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Abstract

®

CrossMark

Plasmonic nanoantennas have been widely explored for boosting up light-matter interactions
due to their ability of providing strongly confined and highly enhanced electric near fields, so
called ‘hot-spots’. Here, we propose a dielectric-loading approach for hot-spots engineering by
coating the conventional plasmonic nanoantennas with a conformal high refractive index
dielectric film and forming dielectric-loaded plasmonic nanoantennas. Compared to the
conventional plasmonic nanoantennas, the corresponding dielectric-loaded ones that resonate at
the same frequency are able to provide an extra enhancement in the local electric fields and
meanwhile spatially transfer the hot spots to the dielectric surfaces. These findings have
important implications for the design of optical nanoantennas with general applications in
surface enhanced linear and nonlinear spectroscopies. As a demonstration application, we show
that the maximum achievable fluorescence intensity in the dielectric-loaded plasmonic
nanoantennas could be significantly larger than that in the conventional plasmonic

nanoantennas.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Plasmons—coherent oscillations of free electrons in metals—
have the ability to concentrate light into subwavelength
volumes and enhance local electromagnetic field [1], which
is essential for a diverse range of nanophotonics technologies
and devices [2]. Thus far, simple geometries with sharp fea-
tures (e.g. metal tips [3-5], triangles [6, 7] and cubes [8, 9])
that rely on lightning rod effect and more complex geometries
with nanoscale gaps (e.g. bow-ties [10-13] and film-coupled
metal nanoparticle system [14, 15]) that are based on near-field
mode coupling have been most commonly utilized to create
hot-spots. Although intense local fields have been produced
in these rationally designed plasmonic nanoantennas, it is still
challenging to achieve higher electric field enhancement, for
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example, by further narrowing the gap-width in the plasmonic
dimers, because quantum mechanical effects such as nonlocal-
ity [16] and electron tunneling [17] could reduce the build-up
of charges of opposite sign on the two sides of the gap, thereby
reducing the maximum achievable field enhancement [18].
On the other hand, the strongest local fields of the hot-
spots always locate at the metal surfaces. This would not cause
any adverse impacts on the applications such as strong light-
matter coupling [7, 10] and surface enhanced Raman scatter-
ing [19], because matters in these applications are allowed
to be in direct contact with the metal surface. However, in
the plasmon-enhanced fluorescence applications, if light emit-
ters (e.g. quantum dots, dye molecules or ions) are placed
too close to a metal, their fluorescence would be quenched
rather than enhanced due to the energy transfer to dark
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plasmonic modes in the metal [20-24]. To enhance the fluor-
escence as much as possible in the plasmonic nanoantennas,
the emitters are forced to be placed at a non-zero optimal
distance from the metal surface [23]. Since the plasmon-
induced strongest local fields locate at the metal surfaces
and their intensities decay exponetionally with the distance
from the metal surfaces, such a non-zero emitter-metal dis-
tance makes the field enhancement that the emitters could
sense is smaller than the maximum field enhancement that
the plasmonic nanoantennas could provide. In other words,
the hot-spots of the plasmonic nanoantennas are underutil-
ized in the plasmon-enhanced fluorescence applications, and
thus inevitably inhibiting the excitation efficiency of emitters
(which is proportional to the field intensity at the position of
emitters [23]).

In the past few years, the shell-isolated metal nanoparticles
(SHINs) consisting of a metal core with a dielectric coat-
ing have been demonstrated as an efficient substrate for sur-
face enhanced fluorescence [25-28]. Since the SHINs have
a thickness-controllable dielectric shell acting as a built-in
spacer, the requirement of the optimal emitter-metal distance
could be easily fullfilled. It has been experimentally demon-
strated that the best fluoresncece enhancement factor could be
achieved in the SHINs when the shell is tuned to an optimal
thickness [26]. It should be noted that in these previously
reported SHINS, only silica with a relatively low refractive
index (n ~ 1.46) has been employed as shell material [25-28].
For such a low refractive index coating, the field enhancement
at the outside dielectric surface of the SHINs (which could be
sensed by the emitters) is still lower than that at the inside
metal surface [26]. Therefore, making the full utilization of
the maximum field enhancement of the hot-spots to maximize
the excitation efficiency of the emitters remains a challenge in
the silica-coated SHINS.

