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Abstract

For the purpose of using plasmonics in an integrated schemeeavsingle emitters can be
probed efficiently, we experimentally and theoreticallydst the scattering properties of single
nano-rod gold antennas as well as antenna arrays placeceetimensional dielectric silicon
nitride waveguides. Using real space and Fourier microscopelated with waveguide trans-
mission measurements, we quantify the spectral propeéaiesolute strength and directivity of
scattering. The scattering processes can be well unddrsidbe framework of the physics of

dipolar objects placed on a planar layered environment avitlaveguiding layer. We use the
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single plasmonic structures on top of the waveguide asdifmlilding blocks for new types of
antennas where the waveguide enhances the coupling beantema elements. We report on
waveguide hybridized Yagi-Uda antennas which show diveetlity in out-coupling of guided
modes as well as directionality for in-coupling into the wguide of localized excitations po-
sitioned at the feed element. These measurements togeithesinwulations demonstrate that
this system is ideal as a platform for plasmon quantum ogtibemes as well as for fluores-

cence lab-on-chip applications.
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A highly promising development in nanophotonics is the ulspl@amonic antennas to interface
near fields and far fields#* As opposed to conventional dielectric optics that are bdunthe
diffraction limit, plasmonic structures can confine eleatagnetic fields to very small volumes,
essentially by packing energy in a joint resonance of theghfeld and the free electrons in the
metal. As a consequence, plasmonic structures are cyrseedved as ideal structures to interface
single emitters and single photofigt®as well as to realize nonlinear spectroscopies such as Raman
enhancement/ 20 SEIRA 12:21=24and so forth.

Currently, most workers in the field of nhano-antennas tattgetasic understanding and use
of antennas in essentially index-matched surroundingspndfeose that all the exciting properties
of plasmonic nano-antennas can be used in even more veraatyls, if it would be possible to
excite and interrogate the antennas efficiently in integtgthotonic circuits. Dielectric wavegui-
des, such as high index ridges on low index substrates,seqpra common and mature photonic
integration technolog¥®2® We envision local integration of plasmonic antennas as ajsiog
route to enhance conventional dielectric photonic cig;uahd to achieve excitation and detection
of plasmonic antenna resonances in an integrated fashiordéer to ultimately apply this combi-
nation of structures it is important to understand exactiy lantennas interact with waveguides,
i.e., how the antenna scatters the waveguide modes, andrsehyhow the waveguide affects the
antenna resonance frequencies, resonance profiles, autivdiy. Antennas that are of particu-
lar recent interest are array antennas that consist of welkrstood individual objects, such as
metal nanorod®’ with a strongly anisotropic polarizability, which are péatin arrays of carefully
engineered geometA28=20The physics of these systems is that electrodynamicaléydet in-
teractions set the strength and phase of coupling betweetreels, such that desired functionality
ensues from interference. For instance, Yagi-Uda antéars2$€%31=3%re phased array antennas
that provide directionality to locally embedded fluoropg®rdue to constructive interference of the
waves scattered by each antenna element in the forwardidire®Vhile all the control variables

in terms of building block size and shape, as well as the gé&wgsdhat optimize interaction have
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been investigated by many researcHe}8:28:29.32=3% s imperative to note that a strongly struc-
tured embedding dielectric environment will not only charlge single building block response,
but also the retarded interactions. Therefore, it is imgodrto first study how single objects scatter
when placed on waveguides, and subsequently to exploreimayantennas function when placed
on waveguides. A first step in this direction was taken in @meépublicatio’® by Février et al.
who employed near field measurements to show that the modesays of gold scatterers on top
of a silicon waveguide may hybridi2éstrongly with the waveguide mode.

In this paper, we present a comprehensive study of the diffescattering channels that are
available to a single plasmonic antenna that is placed ooftepdielectric waveguide. We show
how we can understand small plasmonic antennas on top of eguale as dipolar scatterers in a
layered system. We extend our theoretical model of a disaatterer for the single-rod antenna
to the multi-element antenna and find that the strong hytatain®’ of the antenna mode with
the waveguide mode allows us to control the coupling of neagimg scatterers. We then use this
understanding to design and experimentally study arrapsasimonic scatterers with the purpose
of maximizing the in-coupling of localized excitations,the emission of single emitters into the
waveguide. Lastly, we use a localized excitation based oghdély focused spot, achieving high

contrast efficient unidirectional coupling to the waveguibdat can be controlled by wavelength.

