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ABSTRACT: In analogy to the well-known plasmonic bull’s eye, we introduce
here an all-dielectric mutilayered ring structure with high-directivity antenna
capabilities. Radiated energy from organic emitters localized within the ring
center is resonantly transferred to surface modes on the multilayer and then
diffracted in the free space. The structure can be obtained by properly applying
the Bragg law to a diffraction pattern defined in the Fourier plane as a
superposition of “caustics”. This approach allows designing diffractive structures
producing a surface-mode-assisted beaming of radiation out of the sample with
an arbitrary propagation angle in two dimensions. Specifically, we demonstrate
that an anisotropically periodic ring structure can beam fluorescence emission
with a tilt angle of 11.5 deg from the normal direction. The proposed use of
surface modes for manipulating light at a subwavelength scale can represent an

\

interesting alternative to the more conventional all-plasmonic approach.
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n many applications such as optical sensing or lighting

wherein ensembles of emitters randomly oriented radiate
light almost isotropically, it may be desirable to take advantage
of a suitably designed emission directivity." It is well known that
the modification of the photonic environment surrounding an
emitter allows the tailoring of some of its emission properties,
such as the quantum yield or the angular radiative pattern.” For
example, when an emitting source is embedded into a
transparent medium sustaining leaky guided modes, the
radiated light can couple therein and finally leak into the
substrate. In order to access this radiation, an approach based
on leakage radiation collection can be employed.” Alternatively,
photonic crystal-based structures characterized by a diffractive
pattern allow the direct coupling of guided modes with free-
space radiation in specific directions,*® in such a way that
collection optics operating in air can be used. In addition to
guided modes, surface modes on corrugated photonic crystal
interfaces have been demonstrated to drive a low-divergence
beaming of light transmitted through small apertures.®’
Unfortunately, many of the conventional photonic crystal
arrangements possess a surface structuration that intimately
connects the propagation characteristics of the supported
modes with the directions of the out-coupled radiation in the
free space.* This feature limits the possibility of manipulating
photonic crystal modes by means of further additional
diffractive elements that should coexist on the crystal surface
pattern.

An alternative to photonic crystals is represented by metallic
structures supporting surface plasmons. On one hand, isolated
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or clustered metallic nanoparticles provide both a strong
confinement of electromagnetic fields in subwavelength
volumes and a control of the angular distribution of scattered
radiation thanks to nanoantenna effects.®*'* On the other hand,
surface plasmons have been successfully used as local carriers of
energy in combination with diffractive structures to shape the
radiation pattern of dipolar emitters such as quantum dots,
fluorophores, single-photon emitters,"> ™' and nanoscatterers
such as single slits or holes in thin metallic films."”~>° The main
drawback of the fully plasmonic approach relies on the
absorption losses in the plasmon-mediated energy transfer.

In a previous work we demonstrated the use of TE-polarized
surface modes (referred to as Bloch surface waves, BSWs) on
one-dimensional photonic crystals (1IDPC) to beam radiative
energy from localized sources to free-space radiation.”’ Here we
introduce an anisotropic pattern on a 1DPC surface to beam
fluorescence out of the structure at an arbitrary direction. In a
recent paper, Zhan et al. used a plasmonic spiral antenna for
obtaining an off-normal beaming of the fluorescence excited out
of the center of symmetry of the structure.”” In the present
case, however, no plasmons are involved in the beaming
mechanism since the structure is all-dielectric. Thanks to a
design approach based on caustics curves in the Fourier plane,
we managed to obtain and fabricate a quasi-concentric, locally
periodic circular grating diffracting BSW-coupled fluorescence
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Figure 1. (a) Calculated reflectance map (TE polarization) for a IDPC on glass as illuminated by plane waves with given energy fiw and transverse
wavevector = wc™'n sin 0, where 0 is the incidence angle from the glass side and n, = 1.5 is the refractive index of the glass substrate. The yellow-
shaded region indicates the emission spectrum of the AlexaFluor 546 dye. (b) Cross-sectional view of the IDPC and the corresponding transversal
distribution of a TE-polarized BSW intensity at wavelength A = 570 nm.
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Figure 2. (a) Schematic view of the surface grating with a pair of linear gratings having height 4 = 80 nm and spatial period A, = 670 nm and A, =
415 nm, respectively. An emitting source as a line of current is located on a flat area sandwiched between the two gratings, oriented normally to the
cross-section plane, along the y direction. (b) Calculated intensity distribution of the electromagnetic field (4 = 570 nm) emitted by the source. (c)
The same as in (b) over a wider spatial range. (d) Calculated far-field radiation pattern.

at an arbitrary angle from the surface normal. Such a circular
grating is anisotropic, as it shows a spatial periodicity varying
with an azimuthal dependency.