Here, we present a dielectric-loading approach to engin-
eer both the spatial position and maximum field intensity of
the hot-spots. We demonstrate that by conformally coating
a thin dielectric layer with a high refractive index onto the
conventional plasmonic nanoantennas, hot-spots can be trans-
ferred to the outer dielectric surface of the reslutant dielectric-
loaded plasmonic nanoantennas. The maximum achievable
field enhancement of the transferred hot-spots in the dielectric-
loaded plasmonic nanoantennas is found to increase with
the shell refractive index, and in particular, it could exceed
the maximum field enhancement achieved in the correspond-
ing conventional plasmonic nanoantennas that resonate at the
same frequency, as the shell refractive index is larger than a
certain value. The ability to spatially transfer the hot-spots
to the dielectric surface and provide an extra enhancement
in the local electric fields makes the dielectric-loaded plas-
monic nanoantennas suitable for applications such as surface
enhanced linear and nonlinear spectroscopies. As a demon-
stration application, we show that compared to the conven-
tional plasmonic nanoantennas, the dielectric-loaded ones
could improve the fluorescence intensity by mainly maxim-
izing the excitation efficiency of the emitters.

2. Results and discussion

2.1. Hot-spots engineering

Let us start by considering the simplest conventional plas-
monic nanoantenna—a single spherical Au nanoparticle
(AuNP) of radius R embedded in a homogeneous medium
(e.g. air, n = 1.0), as shown in the inset in figure 1(a). In
this case, the radius of the AuNPs could be optimized to max-
imize the field enhancement for a given incident wavelength.
Figure 1(a) shows the field enhancement factors calculated
at the surface point P corresponding to the incident electric
field direction as functions of the radius R and the incident
wavelength J, in which the calculations are performed using
the three-dimensional finite element-method software COM-
SOL Multiphysics and the permittivity of Au is taken from
the experimental data [29]. By plotting a vertical line in figure
1(a), which corresponds to a chosen wavelength, the optimal
radius for the maximum field enhancement could be directly
obtained at this particular wavelength. For example, for a typ-
ical incident wavelength of A = 633 nm, when the radius of the
AuNP is optimized to R = 74 nm, the field enhancement in the
AuNPs could reach the maximum value of ~27, as indicated
by the point / in the dashed line in figure 1(a).

To engineer the spatial position of the hot-spots, a
dielectric-loading strategy that involves conformally coating
plasmonic nanoantennas with a thin layer of high refractive
index dielectrics (relative to the surrounding medium) is pro-
posed. It is noted that high refractive index dielectric coating
would increase the effective refractive index of the surround-
ing medium and induce a red-shift in the localized surface
plasmon resonances (LSPRs) of the dielectric-loaded plas-
monic nanoantennas [30]. Therefore, the conventional plas-
monic nanoantennas need to be scaled down before dielectric
coating to possibly counteract the red-shift effect. In that case,
the dielectric-loaded and conventional plasmonic nanoanten-
nas can both be optimized to resonate at the same wavelength
to achieve a fair comparison.

According to this strategy, dielectric-loaded AuNPs are
constructed by firstly reducing the size of the AuNP from its
original optimal size R = 74 nm to, for example, r = 50 nm,
and consequently coating a thin dielectric layer (inset in
figure 1(b)). Since the electric fields distributed outside of
the dielectric-loaded AuNPs could be sensed by the external
matters, in the following discussions we mainly focus on the
external field enhancement at the dielectric surface. When the
radius of the core AuNP is fixed to » = 50 nm, two degrees
of freedom, including the shell refractive index and shell
thickness, could be optimized to maximize the external field
enhancement at the given incident wavelength of A = 633 nm.
Figure 1(b) shows the electric field enhancement factors cal-
culated at A = 633 nm at the dielectric surface point Q corres-
ponding to the incident electric field direction in the dielectric-
loaded AuNPs with a fixed » = 50 nm as functions of shell
thickness (#) and shell refractive index (). Contour lines with
a value of 27, which represents the maximum field enhance-
ment factor achieved in the conventional AuNPs (point / in
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Figure 1. (a) The electric field intensity enhancement at the surface
point P of the AuNPs as functions of the radius and the incident
wavelength. The vertical dashed line represents the incident
wavelength of A = 633 nm. (b) The electric field enhancement at
the dielectric surface point Q of the dielectric-loaded AuNPs with a
fixed core radius r = 50 nm calculated for fixed wavelength

A = 633 nm as functions of the shell refractive index and the shell
thickness. Solid lines are the contour lines with the value of 27. The
vertical dashed line represents the shell refractive index of n = 2.7.
Marked points / and /I indicate the optimal case where the field
enhancement is maximized. (c¢) and (d) The electric field
distributions calculated at A = 633 nm for the conventional and
dielectric-loaded AuNPs with optimal parameters corresponding to
the points / and /1, respectively. (e) and (f) The electric field
enhancement factors extracted along the central section lines in the
conventional and dielectric-loaded AuNPs. Solid lines represent the
interfaces.

figure 1(a)), are also plotted as red solid lines in figure 1(b). It
is seen from figure 1(b) that as the shell refractive index and
the shell thickness locate within the range enclosed by the con-
tour lines, the dielectric-loaded AuNPs could produce larger
external field enhancement than the conventional AuNPs. For
example, for a shell refractive index of n = 2.7 (which is rep-
resented by a vertical dashed line in figure 1(b)), when the shell
thickness is optimized to = 16 nm, the external field enhance-
ment at A = 633 nm in the dielectric-loaded AuNPs can reach
the maximum value of ~86, as indicated by the point // in fig-
ure 1(b).