Results

In order to study antennas coupled to dielectric waveguiesemploy a setup that combines a
fiber-coupled end-fire setup with a confocal microscope as sefigureg lla and 1b. The setup
can be used in two configurations, as further highlightechi sketches presented on the left
side of the figures. In the first configuration of the setup shawFig[da we send light from
a supercontinuum laser into the waveguide using an input, fdmel we quantify the waveguide
transmission spectrally, as well as performing microscopythe out-of-plane scattering. In the

second configuration we do not input any light into the wavegulirectly but instead study the
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Figure 1: Schematic overview of the experimental setuprjd)@] together with the representation
of the two main working modes. In panel c¢) and d) the picturesgnt a schematic view of the
sample used together with a scanning electron micrographygdical result of a fabricated $h,4
waveguide with a deposited Au antenna.

reverse geometry. We quantify how light coming from freecgpis coupled into the waveguide

depending on where, and with what wavelength, we excite ldmnmon antenna. We quantify the

coupling by output that we pick up using fibers at the two waneg end facets. For a detailed

description of all components in the set up, we refer to theéhiglgs section. The samples used
for the experiments are composed of gold antennas fabdicaieop of silicon nitride waveguides

by aligned electron beam lithography. A sketch of the stmest used is shown in FHg.1c. In this
paper we discuss two different types of antennas, namejyesiod 100 nm long antennas and so
called Yagi-Uda antenngst®:28.22.32.33yhere we have used the design of Curto et But now

coupled to waveguides. One such Yagi-Uda antenna definedadsgN4 waveguide is shown in
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Fig[dd. While we have studied antennas on various waveguidihs, all the data presented here
are for waveguide widths of 21000 nm and 1500 nm and strip keighl00 nm. We estimate the
electron beam alignment accuracy of antennas to wavegtodes~40 nm, i.e., far below any

typical feature of the waveguide mode structure.

Single element antennas on waveguides

We first discuss measurements on single rod antennas exiermaegh the 1000 nm width wa-
veguides. These measurements are intended to obtain thearee frequency of the single rod
antennas. In order to obtain this information, TE polaright is sent in through the waveguide
(channel 1 in Figlla), and light scattered by the antenmetiv air-half space is collected and re-
solved on the spectrometer (channel 2). Eig. 2b (continbtack line) shows the spectrum of light
scattered into the air side of the sample by a 100 nm rod aateormalized to the input intensity
with which it is excited through the waveguide accordinghe hormalization method presented
in the Methods section. The antenna spectrum shows a cla&rgeatered around 750 nm, with
a bandwidth of around 55 nm (FWHM). The resonance frequesgomparable to resonance
frequencies previously found for rods on simple glass satet38-41\When collecting light scat-
tered by the antenna into the substrate underlying the wedteg using the (SIL) solid immersion
lens system (see Methods section on microscope setup), dvéhfab the resonance frequency is
almost identical (Figl2b (dashed red line)). However, whemparing the intensity of the light
emitted into the different media for quantitative referenwe find that a signal approximately 2
times stronger is found into the quartz substrate than inte@nsistent with the fact that a higher
scattering intensity towards the high index medium is etguobfrom the radiation of dipoles on top
of a high index layered systefif.We conclude from our measurements that waveguide-addgessi
of plasmon antennas allows for high signal-to-noise ratitkdield spectroscopy of single plas-
mon antennas both using collection of light from the air s@led from the substrate side. This
conclusion is highly promising for integrated applicasaof plasmonic antennas in sensing us-

