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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' ~ 10’41(3)) 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 AA ~ 300 nm at & = 1.25 pum. 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 A/10) localization of oscillating electric
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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, n =
Pgca/(Psca + Paps), where Py, and Py, 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 P,,s ~ 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
AX = 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.

I1. 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 (¢,/t,) of the below-gap thickness (¢;) to the above-
gap thickness (#;) 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 k,, 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 (£.) is perpendicular
to the plane of the gap layer. Since the normal component
of the electric displacement field, D = €E, is continuous
at the two dielectric interfaces, the £, 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 E. air = (€si/€air)E-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 TM, and TM; modes, originating from
the even (TMy) and odd (TM;) 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 k.£/2x = 0.5, where £ = 250 nm is chosen to give a
resonance in the A = 1.0 — 1.5 um 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 k£ /2w = 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(w)/wy, where wy = 27 (235) THz, as a function of the normalized propagation constant,
k£ /27, 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 k. ¢/27 = 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 (TMy) and odd (TM;) eigen-
modes of the conventional silicon waveguide with no gap.
For the symmetric slot waveguide, shown in Fig. 2(c), the
E. component of the TMy mode becomes strongly concen-
trated in the gap. From the dispersion relation in Fig. 1, we
also see that the effective index (ne) for this mode differs
slightly from that of the conventional silicon waveguide. In
contrast, in the case of the TM| mode, the field profile and
neg values are indistinguishable compared to those of the
conventional silicon waveguide. This is a consequence of
the vanishing £ gi component at the gap position. For the
asymmetric slot waveguide, both TM modes have different
mode profiles and n.g values than the corresponding modes
in the conventional silicon waveguide. From Fig. 2(e), we
note that £, g; for the TM; mode of the asymmetric slot

waveguide has a nonzero value at the gap position and
that both the TM, and TM; 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 (Qqy, ~ 7,
Qrm, ~ 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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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, V., that are characteristic of non-
Hermitian resonators [44]. Given that when IRe(V,)|? >>
IIm(7,,)|?, 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 TMy mode in

the symmetric PGA has a mode volume of Voga & 5 x

10‘4)»(3), whereas the resonant TM, and TM; modes of the
asymmetric PGA have mode volumes of approximately
13 x 107#2] and approximately 9 x 107413, respectively,
where ) denotes the free-space wavelengths at corre-
sponding resonant frequencies of the modes. In contrast,
the TM, of the conventional dielectric antenna shows
Vsi ~ 4 x 10_3A(3). By comparing the mode volumes, we

find the conventional antenna to be approximately 100
times [(esi/€air) (Vsi/ Vpga)] 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 I',/ I'g, where T, is the
radiative decay rate of the emitter in the presence of the
resonating structure and I'y 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 E, component is maximal for the res-
onating TM, 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, N (Z), of the dipole [15], i.e., P = %l]lzﬂi(Z),
where |/| 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 I',/ 'y = P/Py, where P and P, 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 (x10?) 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 (x10°). 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 gy 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 TM
mode in symmetric elliptical PGA and the resonant TM,
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 AX > 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 um), where the £, component
of the resonating TMy and TM; modes vanishes, there is
still a considerable SER enhancement (I",/ I'g &~ 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 TMy and TM; 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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The design and emission properties of elliptical PGAs. (a) A perspective view of the asymmetric elliptical PGA (¢, /1, =

3) with design parameters (in nanometers) w; = 240, ¢; = 300, ¢; = 435, t, = 145, and g = 2 nm. The emitter is Z 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 ¢, /t, = 1 (¢} 4 #, constant). (c) The electric
field distribution in the central x-z plane of the asymmetric PGA for the TM, (left) and TM; (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 E; and E, components
of the resonating TMy mode have a single antinode (even
parity), as shown in Fig. 3(c) in the case of asymmetric
PGAs (t,/t, = 3). Such a field distribution suggests that
the resonating TMy mode can couple to plane waves prop-
agating along the x and z axes (E,, 1) and responsible
for radiation in the —x direction and the +x direction,
respectively; E, @ and @—responsible for radiation in

the 4z direction and the —z direction, respectively). In
contrast, the E, components of the resonating TM; mode
have a single antinode and the E. components have two
antinodes of opposing sign (odd parity). Since these antin-
odes of the E, 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

