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Abstract Efficient light manipulation at subwavelength scale
is of great interest for solar energy conversion, optical sensing,
and nanophotonic devices. Recently, plasmonic nanopatch an-
tennas (PNAs), which consist of plasmonic nanoparticles and
metal films with thin layers of dielectric spacers sandwiched
between them, have shown promise for directing and enhanc-
ing radiation from the dipole emitters at the PNAs. Herein, we
apply finite-difference time-domain simulations to compara-
tively study the radiative enhancement of a series of PNAs
consisting of Ag nanoparticles with different geometries, i.e.,
nanosquare, nanotriangle, nanorod, and nanodisk. We find
that the shape of the Ag nanoparticles influences the resonant
wavelength of the plasmonic waveguide modes in the spacers,
the enhancement of localized electric field, and multiple as-
pects of the radiation, including spontaneous emission rate,
quantum efficiency, and radiative enhancement factor.
Nanodisk-based PNAs exhibit both high quantum efficiency
(~0.74) and radiative enhancement factor (>20), while
nanotriangle-based PNAs show remarkable spontaneous
emission rate enhancement (>2500). Furthermore, we exam-
ine the effects of dipole emitter locations on the radiative
properties. Our results pave the way towards the rational
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design of PNAs for the optimal plasmonic enhancement of
light emission for targeted applications.

Keywords Plasmonic nanopatch antennas - Plasmonic
waveguide modes - Purcell effects - Quantum efficiencies

Introduction

Plasmonic nanostructures, which support the strong light-
coupled coherent oscillations of free electrons (i.e., surface
plasmon resonances), have attracted interests for manipulating
light at the nanoscale [1-7]. With their capacity of enhancing
the far-field light scattering and the near-field confinement of
electromagnetic fields, plasmonic nanostructures have been
used in a wide range of optoelectronic and photonic applica-
tions, such as plasmonic sensing [8—15], multi-photon lithog-
raphy [16], single photon sources [17], plasmonic lenses
[18-23], super absorbers [24-26], plasmonic lasers [27], solar
energy conversion [28-33], and light-emitting diodes
[34-36]. While many applications simply employ single plas-
monic nanoparticles or ensembles of randomly distributed
nanoparticles, recent years have witnessed ever-increasing re-
search interests in the complex plasmonic nanostructures
consisting of multiple properly coupled sub-units [37—41].
By introducing the plasmonic coupling effects in the com-
plex nanostructures, one can enhance or even achieve new
light-controlling capabilities. For example, nanoparticle di-
mers [42], in particular, bowtie nanostructures [43, 44], can
achieve extremely high light concentration within the gaps
between the nanoparticle pairs. The plasmon resonant wave-
length can also be tuned by controlling the gap width [45].
Nanoparticle arrays that support collective plasmon modes
have shown narrow bandwidth for plasmonic sensors of high
figure-of-merit [46]. Recently, plasmonic nanopatch antennas
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(PNAs), which consist of metal nanoparticles and metal films
with thin layers of dielectric materials sandwiched between
them (i.e., spacers), have attracted strong interests [47—49].
Unlike bowtie nanostructures that require sophisticated e-
beam lithography or focused ion beam lithography to control
the gaps and the plasmonic coupling, PNAs are compatible
with the high-throughput thin film processing with the thick-
ness of the spacers controllable down to the atomic layer [50].

The optical properties of PNAs are strongly correlated with
the plasmonic waveguide modes (PWMs) in the metal-
insulator-metal (MIM) structures [51-55]. The plasmon reso-
nance peak wavelength associated with the PWMs can be
tuned by controlling the thickness of the spacers, the lateral
dimension of the metal nanoparticles, or the refractive index
of spacer materials [56]. The PWMs also lead to the strong
confinement of electromagnetic fields within the spacers with
a large enhancement factor [57]. In addition, the PNAs have
shown high radiation directionality [56]. Because many types
of PNAs consisting of different nanoparticles exhibit variable
properties, the rational design of the PN As is highly desired in
order to achieve the optimal performances for any targeted
applications such as solar energy conversion, biomedical sens-
ing, or nanophotonic light sources. Along this line, establish-
ment of the structure-property relations for the PNAs
consisting of different nanoparticles is required, which has
not been available yet.