ing integrated optics. Even more promising is that detedtiosuch a sensing scheme could also
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Figure 2: Sketch of the experimental geometry relevant &rgts (b-f), in which we collect out-
of plane scattering due to the antenna that is excited thrdlug waveguide. b) Spectrum of the
scattered intensity for a 100 nm long rod antenna on a 1000idth waveguide (continuous black
line) taken from the air side of the sample. (dashed red taden from the glass side of the sample
with a SIL. The spectrum is normalized to the light offeredte antenna, measured by integrating
light scattered from roughness of the waveguide adjacethetantenna. Both peaks show that the
scattering of guided modes happens through a resonantgstac@nd d) Graphs of the measured
radiation pattern for the 100 nm rod antenna, analyzed tirawertical ¢) and horizontal d) linear
polarizer. The white circle indicates the NA of the Olympibigaative (N.A=0.95). The integration
time for the vertical polarization is 1.45 s and 30 s for thezuntal polarization. e) and f) Graphs
of the simulated radiation pattern analyzed through acedrg) and horizontal f) linear polarizer.
Field values are calculated at the position of the microsaigective, i.e., 1.8 mm from the sample
plane. The fields are normalizediQ = 1.7 x 102 V/m, given a guided mode strength of 1 V/m.
Graphs c) to f) demonstrate that a 100 nm rod antenna loca&chanulti-layer substrate behaves
as an electric dipolar scatterer.

occur via the waveguide itself. Indeed, we estimate thahglsinanorod antenna removes ap-

proximately 20% of the intensity in the waveguide mode outhef transmission channel [data



not shown] and redistributes it over waveguide reflectitmsoaption in the metal, and out-of-plane
scattering. This estimate results from transmission spectirmalized to nominally identical blank
waveguides. In the remainder of this paper we focus quaingtg on this redistribution for single
antenna elements, and explore how it can be controlled usultielement antennas.

To obtain a more comprehensive understanding of how plasantennas scatter waveguide
modes, we analyze the scattered light further in terms ddrption and directionality. In the
remainder of this paper we focus on collection of light ondireside of the sample, as the quality
of our imaging system is far superior in this configurationladzation analysis shows that more
than 90% of the light is scattered in the polarization dimetparallel to the direction of the antenna
(y direction in the reference frame depicted in Elig.1a). \&eehalso studied 100 nm rod antennas
fabricated at various rotation angles relative to the waidgaxis. As the antenna is rotated from
90r,45° to O angle relative to the waveguide axis, we consistently fimdngt polarization of
scattered light collected on the air side of the sample atbegantennas axis. We have access
to the directionality of scattering by the single rod an@nnising Fourier microscopy, i.e., by
insertion of a Bertrand lens into our imaging system. WHike 100 nm line rod antennas appear
as diffraction limited points in spatial imaging, interiegtinformation is obtained when looking at
the scattered light by imaging the back focal plane of thedtbje in this manner. At the air side
(channel 2 in Figlla ), the radiated pattern appears to lebdited over a wide range of angles
(up to sind = 0.7) relative to the sample normal (Hi§j.2c and 2d). Upon ppédion analysis with
a linear polarizer in detection we find a large contrast iegnated intensity. In addition, the
weak cross-polarized radiation pattern is clearly distinam the co-polarized pattern in that it
consists of four separate lobes. Similar results were tegon*® for antennas excited using total
internal reflection on a prism. Clearly, waveguide exaitatis an efficient alternative to TIR for
dark-field Fourier microscopy. We note that the fact thatrdgiation pattern extends somewhat
outside the NA of our objective indicates that diffraction by the salselection pinhole blurs the
measured radiation pattern. The radiation pattern fourtdlertwo polarization channels for the