(E;, L and responsible for null radiation in the —x
direction; E., (&) and responsible for null radiation in
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the +x direction). This maximizes the radiation of the res-
onant TM;| mode along the z axis due to coupling of the
E, components of the mode with propagating plane waves

in that direction (£}, @—responsible for radiation in the

+z direction; E,, @—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 TMy mode, with negligible coupling of the
emitter to the TM; 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 TM; mode, which ensures radiation predominantly
along the £z directions while minimizing the radiation
along the +x directions at the resonant frequency of the
TM; mode. Second, the asymmetric gap position leads to
unequal perturbations of the £, 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 TM; mode. Additionally, the modal field distri-
butions show a relatively strong E, component near the

bottom air-dielectric interface (E,, @ and @ in the case
of resonant TM, and TM,, respectively.) compared to the

one near the top air-dielectric interface (£, @ in the case
of both resonant TMy and TM;). 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 (¢, /t, = 3),
we observe a F:B ratio > 3 dB, as shown in Fig. 3(d),
for both the TM, and the TM; 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 ¢, /7, = 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 TM, and TM; modes through the
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FIG. 4. The radiation properties of an asymmetric PGA with
t1/t, = 1.76 and SER enhancement factors for different gap
thicknesses and materials. The total thickness of silicon (#; + ),
w; and ¢, are the same as in Fig. 3(a). (a) The F:B ratio (left
axis) and directivity (right axis) versus the frequency for the PGA
with a 2-nm air gap. The insets show the radiation patterns of
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 ¢, /t, = 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 AX =315 nm at A = 1.25 yum.
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 z.¢ 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 TM, and TM; 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 ¢, /t, = 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 (I"a;;/ I'cytop) for a 2 nm
CYTOP gap as compared to that of an air gap. In contrast,
the I,/ T'cyrop 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 (¢,/r, = 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, P,, by the antenna to the inci-
dent plane-wave power density, S, i.e., P,./S. The received
power can be expressed by P, = SA.xT, where Acg is the
effective aperture of the antenna in the direction of the
incoming plane wave and 7 is the intensity transmission
coefficient [56]. The parameter Acg = A>D/4m 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, Py,, can be measured instead.
In the absence of Ohmic losses, the scattered power is the
same as the received power (P, = Pgca + Pabs, Pabs = 0).
Therefore, the collection efficiency, P,/S, of the antenna
can be characterized by the extinction cross section (here,
the same as the scattering cross section), Oext = Osca =
Pgca/S. At the resonant frequencies of the structure, 7 — 1,
and oy essentially depend on the 4. o< D of the antenna.

As shown in Fig. 5(a), we observe a relatively high oey
at the resonant frequency of the TM; mode as compared to
that of the TMy mode. This is because the TM; mode of
the PGA has a higher directionality (bidirectional) in the
—z direction compared to the TM mode (omnidirectional)
[57]. At frequencies where the antenna is off resonance,
the amount of received power (P,) decreases due to the
lower transmission coefficient (7 << 1). Hence, in the fre-
quency range between the two resonances of the structure,
oext decreases, in spite of the high directionality (D). A
parameter closely related to oy, (= 0ext) is the scattering
efficiency Qga = 0gca/C,, Which can be calculated for a
geometric cross section C, = 0.0565 um? of the PGA. We
obtain a maximum Q. of approximately 30 for the case
of symmetric PGA (¢, /t, = 1) with a 5-nm CYTOP gap.

The near-field enhancement factor is defined as the ratio
between the maximum electric field amplitude (|Eyax|) in
the vicinity of the PGA and the amplitude of the incident
plane wave (|Ein|). Higher values of the field enhancement
factor are obtained when the PGA receives more power
(o< SAgT) and stores it in a smaller 3D space for a longer
time. In particular, symmetric PGAs (¢,/t, = 1) receive a
relatively high amount of power at the resonant frequency
of the TM; 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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low field enhancements at the respective resonant frequen-
cies. In contrast, the very same mode in asymmetric PGAs
(t1/t, = 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 AA ~ 300 nm. For the asymmetric PGA
(t1/t, = 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).

0.00 0.15 0.30

X (um)

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].

ACKNOWLEDGMENTS

This work was supported by the Natural Sciences
and Engineering Council of Canada Strategic Grant pro-
gram and the Canada Research Chairs program. The
work at City College of New York was supported by
National Science Foundation (NSF) QII-TAQS Grant No.
1936351.