Herein, we perform numerical analysis for four types of
PNAs consisting of commonly used Ag nanoparticles (i.e.,
nanosquare, nanotriangle, nanodisk, and nanorod) on Ag thin
films with dielectric spacers of refractive index n=1.4. We
comparatively analyze the effects of the nanoparticle geome-
try on the far- and near-field properties of PNAs and the radi-
ative properties of dipole emitters at the PNAs. Based on our
analysis, we suggest the preferred PNAs for different applica-
tions. Our study paves the way towards establishing the design
rules for the PNAs for the optimal performance in the targeted
applications.

Methods

We perform numerical simulations using finite-different time-
domain (FDTD) method. The commercially available soft-
ware package (FDTD Solutions, Lumerical) is used.
Figure 1 illustrates the schematics of the four types of PNAs
used in our study. The nanoparticles in the PNAs include
nanosquare, nanotriangle, nanodisk, and nanorod. According-
ly, we indicate these PNAs as square-, triangle-, disk-, and
rod-PNAs, respectively. For each PNA, a dielectric spacer
with a refractive index n=1.4 is sandwiched between the Ag
nanoparticle and the Ag thin film. The PNA is supported by a
glass substrate (n=1.47). The optical constant of Ag is obtain-
ed from reference [58]. The thickness of spacers and Ag films
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is set as 15 and 50 nm, respectively. For the scattering study, a
normal (=0 in Fig. 1) incident light is illuminated from the
top of the PNAs and back-scattered light is collected with a
two-dimensional (2D) frequency domain power detector at the
top. For the radiative study, an electric dipole emitter is placed
inside the spacer as illustrated in Fig. 1a. The light emitted by
the dipole is collected using a small cube box consisting of six
power detectors surrounding the dipole. The light radiated to
the far field is measured in the same way using a large cube
detector box surrounding the PNA. For all the simulations, the
structures are modeled with a mesh size of 0.5 nm.

Results and Discussion
Plasmonic Waveguide Modes

Due to their critical role in the performance of PNAs, the
PWMs of different types of PNAs are studied. For this pur-
pose, a normal incident light is applied to excite the PWMs in
the PNAs and the scattered light is analyzed. Figure 2 shows
the simulated scattering spectra of the four types of PNAs. For
the Ag nanoparticles in the PNAs, we set as 80 nm the lateral
edge length of nanosquare, the equilateral edge of
nanotriangle, the diameter of nanodisk, and the axial length
of'nanorod. All the nanoparticles have the same vertical thick-
ness (along the z direction) of 30 nm (see Fig. 1). The resonant
wavelength of the PNAs is highly sensitive to the shape of the
nanoparticles, ranging from 589 to 657 nm for our four cases.
The inset of Fig. 2 shows a representative cross-sectional view
of the electric field distribution for a square-PNA excited at
the resonant peak wavelength. Due to the excitation of PWM,
the incident optical power is strongly confined inside the spac-
er between the Ag nanoparticle and the Ag film, leading to
two hot spots at the edges of the nanoparticle. The other three
types of PNAs share the similar cross-sectional electric field
distributions to the square-PNA (not shown here). The electric
field distributions also reveal that the PWMs arise from the
Fabry-Pérot resonances in the spacers [59]. The Fabry-Pérot
resonances are responsible for the difference in the resonant
wavelength of different PNAs due to the variation in the ef-
fective waveguide lengths.

