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Optical antennas made of low-loss dielectrics have several advantages over plasmonic antennas, includ-
ing high radiative quantum efficiency, negligible heating, and excellent photostability. However, due to
weak spatial confinement, conventional dielectric antennas fail to offer light-matter interaction strengths
on par with those of plasmonic antennas. We propose here an all-dielectric antenna configuration that can
support strongly confined modes (V ∼ 10−4λ3

0) while maintaining unity antenna quantum efficiency. This
configuration consists of a high-index pillar structure with a transverse gap that is filled with a low-index
material, where the contrast of indices induces a strong enhancement of the electric field perpendicular
to the gap. We provide a detailed explanation of the operational principle of such photonic gap antennas
(PGAs) based on the dispersion relation of symmetric and asymmetric horizontal slot waveguides. To
discuss the properties of PGAs, we consider silicon pillars with air or the polymer CYTOP as the gap
material. We show by full-wave simulations that PGAs with an emitter embedded in the gap can enhance
the spontaneous emission rate by a factor of approximately 1000 for air gaps and approximately 400 for
CYTOP gaps over a spectral bandwidth of �λ ≈ 300 nm at λ = 1.25 μm. Furthermore, the PGAs can
be designed to provide unidirectional out-of-plane radiation across a substantial portion of their spectral
bandwidth. This is achieved by setting the position of the gap at an optimized off-centered position of the
pillar so as to properly break the vertical symmetry of the structure. We also demonstrate that, when acting
as receivers, PGAs can lead to a near-field intensity enhancement by a factor of approximately 3000 for
air gaps and approximately 1200 for CYTOP gaps.
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I. INTRODUCTION

The development of optical antennas has progressed
tremendously over the past two decades. Similar to
their long-wavelength (radio and microwave) counter-
parts, optical antennas convert far-field electromagnetic
radiation into localized near-field components and vice
versa. While transmission in long-wavelength antennas
is driven by alternating electrical currents, optical anten-
nas are typically excited by nanoscale emitters such as
atoms, molecules, or quantum dots. Therefore, an effi-
cient extraction of electromagnetic radiation requires a
strong localization of the near-field energy. To achieve
this, the vast majority of theoretical and experimental work
has focused on the use of subwavelength metallic anten-
nas [1]. Metals at visible and infrared frequencies sup-
port surface plasmons that allow for deep-subwavelength
(approximately λ/10) localization of oscillating electric

*s.kena-cohen@polymtl.ca

fields. This is obtained by converting the electric field
energy—the source of capacitance—into kinetic energy of
free electrons—the source of kinetic inductance [2]. This
contrasts with the case of long-wavelength and dielectric
antennas, where energy oscillates mostly between the elec-
tric and magnetic fields. The ability of plasmonic antennas
to manipulate or enhance the emission of nearby emit-
ters has been found useful both for light-emitting devices
[3] and state-of-the-art single-photon sources [4]. More-
over, their ability to concentrate light has found important
applications; for instance, in sensing, nonlinear optics,
integrated photonics, and imaging [5–9].

An important drawback of plasmonic antennas is the
presence of Ohmic losses due to various scattering pro-
cesses that occur within the electron gas. This can
lead to considerable heat generation, resulting in melt-
ing or irreversible structural alteration of the antenna
and thermochemical destruction of the nearby matter
[10–13]. Moreover, losses within the metal implicitly limit
the quantum efficiency of emitters, a phenomenon that
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severely hampers their utilization in applications where
efficiency (loss) is important [14]. This decreases the
radiation efficiency or antenna quantum efficiency, η =
Psca/(Psca + Pabs), where Psca and Pabs are the power scat-
tered (accepted) and absorbed by the antenna, respectively
[15]. Although inefficient emitters can see their internal
quantum efficiency increase via coupling to plasmonic
antennas—because the antenna quantum efficiency can
exceed that of the emitter—emitters that are a priori
efficient inevitably see their quantum efficiency lowered.