[1] L. Novotny and N. Van Hulst, Antennas for light, Nat.
Photonics 5, 83 (2011).

[2] J. B. Khurgin and A. Boltasseva, Reflecting upon the
losses in plasmonics and metamaterials, MRS Bull. 37, 768
(2012).

[3] K. L. Tsakmakidis, R. W. Boyd, E. Yablonovitch, and
X. Zhang, Large spontaneous-emission enhancements in
metallic nanostructures: Towards leds faster than lasers,
Opt. Express 24, 17916 (2016).

[4] A.F. Koenderink, Single-photon nanoantennas, ACS Pho-
tonics 4, 710 (2017).

[5] R. D. Grober, R. J. Schoelkopf, and D. E. Prober, Opti-
cal antenna: Towards a unity efficiency near-field optical
probe, Appl. Phys. Lett. 70, 1354 (1997).

[6] P. Bharadwaj, B. Deutsch, and L. Novotny, Optical anten-
nas, Adv. Opt. Photonics 1, 438 (2009).

[7] M. Kauranen and A. V. Zayats, Nonlinear plasmonics,
Nat. Photonics 6, 737 (2012).

[8] P. Biagioni, J.-S. Huang, and B. Hecht, Nanoantennas for
visible and infrared radiation, Rep. Prog. Phys. 75, 024402
(2012).

[91 M. Agio and A. Alu, Optical Antennas (Cambridge Univer-
sity Press, Cambridge, 2013).

[10] A. Kuhlicke, S. Schietinger, C. Matyssek, K. Busch, and
O. Benson, In situ observation of plasmon tuning in a single
gold nanoparticle during controlled melting, Nano Lett. 13,
2041 (2013).

[11] M. Caldarola, P. Albella, E. Cortés, M. Rahmani, T.
Roschuk, G. Grinblat, R. F. Oulton, A. V. Bragas, and S. A.
Maier, Non-plasmonic nanoantennas for surface enhanced
spectroscopies with ultra-low heat conversion, Nat. Com-
mun. 6, 1 (2015).

[12] M. Mahmoudi, S. E. Lohse, C. J. Murphy, A. Fathizadeh,
A. Montazeri, and K. S. Suslick, Variation of protein corona
composition of gold nanoparticles following plasmonic
heating, Nano Lett. 14, 6 (2014).

[13] I. Alessandri and J. R. Lombardi, Enhanced Raman scatter-
ing with dielectrics, Chem. Rev. 116, 14921 (2016).

[14] W. Barnes, G. Bjork, J. Gérard, P. Jonsson, J. Wasey,
P. Worthing, and V. Zwiller, Solid-state single photon
sources: Light collection strategies, Eur. Phys. J. D 18, 197
(2002).

[15] A. E. Krasnok, A. P. Slobozhanyuk, C. R. Simovski, S. A.
Tretyakov, A. N. Poddubny, A. E. Miroshnichenko, Y. S.
Kivshar, and P. A. Belov, An antenna model for the Purcell
effect, Sci. Rep. 5, 12956 (2015).

[16] A.I. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma,
Y. S. Kivshar, and B. Luk’yanchuk, Optically resonant
dielectric nanostructures, Science 354, aag2472 (2016).

[17] D. Bouchet, M. Mivelle, J. Proust, B. Gallas, 1. Ozerov, M.
F. Garcia-Parajo, A. Gulinatti, I. Rech, Y. De Wilde, and
N. Bonod et al., Enhancement and Inhibition of Sponta-
neous Photon Emission by Resonant Silicon Nanoantennas,
Phys. Rev. Appl. 6, 064016 (2016).

[18] A. Barreda, J. Saiz, F. Gonzalez, F. Moreno, and P.
Albella, Recent advances in high refractive index dielectric
nanoantennas: Basics and applications, AIP Adv. 9, 040701
(2019).

[19] S. I. Bozhevolnyi and J. B. Khurgin, Fundamental lim-
itations in spontaneous emission rate of single-photon
sources, Optica 3, 1418 (2016).

[20] V. Rutckaia, F. Heyroth, A. Novikov, M. Shaleev, M.
Petrov, and J. Schilling, Quantum dot emission driven by
Mie resonances in silicon nanostructures, Nano Lett. 17,
6886 (2017).