The electric field distributions calculated at A = 633 nm for
the optimal conventional AuNP (R = 74 nm, corresponding
to the point / in figure 1(a)) and the optimal dielectric-loaded

AuNP (r = 50 nm, n = 2.7, t = 16 nm, corresponding
to the point /I in figure 1(b)) are shown in figures 1(c)
and (d), respectively. As expected, for the conventional AuNP
the strongest fields of the resonant hot-spots locate at the metal
surface of the AuNP (figure 1(c)). After coating the AuNP
with a thin dielectric layer, the resonant hot-spots are found to
mostly distribute at the most outside surface of the dielectric-
loaded AuNP (figure 1(d)), which directly validates that the
dielectric-loading approach allows the strongest field of the
hot-spots to be transferred from the metal surface to the dielec-
tric surface.

Furthermore, the field enhancement factors extracted along
the central section lines in the two optimal nanoantennas are
plotted in figures 1(e) and (f), respectively. Associated with
the excitation of the LSPR, electric fields are found to be
enhanced at x = R = 74 nm in the conventional AuNP (as
indicated by a blue vertical line in figure 1(e), which repres-
ents the Au-air interface) and x = » = 50 nm in the dielectric-
loaded AuNP (as indicated by a blue vertical line in figure 1(f),
which represents the Au-shell interface). It should be noted
that compared to the conventional AuNPs, there is an addi-
tional interface between the high refractive index shell and the
low refractive index surrounding medium (shell-air interface)
in the dielectric-loaded ones. Due to the continuity boundary
condition of the normal component of the electric displace-
ment vector at the interface between two different materials
[31], electric fields that decay away from the metal surface are
expected to be abruptly enhanced at the shell-air interface in
the dielectric-loaded AuNPs. As indicated by a red vertical line
in figure 1(f), electric fields at x = r 4 t = 66 nm (correspond-
ing to the dielectric surface of the dielectric-loaded AuNP) are
indeed enhanced with a factor of ~86, which exceeds the max-
imum field enhancement factor of ~27 achieved in the optimal
conventional AuNP. Therefore, in addition to the ability to
spatially transfer the hot-spots from the metal surface to the
dielectric surface, the dielectric-loading approach could also
provide an extra enhancement in the local electric fields.

In practice, the dielectric materials that are suitable for act-
ing as the shells of the dielectric-loaded plasmonic nanoan-
tennas should be considered. Fortunately, dielectrics such as
silica (SiO,, n ~ 1.46) [25-28], alumina (Al,03, n ~ 1.8)
[32], zirconium dioxide (ZrO,, n =~ 2.1) [33], zinc sulfide
(ZnS, n =~ 2.2) [34], cerium oxide (CeO,, n =~ 2.3) [35] and
titanium dioxide (TiO,, n ~ 2.7-2.8) [36] have been repor-
ted to be able to form a conformal shell around the noble
metal NPs with a tunable shell thickness. Also, it is noted that
in the above demonstration, to construct the dielectric-loaded
plasmonic nanoantennas, the radius of the AuNP is, to some
degree, reduced arbitrarily from R = 74 nm to r = 50 nm.
Actually, the coating dielectric materials, i.e. the shell refract-
ive index, could be firstly selected, and then the radius of the
core AuNP and the shell thickness are simultaneously varied
to maximize the external field enhancement in the dielectric-
loaded AuNPs for a given incident wavelength

