.22.022018 | OPTICS EXPRESS 22030