[21] P. Albella, M. A. Poyli, M. K. Schmidt, S. A. Maier, F.
Moreno, J. J. Sdenz, and J. Aizpurua, Low-loss electric and
magnetic field-enhanced spectroscopy with subwavelength
silicon dimers, J. Phys. Chem. C 117, 13573 (2013).

[22] R.Regmi, J. Berthelot, P. M. Winkler, M. Mivelle, J. Proust,
F. Bedu, I. Ozerov, T. Begou, J. Lumeau, and H. Rigneault
et al., All-dielectric silicon nanogap antennas to enhance
the fluorescence of single molecules, Nano Lett. 16, 5143
(2016).

[23] D. Rocco, A. Lamprianidis, A. E. Miroshnichenko, and C.
De Angelis, Giant electric and magnetic Purcell factor in
dielectric oligomers, J. Opt. Soc. Am. B 37, 2738 (2020).

[24] Y. Yang, V. A. Zenin, and S. 1. Bozhevolnyi, Anapole-
assisted strong field enhancement in individual all-
dielectric nanostructures, ACS Photonics 5, 1960 (2018).

[25] S. Mignuzzi, S. Vezzoli, S. A. Horsley, W. L. Barnes, S.
A. Maier, and R. Sapienza, Nanoscale design of the local
density of optical states, Nano Lett. 19, 1613 (2019).

[26] P. Albella, T. Shibanuma, and S. A. Maier, Switchable
directional scattering of electromagnetic radiation with sub-
wavelength asymmetric silicon dimers, Sci. Rep. 5, 18322
(2015).

[27] V.R. Almeida, Q. Xu, C. A. Barrios, and M. Lipson, Guid-
ing and confining light in void nanostructure, Opt. Lett. 29,
1209 (2004).

[28] M. Galli, D. Gerace, A. Politi, M. Liscidini, M. Patrini,
L. C. Andreani, A. Canino, M. Miritello, R. L. Savio, and
A. Irrera et al., Direct evidence of light confinement and
emission enhancement in active silicon-on-insulator slot
waveguides, Appl. Phys. Lett. 89, 241114 (20006).

[29] M. Galli, A. Politi, M. Belotti, D. Gerace, M. Liscidini,
M. Patrini, L. Andreani, M. Miritello, A. Irrera, and F.
Priolo et al., Strong enhancement of Er’* emission at

044065-10


https://doi.org/10.1038/nphoton.2010.237
https://doi.org/10.1557/mrs.2012.173
https://doi.org/10.1364/OE.24.017916
https://doi.org/10.1021/acsphotonics.7b00061
https://doi.org/10.1063/1.118577
https://doi.org/10.1364/AOP.1.000438
https://doi.org/10.1038/nphoton.2012.244
https://doi.org/10.1088/0034-4885/75/2/024402
https://doi.org/10.1021/nl400232r
https://doi.org/10.1038/ncomms8915
https://doi.org/10.1021/nl403419e
https://doi.org/10.1021/acs.chemrev.6b00365
https://doi.org/10.1140/epjd/e20020024
https://doi.org/10.1038/srep12956
https://doi.org/10.1126/science.aag2472
https://doi.org/10.1103/PhysRevApplied.6.064016
https://doi.org/10.1063/1.5087402
https://doi.org/10.1364/OPTICA.3.001418
https://doi.org/10.1021/acs.nanolett.7b03248
https://doi.org/10.1021/jp4027018
https://doi.org/10.1021/acs.nanolett.6b02076
https://doi.org/10.1364/JOSAB.399665
https://doi.org/10.1021/acsphotonics.7b01440
https://doi.org/10.1021/acs.nanolett.8b04515
https://doi.org/10.1038/srep18322
https://doi.org/10.1364/OL.29.001209
https://doi.org/10.1063/1.2404936

PHOTONIC GAP ANTENNAS...

PHYS. REV. APPLIED 16, 044065 (2021)

room temperature in silicon-on-insulator photonic crystal
waveguides, Appl. Phys. Lett. 88, 251114 (2006).

[30] Y. C. Jun, R. M. Briggs, H. A. Atwater, and M. L.
Brongersma, Broadband enhancement of light emission in
silicon slot waveguides, Opt. Express 17, 7479 (2009).

[31] P.Kolchin, N. Pholchai, M. H. Mikkelsen, J. Oh, S. Ota, M.
S. Islam, X. Yin, and X. Zhang, High Purcell factor due to
coupling of a single emitter to a dielectric slot waveguide,
Nano Lett. 15, 464 (2015).