To further investigate the effects of the PWMs on the near-
field light confinement within the spacers of the PNAs, we
analyze the lateral distributions of the electric field amplitude
enhancement (|E/E|) at the central x-y planes of the spacers as
shown in Fig. 3. Hot spots with the highest enhancement
appear beneath the corners or edges of the nanoparticles along
the polarization direction of the incident light. These hot spots
arise from the waveguide cavity modes, which are common
for the MIM structures [59, 51, 52]. The excited PWMs and
hot spots depend on the polarization direction of the incident
light. The hot spots are located at two corners of the triangle-
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Fig. 1 Schematics of four types Z

of PNAs consisting of different 9 y
Ag nanoparticles, i.e., a square-, b

triangle-, ¢ disk-, and d rod-PNAs (4

Glass

PNA when the polarization of incident light is aligned along
one edge of the equilateral triangle. However, for the PWMs
excited by dipole emitters incorporated within the spacer of a
triangle-PNA, the hot spots appear at all of the three corners of
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Fig. 2 Simulated scattering spectra of four types of PNAs where the
nanoparticles have the same lateral and vertical dimensions (i.e., 80 and
30 nm, respectively). The intensity of the spectra is normalized. Inset
shows a representative cross-sectional view of the electric field amplitude
distribution in the spacer of a PNA

Emitter

the triangle. This unique property of triangle-PNAs will be
further discussed in “Purcell Effect” section. The electric field
enhancement is increased from the central x-y plane to the
plane at the proximity of the nanoparticles (i.e., along the z
direction), as shown in the inset of Fig. 2. Comparatively,
triangle- and rod-PNAs support hot spots with the field en-
hancements (~80) higher than those of square- and disk-
PNAs. The higher field enhancements in triangle- and rod-
PNAs arise from their stronger light confinement as evidenced
by the smaller areas of the hot spots.

Purcell Effect

An optical emitter at the proximity of a plasmonic nanostruc-
ture exhibits an enhanced spontaneous emission rate due to
the increased local density of states (LDOS) of the emitter’s
environment [60]. Such an increase of spontaneous emission
rate is known as Purcell effect, underpinning many optical
applications such as plasmon-enhanced light sources and
bio-imaging [61]. PNAs have exhibited remarkable Purcell
enhancement for emitters incorporated in the spacers due to
the existence of the hot spots [57, 56]. Herein, we compara-
tively study the Purcell effect in the four types of PNAs.

For the study, we choose fluorophore, Cy5, and model it as
an electric dipole emitter. To allow a direct comparison of

@ Springer
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Fig. 3 Lateral maps of electric
field amplitude enhancement |E/
E| through the central x-y planes
of spacers of the four types of
PNAs. The projected profiles of
the nanoparticles onto the x-y
planes are indicated by dash lines
(a square-, b triangle-, ¢ disk-, and
d rod-PNAs)

Purcell effects among the four types of PNAs, we tune the
lateral dimensions of the nanoparticles to have the same reso-
nant peak wavelength at 661 nm (Fig. S1), matching the emis-
sion peak wavelength of CyS5. The spontaneous emission rate
enhancement, i.e., Purcell factor (PF), is calculated as %m;’p:
Po/P2. [62, 56], where Ysp and ygp are the spontaneous emis-
sion rates of a dipole located within the spacer of a PNA and
the bulky homogeneous dielectric environment, respectively.
P and P2, are the optical powers emitted by the dipole
located within the spacer of a PNA and the bulky homoge-
neous dielectric environment, respectively. In our FDTD sim-
ulations, we position single dipoles along the x-y plane that is
3 nm beneath the bottom edges of the nanoparticles to expe-
rience the highly enhanced electric field while avoiding the
strong fluorescence quenching by the metal nanoparticles
[56]. We set the orientation of the dipoles along the z direction
because the z component of the electric field associated with
the PWM s is much higher than the x and y components [56].