A planar 1DPC employed in this work is constituted by a
dielectric multilayer grown on a planar glass slice, as detailed in
the Methods section. Such a periodic structure is designed to
support TE-polarized BSWs in the visible range. The BSW is
characterized by a dispersion curve that can be appreciated in
Figure la, where a calculated TE-polarized reflectivity map is
shown. Reflectivity values are calculated for a radiation with
energy o and a transverse wavevector component f = wc 'ng
sin 0, where @ is the incidence angle from the glass side and n, =
1.5 is the refractive index of the glass substrate. BSW at
different energies correspond to S values associated with a dip
in reflectivity. In Figure 1b a cross-sectional view of the BSW
intensity (4 = 570 nm) calculated through the 1DPC is shown.
The rather strong confinement of the BSW occurring close to
the 1DPC surface promotes the near-field transfer of energy
from emitting sources located on the 1DPC surface. In fact, it
has been shown that an effect similar to the surface plasmon
coupled emission®® occurs when an emitter lies at the
truncation interface of a proper 1DPC with its dipole moment
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lying on the surface.”* In this case, the emitted energy couples
to BSW and propagates parallel to the 1DPC surface, with
specific momentum and polarization according to the BSW
mode dis.persion.25 In this respect, BSW on 1DPC has a role
similar to propagating plasmons on metallic films without the
drawback of ohmic absorption. In addition, the IDPC can be
designed to sustain BSWs in the desired spectral region and
with the desired polarization, not necessarily restricted to the
TE case.

In recently published works, an off-axis beam has been
obtained by diffracting surface plasmons locally coupled
through the use of nanoslits with a pair of linear gratings
having different periods.'”*° In order to check the validity of
this approach on a BSW-based system, we built up a two-
dimensional computational model consisting of a pair of
additive linear gratings located on a IDPC as defined above.
Gratings can be made of any low-absorbing dielectric material,
including polymers. At a height of 5 nm over a flat area between
the two gratings, an emitting source is introduced in the form
of a line of current (Figure 2a). The line of current is oriented
along the y-axis and emits a TE-polarized radiation that can
couple to BSWs. The emitted spectrum ranges from 550 to 600
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Figure 3. (a) Calculated diffraction pattern in the Fourier plane produced by a circular grating described by 6((;}) = Go(1 — 0.28 sin(¢p + 7/4))U,
where G, = fgw and @ is considered counterclockwise from the x-axis. The outer blue circle indicates the maximum NA of observation, while the
inner red, thick circle is the BSW ring at 4 = 570 nm. (b) Ideal anisotropic circular grating associated with the pattern in (a). The dashed boxes
indicate the region of discretization for the real structure. (c) BSW diffraction pattern in the Fourier plane produced by a subset of eight linear
gratings extracted from (b). (d) SEM image of a real grating obtained from the discretization in (b). (c) Measured back focal plane showing
diffracted BSW-assisted fluorescence. (f) Fluorescence intensity profile cross-section along the yellow dashed line in (e).

nm in wavelength. Details about the model can be found in the
Methods section. The period of the gratings is chosen in such a
way that diffracted BSWs in the glass substrate superpose at an
angle 0., = 10° with respect to the normal surface. In a first
approximation, this effect can be described by applying the
diffraction Bragg’s law (at the first-order) for the two gratings,
as described by the following equations:

Gl = ﬁBSW - kOns Sin(gbeam)

(1)

GZ = ﬂBSW + kOns Sin(ebeam) (2)
where G, , = 27/ A, , are the grating vectors for the two gratings
with periods A, and A, respectively, fgey is the BSW
wavevector component parallel to the 1DPC surface, n; is the
refractive index of the glass substrate, and k, = 2z4™" is the
wavenumber of the radiation emitted in vacuum at a given
wavelength A. As an example, by setting 6., = 10°, the periods
A, and A, can be calculated from eqs 1 and 2 for a specific
wavelength. However, the presence of a grating itself produces
a slight increase of fpgy as compared to the case of a bare
1DPC surface, depending on the grating height (because of a
dielectric-loading red-shift>”), and an iterative optimization
should be performed in order to find the most suitable grating
parameters by taking into account the effective Sy

We optimized the beaming effect for 4 = $70 nm, resulting in
grating periods A; = 670 nm and A, = 415 nm. Provided that
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such a model works in a single direction only, it is indeed
possible to observe a BSW-mediated diffraction similar to the
plasmonic case. Figure 2b show the calculated near-field
intensity distribution of the electromagnetic field emitted by
the source. It is worth underlining how the coupling of the
electromagnetic field to BSW can be easily appreciated close to
the emitter. The BSW-coupled radiation propagates along the
surface and gets diffracted by the two gratings. On a wider
spatial scale (Figure 2c), the combined diffraction by the
grating pair results in two tilted beams propagating in air and in
glass, respectively, with the last one having a suitable
propagation angle. When the far-field intensity angular pattern
is considered (see Methods section), a clear beaming of the
power radiated by the source can be observed, with very low
divergence; Af,.,, ~ 1.1° in glass and A6y, = 1.7° in air
(Figure 2d). The two beams propagating in air and in glass
bring 33% and 12% of the total power emitted by the source,
respectively. In particular, considering only the emission within
the glass substrate, the BSW-assisted beam corresponds to 67%
of the emitted power.