[32] N. Sakib and J. D. Ryckman, Design of ultra-small
mode area all-dielectric waveguides exploiting the vectorial
nature of light, Opt. Lett. 45, 4730 (2020).

[33] J. T. Robinson, C. Manolatou, L. Chen, and M. Lipson,
Ultrasmall Mode Volumes in Dielectric Optical Microcavi-
ties, Phys. Rev. Lett. 95, 143901 (2005).

[34] H. Choi, M. Heuck, and D. Englund, Self-Similar Nanocav-
ity Design with Ultrasmall Mode Volume for Single-Photon
Nonlinearities, Phys. Rev. Lett. 118, 223605 (2017).

[35] S. Hu, M. Khater, R. Salas-Montiel, E. Kratschmer, S.
Engelmann, W. M. Green, and S. M. Weiss, Experimental
realization of deep-subwavelength confinement in dielec-
tric optical resonators, Sci. Adv. 4, eaat2355 (2018).

[36] S. Lee, S. C. Eom, J. S. Chang, C. Huh, G. Y. Sung, and
J. H. Shin, A silicon nitride microdisk resonator with a 40-
nm-thin horizontal air slot, Opt. Express 18, 11209 (2010).

[37] R. Sun, P. Dong, N.-n. Feng, C.-y. Hong, J. Michel, M. Lip-
son, and L. Kimerling, Horizontal single and multiple slot
waveguides: Optical transmission at A = 1550 nm, Opt.
Express 15, 17967 (2007).

[38] H. T. Miyazaki and Y. Kurokawa, Squeezing Visible Light
Waves into a 3-nm-Thick and 55-nm-Long Plasmon Cavity,
Phys. Rev. Lett. 96, 097401 (2006).

[39] C. Ma, Q. Zhang, and E. Van Keuren, Analysis of symmet-
ric and asymmetric nanoscale slab slot waveguides, Opt.
Commun. 282, 324 (2009).

[40] This resonance condition is valid for waveguide modes
with a near-zero reflection phase delay at the waveguide-
air facets along the propagation direction. Otherwise, one
should include both propagation phase delay and reflection
phase delay.

[41] C. Sauvan, J.-P. Hugonin, I. Maksymov, and P. Lalanne,
Theory of the Spontaneous Optical Emission of Nanosize
Photonic and Plasmon Resonators, Phys. Rev. Lett. 110,
237401 (2013).

[42] P. Lalanne, W. Yan, K. Vynck, C. Sauvan, and J.-P.
Hugonin, Light interaction with photonic and plasmonic
resonances, Laser Photonics Rev. 12, 1700113 (2018).

[43] P.T. Kristensen, C. Van Vlack, and S. Hughes, Generalized
effective mode volume for leaky optical cavities, Opt. Lett.
37, 1649 (2012).

[44] K. Cognée, W. Yan, F. La China, D. Balestri, F. Intonti, M.
Gurioli, A. Koenderink, and P. Lalanne, Mapping complex
mode volumes with cavity perturbation theory, Optica 6,
269 (2019).

[45] P. Lalanne, W. Yan, A. Gras, C. Sauvan, J.-P. Hugonin,
M. Besbes, G. Demésy, M. Truong, B. Gralak, and F.
Zolla et al., Quasinormal mode solvers for resonators with
dispersive materials, J. Opt. Soc. Am. A 36, 686 (2019).

[46] W.L.Barnes, S. A. Horsley, and W. L. Vos, Classical anten-
nas, quantum emitters, and densities of optical states, J. Opt.
22, 073501 (2020).

[47] See the Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.16.044065 for the SER
enhancements of the emitter with variations of its lateral
position, SER enhancement results of air-gap PGA with a
glass support structure that include Refs. [36,59,60], SER
enhancement results of PGAs on a glass substrate, and
results for air-gap PGA in the receiving configuration.

[48] E. V. Denning, J. Iles-Smith, A. D. Osterkryger, N.
Gregersen, and J. Mork, Cavity-waveguide interplay in
optical resonators and its role in optimal single-photon
sources, Phys. Rev. B 98, 121306 (2018).

[49] It should be noted that the emitter is at the position of
peak field intensity for both resonant modes of the struc-
ture. Hence, the dipole mostly decays through coupling to
the antenna modes and negligibly through direct coupling
to free-space modes.