A strategy to avoid the Ohmic losses in plasmonic anten-
nas has been to use, instead, nanoantennas made of high-
refractive-index dielectrics, where Pabs ≈ 0 allows for
radiation efficiencies equal to unity. Silicon nanospheres,
for example, support strong Mie resonances in the vis-
ible and near infrared [16–18]. However, since light in
a dielectric material is bound by the diffraction limit,
the volumetric modes (or bulk modes) of such anten-
nas tend to suffer from very weak spatial confinement as
compared to the surface modes of their metallic counter-
parts [19]. In addition, bulk modes do not readily allow
for the placement of emitters or analytes at the position
of maximum near-field intensity [20]. Recently, the use
of multielement all-dielectric structures such as dimers
[21,22] or oligomers [23], where the dipole modes of
individual elements hybridize, has been demonstrated to
provide strong field confinement in the interelement spac-
ing region. Single-element gapped structures that can sup-
port nonradiating anapole modes [24,25] with high quality
factors have also been proposed to overcome these draw-
backs. Nevertheless, the achievable electric field confine-
ment in such designs has remained limited by the lateral
size of the nanoscale voids incorporated in the structure,
the resolution of which is dictated by the available nano-
lithography technology. Finally, for many applications,
out-of-plane unidirectional radiation is desirable. Sym-
metric structures [24,25] inherently possess nondirectional
radiation patterns. Although breaking this symmetry to
achieve directionality is possible with multiple lithography
steps, this places stringent fabrication constraints [26].

In this work, we propose dielectric antennas, which
we refer to as photonic gap antennas (PGAs) based on
Fabry-Perot–type resonances of slot-waveguide modes
[27]. We exploit the high-field-confinement capability of
such dielectric gap modes [28–35] using a simple multi-
layer pillar architecture, as shown in Fig. 1(a), and demon-
strate spontaneous-emission-rate (SER) enhancements >

1000 for an emitter embedded within the gap. We design
silicon- (n = 3.53) nanopillar-based PGAs consisting of a
gap layer of air (n = 1) or CYTOP (n = 1.33). The adop-
tion of horizontal gap layers in PGAs, realizable by simple
deposition processes, avoids the fabrication constraints
of lithography-based techniques [36–38]. We study the
propagating eigenmodes of both vertically symmetric and
asymmetric horizontal slot waveguides and show that the

corresponding resonant modes of finite-length structures
can interfere with each other to realize unidirectional out-
of-plane radiation. This directionality spans over a sub-
stantial portion of the emission-enhancement bandwidth of
�λ ≈ 300 nm. We also discuss the scattering properties of
PGAs, in the receiving regime, for an incident plane wave
and demonstrate that a field-intensity enhancement as high
as approximately 3000 can be achieved.

II. PGA DESIGN PRINCIPLE

To illustrate the physical mechanism underpinning
PGAs and to remind the reader of the slot-waveguide
concept, we begin by examining the dispersion relation
of rectangular silicon waveguides, shown in Fig. 1(b).
The dispersion equation for the eigenmodes of the slot-
waveguide structures can be found in Refs. [27] and [39].
The colored lines in Figs. 1(c) and 1(d) correspond to con-
figurations without a gap, with a centered (along z) air gap
and with an off-centered air gap, each 2 nm thick. The
ratios (t1/t2) of the below-gap thickness (t1) to the above-
gap thickness (t2) of silicon are 1 and 3, respectively,
for the symmetric and the asymmetric slot waveguides.
The width of the waveguides is set to 240 nm and the
total height including the gap thickness is set to 582 nm.
Propagation in the waveguide is along the x direction,
with a propagation constant of kx, i.e., along the direc-
tion normal to the cross sections shown in the inset of
Fig. 1(d). We consider transverse magnetic polarization,
so that the electric field orientation (Ez) is perpendicular
to the plane of the gap layer. Since the normal component
of the electric displacement field, D = εE, is continuous
at the two dielectric interfaces, the Ez component of the
quasi-TM modes is stronger in the low-index region of
the gap than in the high-index region of the waveguide.
The field strength within the air-gap layer is proportional
to Ez,air = (εSi/εair)Ez,Si and can be further maximized by
increasing the difference between the permittivity of the
gap material and the waveguide material. In the spectral
range of interest, we have two eigenmodes for the slot
waveguides, the TM0 and TM1 modes, originating from
the even (TM0) and odd (TM1) modes of the unperturbed
silicon waveguide. We note that the presence of the gap
only weakly perturbs the dispersion relation of the silicon
waveguide. In Figs. 2(a), 2(c), and 2(e), we plot the electric
field mode profiles in each of these waveguides at frequen-
cies corresponding to the normalized propagation constant
of kx�/2π = 0.5, where � = 250 nm is chosen to give a
resonance in the λ = 1.0 − 1.5 μm range.