Figure 4 shows the PFs of the four types of PNAs as a
function of the lateral position of the dipoles (i.e., along the
x-y plane that is 3 nm beneath the bottom edges of the nano-
particles). For all the PNAs, the highest Purcell enhancements
occur to the dipoles near the corners of the nanoparticles
where the hot spots lead to the highest LDOS. For the dipoles
at the center of the x-y plane, the PFs approach to 0 due to the
extremely low electric field enhancement. The maximum PF
for the four types of PNAs varies. The triangle-PNA has the
maximum PF of ~12,000, which is highest among the PNAs,
enabling the development of the high-frequency light sources.
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The difference in the maximum PF arises from the variation of
maximum LDOS among the different PNAs. The lateral field
distribution and maximum PF value (~4000) of square-PNA
in Fig. 4a match well with those of the Ag cube-PNAs report-
ed by Akselrod et al. [56]. According to our simulations in
Fig. 4, the maximum Purcell enhancement of triangle-PNA is
three times that of square-PNA. As a result, we expect that our
proposed triangle-PNA can improve spontaneous emission
rate more than the Ag cube-PNAs.

To further investigate the coupling between the emit-
ters and the PWMs for the different types of PNAs, we
map the electric field distributions along the x-y planes
within the spacers upon the excitation of the emitters
(Fig. 5). The dipole emitters with their orientation along
the z direction are placed at the locations with the maxi-
mum PFs. Start apodization (with apodization center of
100 fs and apodization time width of 40 fs) is applied to
filter away the strong and short-lived transient electric
fields that occur when the dipole emitters are excited.
Upon the optical excitation, the spontaneous emission of
the dipoles couples to the PWMs of the PNAs, leading to
two equally strong hot spots along the waveguide direc-
tion. The hot spots match those of the PWMs that are
directly excited by normal incident light (Fig. 3). In addi-
tion, we find that the coupling of the emitted light to the
PWMs is highly selective. For example, the emitted light
by the dipole at one corner of the square-PNA selectively
couples to the diagonally propagating PWMs (Fig. 5a).
For the triangle-PNA, the spontaneous emission of the
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Fig. 4 Purcell factors of the four types of PNAs as a function of dipole position. The profiles of the nanoparticles are indicated by white dotted lines,
which are curved in the z direction (a square-, b triangle-, ¢ disk-, and d rod-PNAs)

dipole is coupled to two PWMs along the two side edges
due to the threefold symmetry of the triangle (Fig. 5b).
Our simulations provide a new insight into how the light
emitted by dipoles in spacers is concentrated and propa-
gating within the waveguides of PNAs. We further reveal
the dependence of dipole-PWM coupling on the shape of
the nanoparticles in PNAs. Our findings can guide on the
rational design of the location of emitters in the PNAs to
achieve the strongest coupling between the emitted light
and PWMs for improved photonics and optoelectronics.

To study the LDOS inside the spacers of the four types
of PNAs shown in Fig. 5, we apply the normal incident
light to directly excite the PWMs rather than using the
dipole emitters. The polarizations of the incident light
align with the directions of the PWMs that are excited
by the dipole emitters in Fig. 5. The z-component ampli-
tude of the electric fields in the spacers of the four types
of PNAs is shown in Fig. S2. The match of variation
within the hot spots between Fig. 4 and Fig. S2 confirms
the correlations between the maximum LDOS and the
maximum PFs.

Radiative Quantum Efficiency

Radiative quantum efficiency (QE), which indicates the por-
tion of emitted light propagating to the far field, is another
important parameter for the applications of PNAs. Depending
on the interactions between the emitters and the PNAs, the
light emission can be either enhanced or quenched, leading
to high or low QE, respectively. Herein, we systematically
study the QE for the four types of PNAs.

In general, for an emitter at the proximity of a metal sur-
face, radiative QE can be calculated as the following [62]:

Ve / o

QE =
%/7? + %bs/v? + (l—nO)/nO

where ~? and 1,° are the intrinsic radiative decay rate and the
intrinsic quantum yield of the emitter in homogeneous dielec-
tric environment, respectively. v, and ~,,s are the radiative
decay rate and the non-radiative decay rate (associated with
the metal absorption) of the emitter near the metal surface,
respectively. One defines ’yr/'y? =P/P? and 'yabs/’y? =(Pern—P,)/

(1)
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Fig. 5 Lateral maps of electric
field distribution in the spacers of
four types of PNAs upon the
excitation of the electric dipole
emitters. The lateral positions of
the emitters and the profiles of the
nanoparticles in the PNAs are
indicated by small red circles and
white dash lines, respectively (a
square-, b triangle-, ¢ disk-, and d
rod-PNAs)

P?, where P, and P? are the powers radiated to the far field by
a dipole emitter near a metal surface and in a homogeneous
dielectric environment, respectively.