[50] L. K. Warne, L. 1. Basilio, W. L. Langston, W. A. John-
son, and M. B. Sinclair, Perturbation theory in the design of
degenerate rectangular dielectric resonators, Prog. Electro-
magn. Res. 44, 1 (2012).

[51] L. Staude, A. E. Miroshnichenko, M. Decker, N. T. Fofang,
S. Liu, E. Gonzales, J. Dominguez, T. S. Luk, D. N. Neshev,
and I. Brener et al., Tailoring directional scattering through
magnetic and electric resonances in subwavelength silicon
nanodisks, ACS Nano 7, 7824 (2013).

[52] W. Liu and Y. S. Kivshar, Generalized Kerker effects in
nanophotonics and meta-optics, Opt. Express 26, 13085
(2018).

[53] C. A. Balanis, Antenna Theory: Analysis and Design (John
wiley & Sons, New York, 2016).

[54] S. Wakui, J. Nakamura, and A. Natori, First-principles cal-
culations of diclectric constants for ultrathin SiO, films,
J. Vac. Sci. Technol. B 24, 1992 (2006).

[55] L. Keldysh, Coulomb interaction in thin semiconductor
and semimetal films, J. Exp. Theor. Phys. Lett. 29, 658
(1979).

[56] P. Pursula, M. Hirvonen, K. Jaakkola, and T. Varpula,
Antenna effective aperture measurement with backscatter-
ing modulation, IEEE Trans. Antennas Propag. 55, 2836
(2007).

[57] The spectral-directivity values of PGAs in the receiving
configuration are similar to those of transmission. How-
ever, the two values differ from each other when the emitter
is weakly coupled to the resonant modes of the struc-
ture. For an accurate characterization of directivity dur-
ing reception, the resonant modes should be excited by a
plane wave propagating toward the structure in the desired
direction.

[58] A. Patri, K. G. Cognée, D. M. Myers, L. Haeberlé,
V. Menon, and S. Kéna-Cohen, Hybrid epsilon-near-
zero modes of photonic gap antennas, arXiv preprint
ArXiv:2107.10301 (2021).

[59] S. Liu, K. Srinivasan, and J. Liu, Nanoscale position-
ing approaches for integrating single epitaxial quan-
tum emitters with photonic nanostructures, arXiv preprint
ArXiv:2105.05479 (2021).

[60] C. Toninelli, I. Gerhardt, A. Clark, A. Reserbat-Plantey,
S. Gétzinger, Z. Ristanovi¢, M. Colautti, P. Lombardi,
K. Major, and I. Deperasinska er al, Single organic
molecules for photonic quantum technologies, Nat. Mater.
1(2021).

044065-11


https://doi.org/10.1063/1.2214180
https://doi.org/10.1364/OE.17.007479
https://doi.org/10.1021/nl5037808
https://doi.org/10.1364/OL.394848
https://doi.org/10.1103/PhysRevLett.95.143901
https://doi.org/10.1103/PhysRevLett.118.223605
https://doi.org/10.1126/sciadv.aat2355
https://doi.org/10.1364/OE.18.011209
https://doi.org/10.1364/OE.15.017967
https://doi.org/10.1103/PhysRevLett.96.097401
https://doi.org/10.1016/j.optcom.2008.09.085
https://doi.org/10.1103/PhysRevLett.110.237401
https://doi.org/10.1002/lpor.201700113
https://doi.org/10.1364/OL.37.001649
https://doi.org/10.1364/OPTICA.6.000269
https://doi.org/10.1364/JOSAA.36.000686
http://link.aps.org/supplemental/10.1103/PhysRevApplied.16.044065
https://doi.org/10.1103/PhysRevB.98.121306
https://doi.org/10.2528/PIERB12071610
https://doi.org/10.1021/nn402736f
https://doi.org/10.1364/OE.26.013085
https://doi.org/10.1116/1.2218873
https://doi.org/10.1109/TAP.2007.905821
http://arxiv.org/abs/2107.10301
http://arxiv.org/abs/2105.05479

	I. INTRODUCTION
	II. PGA DESIGN PRINCIPLE
	III. RESULTS AND DISCUSSION
	A. Enhancement of spontaneous emission
	B. Introduction of elliptical PGAs
	C. Radiation-pattern engineering
	D. Influence of gap thickness and material
	E. PGAs as receivers

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