To realize PGAs, as in Fig. 1(a), the slot waveguides
must be truncated so as to satisfy the Fabry-Perot reso-
nance condition kx�/2π = m/2 for a positive integer value
of m and a finite length, �, along the propagation direction
[40]. This condition is highlighted by a vertical dashed line
in Figs. 1(c) and 1(d), which corresponds to the m = 1,
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FIG. 1. Photonic gap antennas (PGAs) and the dispersion relation of their infinite-length waveguide counterparts. (a) A perspective
view of different PGA structures: a symmetric rectangular PGA (left) and an asymmetric elliptical PGA (right). (b) A perspective
view of an infinite-length (along x) conventional silicon waveguide (left), a symmetric slot waveguide (center), and an asymmetric
slot waveguide (right). (c) The dispersion relation for the two lowest quasi-TM eigenmodes (electric field along the z axis), showing
the normalized real angular frequency, Re(ω)/ω0, where ω0 = 2π(235) THz, as a function of the normalized propagation constant,
kx�/2π , where � = 250 nm. These relations are plotted for the conventional silicon waveguide (red), the symmetric slot waveguide
(black), and the asymmetric slot waveguide (blue). The corresponding cross sections are shown as insets in (d). The waveguides are
composed of silicon, with an air gap, with a gap thickness of 2 nm. The height (including the gap) and width of the waveguide cross
sections are 582 nm (along z) and 240 nm (along y), respectively. The solid gray lines show the light lines for bulk air and silicon. The
vertical dashed line at kx�/2π = 0.5 intersects the dispersion curves of the waveguides at their respective resonant frequencies for a
finite-length (� = 250 nm) of the structure along the x axis. (d) An enlarged portion of the dispersion relation in (c), identified by a
rectangle, highlighting changes due to the incorporation of the gap layer.

� = 250 nm resonance condition. In Fig. 2(a), we show the
mode profiles for the even (TM0) and odd (TM1) eigen-
modes of the conventional silicon waveguide with no gap.
For the symmetric slot waveguide, shown in Fig. 2(c), the
Ez component of the TM0 mode becomes strongly concen-
trated in the gap. From the dispersion relation in Fig. 1, we
also see that the effective index (neff) for this mode differs
slightly from that of the conventional silicon waveguide. In
contrast, in the case of the TM1 mode, the field profile and
neff values are indistinguishable compared to those of the
conventional silicon waveguide. This is a consequence of
the vanishing Ez,Si component at the gap position. For the
asymmetric slot waveguide, both TM modes have different
mode profiles and neff values than the corresponding modes
in the conventional silicon waveguide. From Fig. 2(e), we
note that Ez,Si for the TM1 mode of the asymmetric slot

waveguide has a nonzero value at the gap position and
that both the TM0 and TM1 modes have their maximum
field values located near the gap. Hence, in contrast to
the symmetric case, an emitter embedded inside the gap
of a resonating asymmetric slot waveguide will strongly
interact with both modes.

To evaluate the electric-field-confinement capability of
the gap modes in the PGAs and to compare them with
conventional Si antenna, we calculate the quality factors
(temporal confinement) and the mode volumes (spatial
confinement) of the structures. The quality factors (Q
factors) for both resonant modes of the PGAs and the con-
ventional dielectric antenna are relatively low (QTM0

≈ 7,
QTM1

≈ 14), which is to be expected due to their strong
radiative leakage. This indicates that the field-confinement
capability of these antennas is a direct consequence of
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FIG. 2. The normalized Ez of the eigen-
mode profiles for the infinite-length waveg-
uides in Fig. 1(b) and SER enhancement fac-
tors for the corresponding PGAs (finite-length
waveguide sections). The Ez components for
the TM0 (red) and TM1 (blue) modes are
shown at their respective resonant frequen-
cies for (a) the conventional silicon waveg-
uide, (c) the symmetric slot waveguide, and
(e) the asymmetric slot waveguide. (b),(d),(f)
The SER enhancement factors versus the fre-
quency for the corresponding finite-length
(� = 250 nm) waveguide structures of (a), (c),
and (e), respectively. The vertical dashed lines
in (b), (d), and (f) are at the resonant fre-
quencies of the TM0 (red) and the TM1 (blue)
mode calculated from the dispersion relation
illustrated in Figs. 1(c) and 1(d).