The intrinsic quantum yield of Cy5 molecules in homoge-
neous dielectric environment is 0.2 [57]. According to Eq. (1),
we attain the lateral distributions of QE for the Cy5-based
dipole emitters inside the spacers of the four types of PNAs
as shown in Fig. 6. All the PNAs significantly enhance the QE
with the highest enhancement at the edges of the nanoparticles
where the strong interaction between the dipole emission and
the PWMs occurs. The disk-PNA has the maximum QE that is
3.8 times the intrinsic quantum yield (0.2) of CyS5, indicating
that about 76 % of the emitted photons from a dipole are
radiated into the far field. The square-PNA exhibits the second
highest maximum QE of 0.74. The triangle- and rod-PNAs
have the lower maximum QEs of 0.62 and 0.52, respectively,
which are still higher than the intrinsic ones.

For each type of PNA, the QE decreases from the edge to
the center of the defined x-y plane beneath the nanoparticles as
a result of both metal absorption and the coupling of dipole
emission with PWMs. In general, when a dipole is moved
from the edge to the center, the metal absorption increases
and the enhancement of electric field amplitude decreases
(Fig. 3). Near the edge of the nanoparticles, the electrical field
enhancement dominates over the metal absorption, leading to
a slight drop of QE. However, at the center, the localized
electric field significantly decreases and the metal absorption
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dominates, causing a dramatic decrease of QE. As shown in
Fig. 6d, the zigzag distribution of QE along the short axis
through the middle of the length of the nanorod also arises
from the competition between the electric field enhancement
and the metal absorption.

Radiative Enhancement Factor

Controlling the directionality of light emission from plasmonic
nanostructures is important for their applications in single photon
sources and molecular sensors [63]. PNAs exhibit the high di-
rectionality of light emission where the main slope of radiation
from the dipoles inside the spacers is normal to the substrates
(i.e., along the z direction in Fig. 1), and 84 % of the emitted light
can be collected by an objective lens with a numerical aperture
(NA) of 0.9 [57, 56]. Herein, we analyze the radiative enhance-
ment factors (EFs) as collected by detectors with different NAs at
the top surfaces of the four types of PNAs to gain insights into the
light enhancement and the emission directionality.

The enhancement factor involving only the emission en-
hancement can be calculated as

~ QExCE

EF = ——1—

(2)

where CE is the collection efficiency (i.e., the fraction of pho-
tons collected by a detector over the total radiative light). The
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Fig. 6 Radiative quantum efficiencies of four types of PNAs as a function of dipole emitter position. The profiles of the nanoparticles are illustrated by
white dotted lines, which are curved in the z direction (a square-, b triangle-, ¢ disk-, and d rod-PNAs)

subscript 0 in QE and CE represents the dipole in homoge-
neous dielectric environment. CE is obtained from FDTD
simulations as

2779dx
CE://Pr0<pS1n0d<pd9///
0 0
(3)

where 6 and ¢ are angles as illustrated in Fig. 1, P, is the
power radiated to the far field by a dipole emitter, and 6,,,,,=
sin” '(NA).