Figure 2(a) shows the electric field enhancement factors
calculated at A = 633 nm at the surface point Q in the TiO,-
loaded AuNPs (with a fixed shell refractive index of n = 2.7)
as functions of core radius (r) and the shell thickness (f). As
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indicated by the marked point /I in figure 2(a), when the core
radius and the shell thickness are optimized to » = 36 nm and
t = 17 nm, the TiO,-loaded AuNPs could produce the external
field enhancement factor as high as ~112 at A = 633 nm,
which is 4 times larger than the maximum achievable field
enhancement factor of ~27 in the optimal conventional AuNP
(point / in figure 1(a)). For direct comparison, the external field
enhancement factors at A = 633 nm in the SiO,-loaded AuNPs
(with a fixed shell refractive index of n = 1.46) are also plot-
ted in figure 2(b) as functions of r and ¢. The external field
enhancement in the SiO,-loaded AuNPs is found to monoton-
ically decrease with increasing the shell thickness. As indic-
ated by the marked point IV in figure 2(b), the external field
enhancement reaches the maximum value of ~27 at r = 74 nm
and ¢ = 0 nm, which is identical to the optimal case of the
conventional AuNPs (point / in figure 1(a)). This reveals that
due to the low shell refractive index, the SiO,-loaded AuNPs
are unable to provide higher external field enhancement than
the optimal conventional AuNP. Therefore, the shell refract-
ive index plays a key role in the dielectric loading approach.
The maximum achievable external field enhancement factors
at A = 633 nm in the dielectric-loaded AuNPs with differ-
ent shell refractive indices (i.e. different coating dielectrics)
are summarized in figure 2(c). Provided that the shell refract-
ive index is larger than n = 1.7, the dielectric-loaded AuNPs
could always outperform the optimized conventional Au NP in
terms of field enhancement. It is also found that the dielectric-
loaded AuNPs with higher shell refractive index can pro-
duce larger external field enhancement. Therefore, the TiO,
(n = 2.7) is chosen as dielectric shell materials in the follow-
ing discussions.

In the above demonstrations, the incident wavelength
is fixed to A = 633 nm. The proposed dielectric-loading
approach could also work for other incident wavelengths.
Figures 3(a) and (b) show the external field enhancement in the
TiO,-loaded AuNPs with different core radii and shell thick-
nesses calculated at A = 590 nm and A = 690 nm, respectively.
For these two incident wavelengths, the radius of the conven-
tional AuNPs could be varied to maximize the field enhance-
ment. It could be found from figure 1(a) that when the radius
is optimized to R = 67 nm for A = 590 nm and R = 82 nm for
A = 690 nm, the field enhancement in the conventional AuNPs
could reach the maximum values of ~33 and ~23. As indic-
ated by the marked points V and VI in figures 3(a) and (b),
when the geometry parameters are optimized to (r = 30 nm,
t = 10.7 nm) for A = 590 nm and (r = 42 nm, ¢t = 25 nm)
for A = 690 nm, the TiO,-loaded AuNPs could produce the
external field enhancement factors of ~150 and ~79, which
are 3—4 times larger than the maximum field enhancements
achieved in the optimal conventional AuNPs at the respective
wavelengths. The electric field distributions calculated for the
TiO,-loaded AuNPs with optimal parameters (corresponding
to the points V and VI in figures 3(a) and (b)) at A = 590 nm
and A = 690 nm further present that the resonant electric fields
are mostly distributed outside the dielectric-loaded AuNPs
(figures 3(c) and (d)), which again validate the ability of the
dielectric-loading approach to spatially transfer the hot spots
to the dielectric surfaces.
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Figure 2. (a) and (b) The electric field enhancement at A = 633 nm
at the surface point Q of the TiO2-loaded and the SiO2-loaded
AuNPs as functions of the core radius and the shell thickness,
respectively. Marked points //I and IV indicate the optimal case
where the external field enhancement is maximized. (c) The
maximum achievable external field enhancement at A = 633 nm in
the dielectric-loaded AuNPs with different shell refractive indices.
Hollow red squares represent some available dielectric materials.

2.2. Extra fluorescence enhancement

As a demonstration application, in what follows we show that
compared to the conventional plasmonic nanoantennas the
dielectric-loaded ones are able to provide an extra fluores-
cence enhancement. Here, we consider a single emitter (e.g.
Nile blue dye molecule) interacting with the conventional and
dielectric-loaded AuNPs, respectively. For weak excitation,
the excitation and emission processes of an emitter could be
treated independently because there is no coherence between
the two processes [23]. To simulate the excitation process, the
antennas are irradiated by a plane wave. Since the excitation
rate of the molecule is proportional to the intensity of the local
excitation field, its enhancement factor can then be written as

Jere = Vere/ Vo = Iy EJ* /I, Eo (1

where n,, is a unit vector pointing in direction of the molecule,
E and E; are the electric field with and without the antenna
at the location of the molecule, respectively [23]. To simulate
the emission process, the excited molecule is approximated as
a classical dipole source. In the presence of the antenna, the
normalized quantum yield of the molecule is given by