smaller mode volumes (tighter spatial confinement). We
calculate the mode volume at the position of maximum
field intensity of each localized mode, which occurs in
the middle of the gap layer and 110 nm away from the
y-z plane of symmetry along the x axis. We use the
quasinormal-mode (QNM) formalism [41,42] to calculate
the mode volumes unambiguously, while also address-
ing the normalization issues [43] arising from the mode-
volume definition in leaky cavities. QNM theory yields
complex mode volumes, Ṽm, that are characteristic of non-
Hermitian resonators [44]. Given that when |Re(Ṽm)|2 >>

|Im(Ṽm)|2, which is the case here, the real part con-
tributes to the maximum field confinement on resonance
[42], we only report the real parts, which have a sim-
pler physical interpretation. The resonant TM0 mode in

the symmetric PGA has a mode volume of ṼPGA ≈ 5 ×
10−4λ3

0, whereas the resonant TM0 and TM1 modes of the
asymmetric PGA have mode volumes of approximately
13 × 10−4λ3

0 and approximately 9 × 10−4λ3
0, respectively,

where λ0 denotes the free-space wavelengths at corre-
sponding resonant frequencies of the modes. In contrast,
the TM0 of the conventional dielectric antenna shows
ṼSi ≈ 4 × 10−3λ3

0. By comparing the mode volumes, we
find the conventional antenna to be approximately 100
times [(εSi/εair)(ṼSi/ṼPGA)] weaker in spatial confinement
of light than the PGA. Note that the tight field confine-
ment provided by PGAs is even on par with that pro-
vided by plasmonic antennas [8,45] but without Ohmic
losses.
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III. RESULTS AND DISCUSSION

A. Enhancement of spontaneous emission

Resonant photonic structures can enhance the radiative
decay rate of an emitter by virtue of the spectral and spatial
confinement of electromagnetic radiation. In the quantum
picture, this change in SER comes about from a modifica-
tion of the amplitude of vacuum-field fluctuations at the
position and orientation of the emitter, within its band-
width. This is usually quantified by the change in the
projected local density of optical states [46]. Classically,
this effect can be understood as being due to the action of
the scattered field due to the resonator, which acts back
on the dipole (emitter) and can be quantified by measuring
the change in input impedance of the dipole [46]. The SER
enhancement factor is described by 	r/	0, where 	r is the
radiative decay rate of the emitter in the presence of the
resonating structure and 	0 is the decay rate of the same
emitter in free space.

To study the SER enhancement of an emitter within the
rectangular-cross-section PGAs described in the previous
section and to compare their enhancement capability with
the conventional dielectric antenna without gap, we place
a 2-nm-long and infinitesimally thin current dipole at the
position where the Ez component is maximal for the res-
onating TM0 mode of each structure. The dipole moment
is oriented along the z axis to maximize the interaction
with the resonating modes. Finite-difference time-domain
(FDTD) three-dimensional (3D) simulations are used to
calculate the total radiated power from the real part of the
impedance, �(Z), of the dipole [15], i.e., P = 1

2 |I |2�(Z),
where |I | is the amplitude of the applied current in the
dipole. In the absence of material loss, the nonradiative
part of the decay rate is zero and the SER enhancement
factor becomes 	r/	0 = P/P0, where P and P0 are the
powers radiated by the dipole in the vicinity of the PGA
and in free space, respectively. In Figs. 2(b), 2(d), and 2(f),
we plot the SER enhancement factors for the conventional
dielectric antenna, the symmetric PGA, and the asymmet-
ric PGA, respectively. We find that the PGAs show a SER
that is 2 orders of magnitude (×102) faster than for an
emitter in the conventional Si dielectric antenna. This is a
direct consequence of their reduced mode volumes. Com-
pared to an emitter in free space, this corresponds to a SER
enhancement by 3 orders of magnitude (×103). Further-
more, the frequencies corresponding to the peaks in SER
enhancement agree well with the resonant frequencies cal-
culated from the waveguide dispersion relation in Fig. 1.
These are shown as vertical dashed lines in Figs. 2(b), 2(d),
and 2(f).

B. Introduction of elliptical PGAs

Although the rectangular pillars already highlight the
fundamental features of PGAs, their performance can be

further improved by modifying the cross-section shape.
For example, by tapering the rectangular waveguide along
the y axis, the neff for both modes can be further reduced
to approximately 1. This shifts the electromagnetic energy
density from the high-index regions to the low-index
regions and subsequently leads to increased spatial con-
finement in the gap. With this in mind, we replace the
rectangular cross sections with elliptical ones (with their
major axis aligning in the propagation direction of the ini-
tial rectangular slot waveguides), as shown in Fig. 3(a). To
keep the resonance frequencies of the elliptical PGA the
same as that of the rectangular one, the length along its
major axis (x) is increased to 300 nm while maintaining
the length along the minor axis the same as the width of
the rectangular PGA.