When extending the working principle above-described to a
three-dimensional scenario, a circularly symmetric diffractive
structure can be considered. In a previous work, we
experimentally demonstrated that BSW-coupled fluorescence
can be efficiently beamed by means of surface corrugations
periodically arranged around the feeding source.”’ However,
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the tilting of the BSW-assisted beam requires some loss of
symmetry in the diffractive structure.'® Here we propose an
anisotropic circular grating with a spatially varying periodicity.
More specifically, we consider a diffractive circular structure
with a grating period that is varying azimuthally. Such a grating
can be obtained from a local application of the Bragg law to a
corresponding diffraction pattern defined over the Fourier
plane.

In a Fourier plane defined by the axis k,/k; and k,/k;, where
k., and k, are the x- and y-components of the transverse
wavevector parallel to the 1DPC surface, we consider a circular
region within the light line in glass, i.e., ((k,/ko)* + (k,/ko)*)"
< 1.49 (outer blue line in Figure 3a).

This portion of the Fourier plane represents the angular
range of collection in an eventual microscope-based system and
can be directly imaged in a leakage radiation setup with back
focal plane imaging capabilities (e.g., by using an oil immersion
objective with numerical aperture (NA) = 1.49).>

At a specific wavelength, the BSW on the planar 1DPC can
be represented on the Fourier plane as a ring having radius™

\/ (ky/ko)® + (ky/ ko) = Byge(A) /g

When a grating is added onto the 1DPC surface, the BSW
gets diffracted accordingly. In the Fourier plane, a replica of the
BSW ring is produced as shifted from its central position k,/k
= k,/ky = 0 by a length proportional to the grating vector.>’
The direction of such a displacement is parallel to the grating
vector. In the case of a circular grating with a spatial period
varying with the azimuthal angle ¢, a resulting grating G(¢)-1i,
is obtained, where %, is the unitary radial vector in the Fourier
plane. Therefore, a plurality of diffracted BSW rings will be
obtained by radially shifting the BSW ring by a length G(¢) as
multiple azimuthal directions from ¢ = 0 to @ = 27 are
considered.

The function G(¢@) can be designed in such a way that most
of the diffracted BSW rings superpose each other over a small
region in the Fourier plane, eventually not centered at k,/ky =
k,/ky = 0, thus leading to a beaming effect. In the following, we
apply this mechanism to a specific case, whose results are
summarized in Figure 3. As for linear gratings, however, the
effective fpsw of a BSW subjected to diffraction is slightly
increased as compared to the BSW on a bare 1DPC because of
a dielectric loading effect caused by the additional layer
including the grating.

We consider a 4 = 570 nm BSW propagating on a 1DPC
coated with a polymeric additional layer 40 nm thick. The
corresponding BSW wavevector is calculated as Bggw/ky =
1.115, and it is represented by the thick red circle in Figure 3a.
The thickness of the polymeric layer used for estimating Sygw/
kg is chosen to be one-half the thickness of the final grating that
will be fabricated on the 1DPC (because the grating has a fill
factor of 0.5).

An anisotropic circular grating defined by

E;\((P) = Gy(1 — 0.28 sin(@ + 7/4))-4,

diffracts BSW in such a way that most of the diffracted first-
orders superpose in a small region at f.,./ko = 0.3, where By..n
is the transverse wavevector component of the out-coupled
radiation beamed. The beaming angle corresponds to an
angular tilt of about 11.5° with respect to the surface normal, in
the glass substrate. The grating structure producing the
diffraction pattern in Figure 3a can be obtained by sequentially

615

applying the Bragg law on a set of local linear gratings radially
oriented, each of them associated with a specific azimuthal
angle ¢@.

The result is shown in Figure 3b, wherein the corrugations
surround a wide flat central area with a diameter of 10 gm. The
grating structure depicted in Figure 3b may be difficult to
fabricate. Therefore, we reduced the complexity by discretizing
the circular structure along four specific directions, namely,
horizontal, vertical, and two diagonals tilted at 45° (as indicated
by the dashed boxes in Figure 3b). In addition, the
corresponding diffraction branches are further optimized in
such a way that they are intersecting onto a single point in the
Fourier space (Figure 3c). As a result, eight gratings oriented
along the four directions defined above are obtained.