_ 0 frad/qo
— 0/ — 2
fq q/q frad +fnrad + (1 - qO)/qO ( )
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Figure 3. (a) and (b) The external electric field enhancement in the
TiO2-loaded AuNPs as functions of the core radius and the shell
thickness calculated for the incident wavelengths of A = 590 nm
and 690 nm, respectively. Marked points V and VI indicate the
optimal case where the external field enhancement is maximized.
(c) and (d) The electric field distributions calculated at A = 590 nm
and 690 nm for the TiO,-loaded AuNPs with optimal parameters
corresponding to the points V and VI, respectively.

where ¢° is the free-space intrinsic quantum yield of the
molecule, and fraa = Yraa/V%y a0d forad = Yaraa/ Yo,y are the
normalized radiative and non-radiative decay rates, respect-
ively [37-39]. The normalized energy-transfer rates in
equation (2) could also be written as f,,g = Praq/Po and frraq =
Praa/Po with P, being the power radiated into the far field
by the dipole in the presence of the antenna, P,,,; being the
power dissipated in the metal part of the antenna due to ohmic
loss, and P being the power radiated by the same dipole in the
absence of the antenna [40]. The normalized fluorescence rate
is then obtained from the product of the normalized excitation
rate and quantum yield, i.e. for, = Yem/ ng = fexe Jq-

For a single molecule placed near the conventional AuNPs
(inset in figure 4(a)), its fluorescence enhancement is calcu-
lated and plotted in figure 4(a) as functions of the radius R and
the molecule-Au separation distance g. In the calculations, the
orientation of the molecule, the polarization of the excitation
plane wave and the dipole source are along the axis connecting
molecule and AuNP center. The wavelengths of the excitation
plane wave and the dipole source are set to A, = 633 nm and
Aem = 663 nm, which correspond to the peak absorption and
emission of Nile blue molecules, respectively, such that the
Stokes shift is empirically taken into account. The molecule
is assumed to have unity intrinsic quantum yield ¢° = 1. As

indicated by the point / in figure 4(a), when the molecule-Au
separation distance and the radius of the conventional AuNP
are optimized to g = 11 nm and R = 78 nm, the fluorescence
enhancement could reach the maximum value of ~11. The
detailed energy-transfer rates fe, f; and f., of the molecule
coupled to the conventional AuNP with a radius R = 78 nm
for different molecule-Au separation distances are present in
figure 4(b). It is found that with decreasing the molecule-
Au separation distance, the excitation rate f,,. increases due
to the enhanced electric fields (blue curve in figure 4(b)),
while the quantum yield f; decreases due to the increased non-
radiative decay rate (dissipation in the metal) (green curve in
figure 4(b)). As a result, the fluorescence enhancement f,, can
reach the maximum value when the balance between f,,. and
Jfq s achieved at an optimal molecule-Au separation distance
g = 11 nm (red curve in figure 4(b)). Clearly, at this optimal
separation distance g = 11 nm the excitation rate just reaches
Jfexe = 14, which is smaller than the maximum achievable rate
of fxc = 27 at g = 0 nm (corresponding to the Au surface), and
thus revealing that the non-zero optimal emitter-metal separa-
tion distance prevents the emitter from fully utilizing the res-
onant hot-spot in the conventional plasmonic nanoantennas.
In the case of the dielectric-loaded AuNPs, the molecule is
directly placed on the outer dielectric surface, as schematically
shown in the inset in figure 4(c). The fluorescence enhance-
ment factors of the single molecule coupled to the Si0,-loaded
AuNPs (with a fixed shell refractive index of n = 1.46) and
the TiO,-loaded AuNPs (with a fixed shell refractive index
of n = 2.7) are plotted in figures 4(c) and (e), respectively,
as functions of the core radius r and the coating thickness ¢.
For the SiO,-loaded AuNPs, when the geometrical paramet-
ers are optimized to » = 68 nm and ¢t = 17 nm, the fluor-
escence intensity can reach a maximum enhancement factor
of ~19 (the point /I in figure 4(c)). In particular, the max-
imum fluorescence enhancement achieved in the TiO,-loaded
AuNPs with optimal geometrical parameters of r = 42 nm and
t = 17 nm is found to reach a factor as high as ~57 (the point
111 in figure 4(e)), which is increased by about 5.2 times com-
pared to the optimal case of the conventional AuNP, and thus
validating that the dielectric-loading approach is able to fur-
ther increase the maximum achievable fluorescence intensity.
To understand the origin of the extra fluorescence enhance-
ment, the detailed energy-transfer rates of the molecule
coupled to the SiO,-loaded AuNPs with a fixed core radius
of r = 68 nm (corresponding to the point /I in figure 4(c)) and
the TiO,-loaded AuNPs with fixed » = 42 nm (correspond-
ing to the point /II in figure 4(e)) are plotted in figures 4(d)
and (f), respectively, as a function of the coating thickness. The
excitation rate and quantum yield in the SiO,-loaded AuNPs
(green and blue curves in figure 4(d)) are found to basically
follow the same trend as those in the conventional AuNPs
(green and blue curves in figure 4(b)). At the optimal SiO,
coating thickness of # = 17 nm, the balance between f,,. and f;
is achieved. Compared to the optimal case of the conventional
AuNPs, where the optimal molecule-Au separation distance
is g = 11 nm, the 17 nm-thick SiO, shell provides a relat-
ively larger molecule-Au separation distance. The normalized
quantum yield of f;, ~ 0.84 achieved in the optimal case of