Elliptical PGAs with the same height and gap position
as the symmetric and asymmetric rectangular PGAs can
increase the SER enhancement factor by more than 20%
for both resonant modes, as shown in Fig. 3(b), while keep-
ing the resonant frequencies the same. The resonant TM0
mode in symmetric elliptical PGA and the resonant TM1
mode in an asymmetric elliptical PGA can provide a SER
enhancement factor of approximately 1300 and approxi-
mately 1200, respectively. In addition, the gap position in
an asymmetric elliptical PGA allows the embedded dipole
emitter to radiate efficiently over �λ > 250 nm, via cou-
pling to both resonant modes, with a SER enhancement
factor > 500. The SER enhancement factors for the varia-
tion in the lateral position of the emitter (along the x axis,
centered in the gap) are shown in Fig. S1 of the Supple-
mental Material [47]. First, we observe that even at the
center of the PGA (x = 0 μm), where the Ez component
of the resonating TM0 and TM1 modes vanishes, there is
still a considerable SER enhancement (	r/	0 ≈ 85). This
is due to the coupling of the emitter to the nonresonating
part of the TM-gap modes in the background [48], and the
SER enhancement factor is equivalent to the case of an
emitter embedded in an infinitely long slot waveguide [30].
Second, the region of maximal enhancement in PGAs lies
near the edges of the gap layer. As a result, air-gap PGAs
could be realized with a glass support structure at the cen-
ter without impacting the maximum SER achievable (see
Fig. S2 in the Supplemental Material [47]). In the follow-
ing sections, we restrict our attention to elliptical PGAs,
due to their superior performance over rectangular PGAs.

C. Radiation-pattern engineering

The radiation pattern of PGAs primarily depends on the
spatial and spectral overlap between the free-space radi-
ation modes and the waveguide modes on each facet of
the structure. The resonant TM0 and TM1 modes are zero-
order modes along the y axis and the corresponding mode
profiles have a single antinode in this direction. Therefore,
we can restrict our attention to a two-dimensional slice in
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FIG. 3. The design and emission properties of elliptical PGAs. (a) A perspective view of the asymmetric elliptical PGA (t1/t2 =
3) with design parameters (in nanometers) w1 = 240, �1 = 300, t1 = 435, t2 = 145, and g = 2 nm. The emitter is ẑ oriented and
positioned within the gap layer 124 nm away from the vertical central axis of the structure along the x axis. (b) SER enhancement
factors versus frequencies for the asymmetric PGA in (a) and the symmetric PGA with t1/t2 = 1 (t1 + t2 constant). (c) The electric
field distribution in the central x-z plane of the asymmetric PGA for the TM0 (left) and TM1 (right) modes. (d) The F:B ratio as a
function of the frequency for asymmetric and symmetric PGAs.

the x-z central plane of the antenna to understand the radi-
ation pattern. In this plane, both the Ez and Ex components
of the resonating TM0 mode have a single antinode (even
parity), as shown in Fig. 3(c) in the case of asymmetric
PGAs (t1/t2 = 3). Such a field distribution suggests that
the resonating TM0 mode can couple to plane waves prop-
agating along the x and z axes (Ez, and —responsible
for radiation in the −x direction and the +x direction,
respectively; Ex, and —responsible for radiation in

the +z direction and the −z direction, respectively). In
contrast, the Ex components of the resonating TM1 mode
have a single antinode and the Ez components have two
antinodes of opposing sign (odd parity). Since these antin-
odes of the Ez components are within the silicon, they are
spaced by a distance smaller than the half-wavelength in
air and result in destructive interference along the x axis
(Ez, and —responsible for null radiation in the −x
direction; Ez, and —responsible for null radiation in
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the +x direction). This maximizes the radiation of the res-
onant TM1 mode along the z axis due to coupling of the
Ex components of the mode with propagating plane waves
in that direction (Ex, —responsible for radiation in the
+z direction; Ex, —responsible for radiation in the −z
direction).