Fabrication is performed by electron beam lithography
(EBL), using a negative tone resist with a thickness of about
80 nm (details in the Methods section). The final structure is
shown in the scanning electron microscope (SEM) image in
Figure 3d.

In order to investigate the coupling of localized light emitters
with the photonic structure, the 1DPC has been coated with a
uniform thin fluorescent layer of protein A labeled with
AlexaFluor546. The emission spectrum of AlexaFluor 546 is
shown as superposed to the 1DPC reflectivity map in Figure la.
It can be appreciated that the maximum of emission
corresponds to a wavelength 4 = 570 nm.

A customized setup is used to collect fluorescence and image
the back focal plane (BFP) of the collecting objective.
Fluorescence is excited in the very center of the structure by
means of a Nd:YAG laser beam (4 = 532 nm) coming from the
air side and focused by an objective (Zeiss Ultrafluar 10X, NA =
0.2). Fluorescence is collected from the glass substrate side by
means of an oil immersion objective with high numerical
aperture (Nikon APO TIRF 100X, NA = 1.49). After filtering
out the laser radiation with an edge filter (RazorEdge Longpass
532), the BFP is imaged onto a CMOS camera (Thorlabs
DCC1645C) via a tube lens. The experimental result is shown
in Figure 3e and can be directly compared to Figure 3c as
expected from our model calculation. We indeed observe that
all the diffracted branches superpose in the bright point out of
the center of the BFP, meaning that an effective beaming effect
has been obtained off-normal. An intensity profile (Figure 3f)
plotted along the yellow dashed line in Figure 3d exhibits a
main peak centered at f.m/k; = 0.3, corresponding to the
suitable output angle of about 11.5° in glass. The width of the
beam is larger than expected because of the broadband
emission of the fluorescent dye. In fact, the grating has been
optimized for 4 = 570 nm, while AlexaFluor 546 has an
emission spectrum ranging from 550 to 620 nm in wavelength.
However, despite the broad spectrum of fluorescence involved,
the beaming effect still shows a rather low angular divergence,
estimated as Afy,,, ~ 8° (full width at half-maximum of the
BFP peak) from the BFP image.

In conclusion we have demonstrated that the radiation
emitted by localized sources can be angularly beamed in a
three-dimensional collimated off-axis beam. Such a result is
obtained by employing a fully dielectric structure mimicking a
plasmonic substrate wherein the surface energy carriers are
represented by BSWs instead of surface plasmons. The main
advantages of the proposed arrangement are connected to the
use of all-dielectric materials, whereby losses are dramatically
reduced. In addition, it is possible to design this kind of
structure for operating as desired in a very large spectral range,
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from UV to NIR.*"** The additive diffractive structures can be
fabricated with polymeric materials. Taking advantage of their
electromechanical properties yielding suitable actuation strain,
active dynamic control of the radiation pattern could be
achieved."

B METHODS

Sample. The 1DPC consists of a periodic stack of dielectric
thin films made of Ta,0; (high refractive index) and SiO, (low
refractive index) layers, deposited on a glass coverslip 150 ym
thick by plasma-ion-assisted deposition under high-vacuum
conditions (APS904 coating system, Leybold Optics). The
stack sequence is glass—[Ta,05—Si0,]X10—Ta,0;—SiO,—air,
with 22 layers in total. The Ta,Ojs layer is 95 nm thick, the SiO,
layer is 137 nm thick, but the very last SiO, layer on top of the
stack is only 127 nm thick.

The gratings have been fabricated by electron beam
lithography on a negative tone resist (Ma-N 2401 from
microResist Technology). The resist has been spin coated on
the 1DPC at 4000 rpm for 30 s in order to have a 80 nm thick
layer. The EBL process has been performed under low-vacuum
condition (chamber pressure 40 Pa) to prevent charging effects,
since the lithography is directly performed on an insulating
substrate. The sample has been developed in ma-D 332 for 30 s
and then rinsed in water.

In order to make the photonic structure fluorescent, 60 yL of
PtA conjugated with AlexaFluor 546 diluted in water (1 ug/
mL) has been incubated for 20 min on the sample surface. The
sample has then been rinsed with PBS to remove the excess
PtA not adsorbed onto the surface.

Computational Model. The 2D model has been
implemented in the COMSOL 4.2a RF module using the
frequency domain solver. The spatial domain is surrounded by
perfectly matched layers . The emitting source is modeled with
an out-of-plane line of current that ensures a TE polarization of
the emitted radiation.

The far-field radiation pattern in Figure 2d has been
calculated by postprocessing the near-field distribution of the
electromagnetic field, with a tool provided in COMSOL based
on the surface equivalent theorem.
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