Nanotechnology 32 (2021) 035205

M Wan et al

Elis,

®)

= ]].1 =
. [ - conventignal AUNP || o
Conventional AuNP 25tR =78 I
9015 z £ =78 nmj
£20 ' s q-q” %
ESO § I
& 515 — Yol Yo 0.5E
270 ! _:5 exc’ Yexc ‘0 S‘E
S - 210 5
=60 - S <
& —— - E -
50 ! 5 : Tallen |
6 8 10 12 14 16 18 5 10 15 20
Gap g (nm) Gap g (nm)
C) 0 1 187 (d :
(© L R ——— (d) Si0,-loaded AuNP 1.0
%0 QiOz-loaded AuNP M : 30 63 nm
~ =14 E25 =
=7008. 0 2 =
il 1 =20 £
< e 0.55
360 ' ; 5 §
: ¥ &
250 -~ B =10
40 ’ ' 0
10 15 20 25 10 15 20 25
Coating thickness 7 (nm) Coating thickness 7 (nm)
(e) /7" ® ‘
;0 71 do':: = 5T TiO,-loaded AuNP  {0-6
55{110,-loaded AuNF= 100 = 42 nm :
= =27 : i c
ERG £80 2
~ 451 60 g
wn = =
2, g §
40 240 &
o & 0.4
35 ‘ : 20 ;

12 13 14 1516 17 18 19
Coating thickness ¢ (nm)

12 14 16 18 20
Coating thickness 7 (nm)

Figure 4. (a), (c) and (e) Fluorescence enhancement of a single Nile
blue molecule placed near the conventional AuNPs and on the
surface of the SiO,-loaded (n = 1.46) and TiO,-loaded (n = 2.7)
AuNPs, respectively. Marked points 7, II and /1] indicate the
maximum fluorescence enhancement. (b), (d) and (f) Normalized
quantum yield, excitation rate and fluorescence rate for the
conventional AuNPs with R = 80 nm, the SiO,-loaded AuNPs with
r = 68 nm, and the TiO,-loaded AuNPs with r =42 nm as a
function of the molecule-Au separation distance, respectively.

the SiO,-loaded AuNPs with n = 1.46 and r = 68 nm (the
intersection point of the vertical dashed line and green curve
in figure 4(d)) is thus larger than f, ~ 0.79 achieved in the
optimal case of the conventional AuNPs (the intersection point
of the vertical dashed line and green curve in figure 4(b)). On
the other hand, although the SiO,-loaded AuNPs could not
outperform the conventional AuNPs in the maximum achiev-
able field enhancement, the external field enhancement on the
outer surface of the SiO,-loaded AuNPs could exceed the
field enhancement achieved at a distance away from the con-
ventional AuNPs. The excitation rate of the molecule in the
SiO;-loaded AuNPs could reach f,,. = 22.1 at = 17 nm (the
intersection point of the vertical dashed line and blue curve in
figure 4(d)), which is larger than f,,. ~ 14 achieved in the con-
ventional AuNPs at g = 11 nm (the intersection point of the
vertical dashed line and blue curve in figure 4(b)). Compared
to the optimal conventional AuNPs, both the excitation rate
and the quantum yield are slightly improved in the optimal
Si0,-loaded AuNPs, and thus the maximum fluorescence

enhancement is correspondingly increased from a factor of
~11 to ~19.