To maximize the collection efficiency of a nearby free-
space optical system, PGAs should ideally radiate unidi-
rectionally out of plane (here, in the −z direction). The
symmetric PGAs behave as single-mode resonators sup-
porting the TM0 mode, with negligible coupling of the
emitter to the TM1 mode, and leak a significant amount of
radiation along the ±x directions in addition to the desired
±z directions; therefore, they produce an omnidirectional
radiation pattern. Offsetting the position of the gap allows
for directionality. First, this allows coupling of the emitter
to the TM1 mode, which ensures radiation predominantly
along the ±z directions while minimizing the radiation
along the ±x directions at the resonant frequency of the
TM1 mode. Second, the asymmetric gap position leads to
unequal perturbations of the Ex components of the modes
along the z axis and realizes higher directionality in a pre-
ferred direction. For example, the asymmetric PGA, shown
in Figs. 3(a) and 3(c), allows for strong excitation of the
resonant TM1 mode. Additionally, the modal field distri-
butions show a relatively strong Ex component near the
bottom air-dielectric interface (Ex, and in the case
of resonant TM0 and TM1, respectively.) compared to the
one near the top air-dielectric interface (Ex, in the case
of both resonant TM0 and TM1). To quantify the asym-
metric radiation of PGAs along the z axis, we calculate the
ratio of the power radiated along the −z direction (forward,
F) to the power radiated along the +z direction (backward,
B)—the F:B ratio. For the asymmetric PGA (t1/t2 = 3),
we observe a F:B ratio > 3 dB, as shown in Fig. 3(d),
for both the TM0 and the TM1 mode at their respective
resonant frequencies [49].

Because of the low Q characterizing both resonant
modes, emitters in the asymmetric PGAs can readily excite
both simultaneously. For an emitter frequency in between
the resonant frequencies of the two antenna modes, we
observe a F:B ratio of 22 dB, as shown in Fig. 3(d),
due to constructive interference along the −z direction
and destructive interference along the +z direction. This
phenomenon of directional radiation due to interference
between modes has been studied extensively for Mie res-
onators such as silicon nanospheres, where the Kerker
condition between electric and magnetic dipoles of the
structure leads to unidirectional emission [50–52]. It turns
out that the asymmetric PGA design with t1/t2 = 3 offers
a relatively low SER enhancement factor in the frequency
range of the maximum F:B ratio. Fortunately, this can
be improved by tuning the coupling strength of the emit-
ter with the resonating TM0 and TM1 modes through the

30

0

20

10

-20

-10

0
dB

D
ir

ec
tiv

ity
 (

dB
i)

2

3

4

5

6

7
1.498

x

z

r
0

0

1200

400

800

062002

1.362 1.249 1.153

220 240

Frequency (THz)

Air, g = 5 nm
Air, g = 2 nm CYTOP, g = 2 nm

CYTOP, g = 5 nm

F:
B

 ra
tio

 (d
B

)

Wavelength (µm)

(b)

(a)

FIG. 4. The radiation properties of an asymmetric PGA with
t1/t2 = 1.76 and SER enhancement factors for different gap
thicknesses and materials. The total thickness of silicon (t1 + t2),
w1 and �1 are the same as in Fig. 3(a). (a) The F:B ratio (left
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the PGA in the x-z plane at the corresponding frequencies, with
their maximum directivity normalized to 0 dB. (b) SER enhance-
ment factors versus the frequency for the PGA with air gaps (red)
and CYTOP gaps (blue) of thickness g = 2 nm (solid lines) and
g = 5 nm (dashed lines).

choice of the gap position. For example, Fig. 4 shows
results for an asymmetric PGA with t1/t2 = 1.76 that can
attain a SER enhancement factor of approximately 600
at an intermediate frequency, while radiating with a F:B
ratio of 30 dB. This strategy also improves the spectral
bandwidth of the PGA to �λ = 315 nm at λ = 1.25 μm.
Note that the resonant frequencies of the structure remain
unchanged when moving the gap to this new position
due to the small changes in the corresponding neff of the
slot-waveguide modes. This is in contrast to strategies
where dielectric structures must be optimized to place the
two resonant frequencies close to each other to achieve
directionality [50,51].
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The superposition of the TM0 and TM1 modes also
allows for radiation leakage in the ±x directions. For this
purpose, it is essential to consider the antenna directivity in
addition to its F:B ratio. In Fig. 4(a), we plot the directiv-
ity of the PGA (with t1/t2 = 1.76) normalized to that of an
isotropic antenna [53]. We obtain a maximum directivity
of approximately 6.2 dBi near the frequency range of the
maximum F:B ratio. The radiation pattern of this PGA in
the x-z plane (normalized to 0 dB) is shown at selected fre-
quencies in the inset of Fig. 4(a). These results demonstrate
that PGA can radiate directionally over a broad bandwidth
toward the collection optics in the bottom (−z direction).
To change the maximum radiation direction toward the top
(+z direction), the antenna structure simply needs to be
flipped upside down.