Figure 7 shows the calculated radiative EFs for the four
types of PNAs as a function of the dipole emitter location
when a lens of NA=0.1 is used to collect the emitted light
from the top of the PNAs. The high EFs occur near the edges
of the nanoparticles where the strong coupling between dipole
emission and PWMs occurs. The disk-PNA has the maximum
EF, and the dipoles near the edge of the nanodisk radiate into a
solid angle of ~6° more than ~20 times the power of the

)sinfdpdo

dipoles in the homogeneous dielectric environment. The other
three types of PNAs have the maximum EFs of over 14 when
the dipoles are near the edges of the nanoparticles. The EFs for
all the four types of PNAs decrease when the dipole emitter is
moved from the edge to the center of the x-y plane beneath the
nanoparticles, matching the spatial distributions of QEs. The
good match between EFs and QEs confirms that the strong
coupling between dipole emission and PWMs plays a domi-
nant role in enhancing the light radiation into the far-field
regions.

Besides the spatial distributions of the Purcell enhance-
ment, QE, and EF, we further calculate the spatially aver-
aged characteristics of these parameters for the four types
of PNAs. The average characteristics are important for
practical applications where emitters are often distributed
broadly inside the spacers. In our calculations, the dipole
emitters are uniformly distributed within the spacer areas
that are equivalent to the lateral profiles of the nanoparti-
cles. We still consider the dipoles that are oriented along
the z direction due to the dominant z-component electric
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Fig. 7 Radiative enhancement factors of the four types of PNAs as a function of dipole emitter position. The profiles of the nanoparticles are illustrated
by white dotted lines, which are curved in the z direction (a square-, b triangle-, ¢ disk-, and d rod-PNAs)

field in the PWMs. For our comparison, we also consider
dipole emitters orientated along three orthogonal orienta-
tions (i.e., x, y, and z directions) in homogeneous dielec-
tric environment. The overall enhancement factor (EF) is
represented by (QE x CE/QEx CE).

Table 1 summarizes the spatially averaged characteris-
tics for the four types of PNAs. The triangle-PNA has the
highest spontaneous emission rate enhancement of over
2500 times that of the dipoles in homogeneous dielectric
environment. With the high spontaneous emission rate

Table 1
factors with different numerical apertures (NAs)

enhancement and the quantum yield of ~0.6, the
triangle-PNA is promising for applications in the high-
frequency nanophotonic devices. The disk-PNA has a
largest overall QE of 0.74, which is 3.7 times the intrinsic
quantum yield of Cy5 molecules in homogenous dielectric
environment. We calculate the overall EFs based on the
collection lenses of different NAs (i.e., 0.1, 0.5, and 0.9).
The disk-PNA has the highest overall EFs. The EFs in-
crease when the NA is reduced, revealing the high emis-
sion directionality of all the PNAs.

A summary of spatially averaged characteristics of the four types of PNAs, including Purcell factor, quantum efficiency, and enhancement

Purcell factor

Quantum efficiency Enhancement factor (NA=0.1)

Enhancement factor (NA=0.5) Enhancement factor (NA=0.9)

Triangle 2596 0.59 16.3
Square 1592 0.71 19.8
Rod 1722 0.50 134
Disk 1489 0.74 20.5

15.2 12.9
18.3 15.6
12.5 10.9
18.9 16.2
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Conclusion

The geometry of the nanoparticles significantly impacts the
scattering and emission properties of PNAs. By analyzing the
PWMs, spontaneous emission rate enhancement, quantum ef-
ficiency, and radiative enhancement factor for the four types
of PNAs with different nanoparticles (i.e., square-, triangle-,
disk-, and rod-PNAs), we provide guidance on the choice of
the optimal PNAs for some of the targeted applications. Disk-
PNA is preferred for the applications that require high radia-
tive quantum efficiency and radiative enhancement. Triangle-
PNA enables high-frequency optical devices due to the re-
markable spontaneous emission rate enhancement. With the
extremely high spontaneous emission rate enhancement (>12,
000) near the corner of the nanotriangle, the triangle-PNA will
enable the development of single-photon source operating at
terahertz frequency. The further comparative study of the
PNAs consisting of various nanoparticles and spacers will
pave the way towards establishing the first set of design rules
for the optimal implementation of these unique plasmonic
nanostructures in a broad range of applications.
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