For the TiO,-loaded AuNPs, the resonant hot spots could
be transferred to the dielectric surface and the maximum
field intensity could gain an extra enhancement, as demon-
strated in figure 2(a). The molecule coupled to the TiO,-loaded
AuNPs is thus expected to sense more intense excitation
fields than that in the conventional and SiO,-loaded AuNPs.
Unlike the cases of the conventional and SiO,-loaded AuNPs,
where the excitation rate enhancement increases monotonic-
ally with decreasing the molecule-Au distance (blue curve in
figures 4(b) and (d)), the TiO,-loaded AuNPs exhibit a peak
in the excitation rate enhancement spectrum (blue curve in
figure 4(f)). When the coating thickness of the TiO,-loaded
AuNPs with n = 2.7 and r = 42 nm is tuned to t = 17 nm,
the excitation rate enhancement could reach a maximum value
as high as f,, = 102.8 (the intersection point of the vertical
dashed line and blue curve in figure 4(f)). Compared to the
optimal conventional AuNP, the optimal TiO,-loaded AuNP
improves the excitation rate by a factor of ~7, and compared
to the optimal SiO,-loaded AuNP, the improvement is almost
a factor of ~5. It is noted that more energy could be trans-
ferred from a dipole to the adjacent dielectrics with higher
refractive index [41] and also to the nearby metal nanoparticles
with smaller size [23]. For this reason, the non-radiative decay
rate in the optimal TiO,-loaded AuNP with a relatively higher
shell refractive index of n = 2.7 and smaller core radius of
r = 42 nm is expected to be higher than that in the optimal
Si0;-loaded AuNP with relatively smaller n = 1.46 and lar-
ger r = 68 nm. The normalized quantum yield in the optimal
TiO;-loaded AuNP is found to be f, ~ 0.56 at r = 17 nm
(the intersection point of the vertical dashed line and green
curve in figure 4(f)), which is indeed smaller than f, ~ 0.84
achieved in the optimal SiO,-loaded AuNP at ¢t = 17 nm
(the intersection point of the vertical dashed line and green
curve in figure 4(d)). In spite of the relatively low normalized
quantum yield, the resultant fluorescence enhancement in the
optimal TiO,-loaded AuNP could reach a maximum value of
~57, which is improved by a factor of ~5.2 compared to the
optimal conventional AuNP and by a factor of ~3 compared
to the optimal SiO;-loaded AuNP. This reveals that the excita-
tion rate enhancement, which is attributed to the ability of the
dielectric-loaded AulNPs to spatially transfer the hot spots and
further enhance their intensities, could play a dominant role in
the fluorescence enhancement, and thus verifying the import-
ance of the hot-spots engineering provided by the dielectric
loading approach.

The extra fluorescence enhancement factors, defined as the
ratio of the maximum achievable fluorescence enhancement
in the dielectric-loaded AuNPs with different shell mater-
ials (i.e. different coating refractive indices) to that in the
conventional AuNPs, are also calculated by simultaneously
optimizing the core radius r and the coating thickness ¢, and
summarized in figure 5. As demonstrated in figure 2(c), the
external field enhancement achieved in the dielectric-loaded
AuNPs increase monotonically with increasing the coating
refractive index, which imposes positive effect on the fluor-
escence enhancement by increasing the excitation efficiency.
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Figure 5. The extra fluorescence enhancement of a single molecule
coupled to the dielectric-loaded AuNPs with different coating
refractive indices. For each coating shell refractive index, the
corresponding optimal geometrical parameters are indicated.
Hollow squares represent some available coating materials.

Therefore, the extra fluorescence enhancement is found to
initially increase with increasing the coating refractive index
(figure 5). On the other hand, the optimal core radius is smal-
ler and the corresponding optimal coating thickness is thinner
for the dielectric-loaded AuNPs with higher coating refractive
index, which could accelerate the non-radiative decay rate [23]
and thus impose an adverse effect on the fluorescence enhance-
ment by lowering the quantum yields. As the coating refractive
index is increased to n = 2.6, the balance is achieved between
the increased excitation rate and the decreased quantum yields,
and the extra fluorescence enhancement reaches the highest
factor of ~5.3 in the dielectric-loaded AuNPs with optimal
core radius of r = 42 nm and coating thickness of f = 18 nm
(figure 5). With further increasing the coating refractive index,
the adverse effect of lowering the quantum yields would
prevail, and the extra fluorescence enhancement achieved in
the dielectric-loaded AuNPs begins to decrease. Neverthe-
less, within the calculated coating refractive index range from
n = 1.2 to 3.0, the dielectric-loaded AuNPs could always be
optimized to outperform the conventional AuNPs in the fluor-
escence enhancement.