D. Influence of gap thickness and material

The performance of PGAs is primarily governed by the
modal distribution near the gap region. This distribution
can be tuned by varying the gap thickness, and the index
contrast between the gap material and the pillar material.
To study the impact of the parameters, we show additional
results for PGA designs with a gap thickness of 5 nm or the
use of CYTOP (n = 1.33) as the gap material. For ultrathin
films far from material resonances, previous work has sug-
gested that nonlocal effects can be safely ignored [54,55].
To first order, the field in the subwavelength dielectric
gap is homogeneous and when the gap size increases, the
electromagnetic energy shifts to the higher index region,
which increases the mode volumes. As shown in Fig. 4(b),
thicker gaps and a lower index contrast both decrease the
SER enhancement. We observe a SER enhancement that is
approximately 2.5 times smaller (	air/	CYTOP) for a 2 nm
CYTOP gap as compared to that of an air gap. In contrast,
the 	air/	CYTOP becomes approximately 2 in the case of
a 5-nm gap. This shows that the impact of the gap thick-
ness on the SER is reduced for lower index contrasts. We
also study the influence of a glass substrate (n = 1.50) on
the SER enhancement factors of PGAs with different gap
thickness and materials and present the results in Fig. S3
in the Supplemental Material [47]. We note that due to
substrate-induced asymmetry, both the SER enhancement
factor and the F:B ratio can be improved further in the
frequency range between the resonances.

E. PGAs as receivers

Light reception is the reciprocal of emission. As
receivers, dielectric optical antennas collect radiation,
which is then converted to oscillating electric and magnetic
fields confined in the near field. The collection efficiency
of an antenna can be characterized by its extinction cross
section, whereas the conversion and concentration efficien-
cies can be characterized by the localized field (amplitude)
enhancement or intensity enhancement factor. To study

these figures of merit for PGAs, we consider a linearly
x-polarized plane wave incident on the PGAs. Since the
PGAs are designed to efficiently radiate in the −z direc-
tion, the propagation of the incident plane wave is chosen
in the reciprocal direction (+z). Here, we report results for
the symmetric and asymmetric PGAs (t1/t2 = 1, 1.76, 3)
with 2- and 5-nm-thick CYTOP gaps (g = 2, 5). The cor-
responding results for the PGAs with air gaps are presented
in Fig. S4 in the Supplemental Material [47].

The collection efficiency of an antenna relates the
amount of power received, Pr, by the antenna to the inci-
dent plane-wave power density, S, i.e., Pr/S. The received
power can be expressed by Pr = SAeffT, where Aeff is the
effective aperture of the antenna in the direction of the
incoming plane wave and T is the intensity transmission
coefficient [56]. The parameter Aeff = λ2D/4π is a mea-
sure of normalized directivity, where D is the directivity of
the antenna when receiving in the direction of plane-wave
propagation. In the case of nanoscale antennas, measuring
the received power is difficult from the antenna end; how-
ever, the scattered power, Psca, can be measured instead.
In the absence of Ohmic losses, the scattered power is the
same as the received power (Pr = Psca + Pabs, Pabs = 0).
Therefore, the collection efficiency, Pr/S, of the antenna
can be characterized by the extinction cross section (here,
the same as the scattering cross section), σext = σsca =
Psca/S. At the resonant frequencies of the structure, T → 1,
and σext essentially depend on the Aeff ∝ D of the antenna.

As shown in Fig. 5(a), we observe a relatively high σext
at the resonant frequency of the TM1 mode as compared to
that of the TM0 mode. This is because the TM1 mode of
the PGA has a higher directionality (bidirectional) in the
−z direction compared to the TM0 mode (omnidirectional)
[57]. At frequencies where the antenna is off resonance,
the amount of received power (Pr) decreases due to the
lower transmission coefficient (T << 1). Hence, in the fre-
quency range between the two resonances of the structure,
σext decreases, in spite of the high directionality (D). A
parameter closely related to σsca (= σext) is the scattering
efficiency Qsca = σsca/Cg , which can be calculated for a
geometric cross section Cg = 0.0565 μm2 of the PGA. We
obtain a maximum Qsca of approximately 30 for the case
of symmetric PGA (t1/t2 = 1) with a 5-nm CYTOP gap.