In the above discussions, a single Nile blue molecule
with the peak absorption and emission wavelengths being
Aexe = 633 nm and )., = 663 nm is chosen. Here, we also
present the fluorescence enhancement results for another type
of dye molecule, crystal violet, coupled with the conventional
and TiO,-loaded AuNPs. The peak absorption and emission
wavelengths of the crystal violet molecules are \.,. = 590 nm
and A, = 640 nm, respectively. The intrinsic quantum yield
is assumed to be ¢° = 0.001. For the single crystal violet
molecule coupled with the conventional AuNPs, when the
geometrical parameters are optimized to R = 72 nm and
g = 3 nm, the fluorescence enhancement could reach the max-
imum value of ~481 (point / in figure 6(a)). The detailed
energy-transfer rates are also calculated for the conventional
AuNPs with R = 72 nm and shown in figure 6(b) as a function
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Figure 6. (a) and (c) Fluorescence enhancement of a single crystal
violet molecule coupled to the conventional and TiO;-loaded

(n = 2.7) AuNPs, respectively. Marked points / and /I indicate the
maximum fluorescence enhancement. (b) and (d) Normalized
quantum yield (green), excitation rate (blue) and fluorescence rate
(red) for the conventional AuNPs with R = 72 nm and the
TiO,-loaded AuNPs with » = 38 nm as a function of the
molecule-Au separation distance, respectively.

of the molecule-Au separation distance g. It is seen that at
the optimal molecule-Au separation distance g = 3 nm, in
addition to the excitation rate enhancement of f,,. =~ 26.3, the
normalized quantum yield is also significantly enhanced and
reaches a factor as high as f, ~ 18.3 (the intersection point of
the vertical dashed line and green curve in figure 6(b)), due to
the low intrinsic quantum yield of the crystal violet molecule.
As a result of both enhancement in the excitation rate and
normalized quantum yield, when coupled to the conventional
AuNPs, the crystal violet molecules could gain higher fluores-
cence enhancement than the Nile blue molecules with higher
intrinsic quantum yield (figure 6(b) vs figure 4(b)), which is
consistent with previously reported results that fluorescence
enhancement depends on the intrinsic quantum yield of the
molecule and higher enhancement can be achieved for lower
q° [12, 38-40].

Figure 6(c) shows the fluorescence enhancement factors
of the single crystal violet molecule coupled to the TiO,-
loaded AuNPs with different core radii » and the coating
thicknesses t. As indicated by the marked point /1, the max-
imum fluorescence enhancement is achieved at » = 38 nm and
t = 11.5 nm. By further plotting the energy transfer rates for
the TiO,-loaded AuNPs with fixed core radius of »r = 38 nm
as a function of the coating thickness, the excitation rate
enhancement is found to reach a peak value of f,,. ~ 135
at the optimal coating thickness of + = 11.5 nm (the inter-
section point of the vertical dashed line and blue curve in
figure 6(d)), and meanwhile the normalized quantum yield
reaches an enhancement factor of f, ~ 12 (the intersection
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point of the vertical dashed line and green curve in figure 6(d)).
Although the normalized quantum yield enhancement in the
optimal TiO,-loaded AuNP is slightly smaller than that in the
optimal conventional AuNP, the excitation rate in the former
case is greatly enhanced (figure 6(d) vs figure 6(b)). Therefore,
the fluorescence enhancement achieved in the optimal TiO;-
loaded AuNP could reach a maximum value as high as ~1472.
Compared to the optimal case of the conventional AuNPs,
the optimal TiO,-loaded AuNP improves the fluorescence
enhancement by a factor of ~3, which demonstrates that the
dielectric-loading approach could also be applied to provide an
extra enhancement in the fluorescence of the molecules with
different transition bands and intrinsic quantum yields.

3. Conclusion

In summary, we have demonstrated a dielectric-loading
approach for engineering both the intensity and spatial posi-
tion of the plasmonic hot-spots without the need to change the
geometry shape of the well-designed plasmonic nanoantennas.
By scaling down the conventional plasmonic nanoantennas
and conformally coating them with a high-refractive-index
thin dielectric layer, the resultant dielectric-loaded plasmonic
nanoantennas could resonate at the same wavelength as the
conventional ones, lead to an extra enhancement in the max-
imum achievable field intensities, and transfer the hot spots
from the metal surface to the dielectric surface. We also
demonstrate that the shell refractive index plays a key role
in the field enhancement, and dielectric-loaded AuNPs with
higher shell refractive index could produce larger external
field enhancement. When applying on the fluorescence applic-
ations, light emitters that are placed on the external surface
of the dielectric-loaded plasmonic nanoantennas could sense
the transferred and further enhanced hot-spots, which signi-
ficantly enhance the excitation efficiency of the emitters, and
thus improving the fluorescence. Despite demonstrating the
significant benefits only on the fluorescence enhancement,
the dielectric-loaded plasmonic nanoantennas can be readily
designed and optimized for other applications based on the
local field enhancement, such as image enhancement, efficient
single-photon sources, enhanced nonlinear optical processes,
and surface enhanced Raman spectroscopy.
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