The near-field enhancement factor is defined as the ratio
between the maximum electric field amplitude (|Emax|) in
the vicinity of the PGA and the amplitude of the incident
plane wave (|Einc|). Higher values of the field enhancement
factor are obtained when the PGA receives more power
(∝ SAeffT) and stores it in a smaller 3D space for a longer
time. In particular, symmetric PGAs (t1/t2 = 1) receive a
relatively high amount of power at the resonant frequency
of the TM1 mode. However, this mode is a bulk mode (the
same as that of the conventional dielectric pillar without
a gap) and fails to store the energy within the gap. As
shown in Fig. 5(b), this phenomenon leads to relatively
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FIG. 5. The extinction cross sec-
tions and electric field enhancement
factors of PGAs with a CYTOP
gap. (a) The extinction cross section
(σext = σsca) versus the frequency.
(b) The field enhancement factor
|Emax|/|Einc| as a function of the fre-
quency for elliptical PGAs, where
the gap position and thickness are
varied. The combined thickness of
silicon (t1 + t2), w1, and �1 are the
same as for the PGA in Fig. 3(a).
(c) The near-field intensity distri-
bution for the asymmetric PGA
(t1/t2 = 3) with g = 2 nm on a
plane parallel to x-y plane and pass-
ing through the center of the gap
layer. (d) The intensity distribution
within the gap layer along the x
axis at y = 0. The upper line of
the shaded region represents the
intensity profile at the center of
the gap (z = 0), whereas the lower
bound represents the intensity pro-
file near the CYTOP-Si boundaries
(z = −g/2, g/2). The field intensity
increases from the bottom CYTOP-
Si boundary to the center of the gap
and decreases in a similar pattern up
to the top CYTOP-Si boundary.

low field enhancements at the respective resonant frequen-
cies. In contrast, the very same mode in asymmetric PGAs
(t1/t2 = 3) can strongly confine the near-field energy in
the gap region and can have field enhancement factors as
high as approximately 35 (intensity enhancement factor
approximately 1200) for a 2-nm CYTOP gap and approx-
imately 55 (intensity enhancement factor approximately
3000) for an air gap of the same thickness (for PGAs with
air gaps, see Fig. S4 in the Supplemental Material [47]).
As expected, this value decreases with an increasing value
of the gap thickness. Similar to the transmission config-
uration, the receiving configuration of asymmetric PGAs
allows for high field enhancement over a broad spectral
bandwidth of �λ ≈ 300 nm. For the asymmetric PGA
(t1/t2 = 3, g = 2 nm), we show in Fig. 5(c) the near-field
intensity distribution in a plane parallel to the x-y plane
and passing through the center of the gap. We observe
an essentially uniform distribution of intensity along the
gap thickness from the intensity-distribution plot shown in
Fig. 5(d).

IV. CONCLUSION

We present an all-dielectric optical antenna that can
serve as a platform for engineering light-matter interaction
on par with that of plasmonic antennas. PGAs exploit the
properties of deep-subwavelength slot-waveguide modes
both for strong spatial confinement and for unidirectional
radiation over a broad spectrum. We show that the radiated
power of a quantum emitter in free space can be improved
by > 1000 times by embedding it within the gap of
PGA, while maintaining a quantum efficiency of approx-
imately 100%. The use of all-dielectric structures rather
than metallic ones becomes of increasing importance for
applications that are sensitive to heating or require high
quantum efficiency. In the receiving regime, PGAs can
tightly confine the field of an incident plane wave with an
intensity enhancement of up to approximately 3000. This
can be useful both for interacting with localized emitters
and for enhancing nonlinear effects in cases where heat-
ing from plasmonic antennas can be problematic. These
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results are particularly compelling given the relative sim-
plicity of the antenna structure. Our study could be further
extended to improve these enhancement factors as well
as the radiation directionality of PGAs by fabricating the
antennas on a dielectric mirror or numerically optimizing
the PGA cross section. In a separate paper, we consider
the use of gaps with a vanishingly small refractive index
(n ≈ 0) to explore the limit of spatial confinement using
the gap modes. In that case, the nanopillar modes strongly
hybridize with the epsilon-near-zero (ENZ) mode of the
gap, leading to extremely efficient light-matter interaction
and intrinsic unidirectional radiation [58].
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