100 nm rod antenna in Fid.2c ahH 2d bears the clear signafume im-plane y-oriented dipole



placed on top of a SN4-SiO, substrate. In high-NA imaging, such a y-oriented dipoleayates
cross polarized fields at very large angles due to the huggctefn angles in the aplanatic imaging
system. The measured radiation pattern for the 100 nm rahaat as shown in Fig.2c ahd 2d is
in excellent agreement with the theoretical radiationgratthat is expected for a dipolar scatterer
positioned 30 nm above a 2D layer system consisting of quartzsiliconnitride as shown in
Fig[2e and R2f. These theoretical radiation patterns autzkd by using the analytically known
far-field expansion of the Green’s function of a multilayesystem, as explained in ré.In this
type of calculation the substrate is an infinitely extendedtilayered system composed of Air-
SigN4-SiOy, thereby ignoring the finite width of the 1D waveguide on Sit this 2D waveguide
geometry, we can perform quantitative scattering calmnatfor arbitrary collections of antenna
particles excited by waveguide modes that we obtain by sgl¥or the propagation constants
and mode fields of guided modes that are bound to thN Sivaveguide. In this approach, the
polarizability of scatterers is taken as the electrodymaity corrected quasi-static polarizability

of a prolate spheroié? The dynamical correction used in the calculations for thianmability

is?
= %@% T (1m(G g (ro, 7o) + 1m( G o(ro,10))). @)

Here agaic 1S the static polarizability of a prolate spherof@xan(ro,ro) is the Green’s func-
tion of the layered system as found*nevaluated at the position of the scattergy finally
Im(@o(ro,ro))) is the imaginary part of the free space Green'’s function. Sdtesfactory corre-
spondence between the measured radiation patterns fomasten 1D guides, and the theoretical
figures for 2D guides implies that the finite width ofiin of the waveguide used does not strongly
alter the angular distribution of light scattered out-tdfe. Arguably, close inspection of the data

shows that angular emission is narrowedjmy the 1D waveguide compared to the 2D system.
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Figure 3: Top: sketch of the experimental geometry. We extié antenna from the air side, and
measure how much light is coupled into the waveguide. Battgpectrum of the light collected
at the waveguide end facets, i.e., of the light coupled inheowaveguide upon excitation of the
scatterer. A clear plasmon resonance is observed. In teewesshow a confocal raster scanning
graph of in-coupled intensity for different positions oétfocused spot.

I n-coupling by a single dipole antenna

As a complementary experiment on the antenna-waveguidersysve have also performed the
reverse, i.e., excitation from the far field and detectiantigh the waveguide (see Kip.1b). In this
experiment a diffraction limited focused spot is scanneer dlre antenna and the light in-coupled
into the 1500 nm wide waveguide is acquired through the atigoptical fibers at the waveguide
end facets. The inset of Figl 3 shows a plot of the maximunoumpted intensity for different

positions of the scanned beam. The 2D color plot, which cbeldiewed as a confocal raster
scanning graph, barring the fact that collection is throtlgh waveguide, and not through any
objective, indicates that the light is being coupled inte Waveguide from a point that is approx-
imately equal in size, or less, than the diffraction limity &alibration of the spot to a white light

image of the fabrication markers, we ensured that the cerfitdre maximum in-coupled inten-

sity coincides strictly with the antenna position. At eadsigion we furthermore collect spectral

information, as the incident beam has a broad spectrum andettected light is coupled into the



spectrometer. Fi§] 3 shows the spectrum at the location gimam in-coupling determined from
the 2D spatial raster scan. We find a maximum coupling from $m@ace into the waveguide at a
wavelength around 750 nm across a bandwidth of 65 nm (FWHKB.&xcellent correspondence
of the in-coupling resonance frequency with the scatter@sgpnance we observe when illuminat-
ing through the waveguide, indicates that resonant indoogiinto the waveguide occurs at the
same wavelength as scattering of the waveguide mode by teerenout of the waveguide. Also,
the bandwidth agrees with the measured bandwidth in theauyping experiment. However, the
spectrum in the in-coupling experiment has a tail toward@srtear infrared wavelengths due to
the red shifted cutoff frequency of the 1500 nm wide wavegsicompared to the 1000 nm wide
waveguides used to obtain Fig. 2.

We now attempt to estimate the in-coupling efficiency offigio the waveguide from the data
measured in Fid.]3. In this experiment coupling from the wange to the spectrometer used a
metallized tapered fiber tip at the waveguide end facets,dardo reduce stray light contributions
such as grazing light coupled to the Si€ubstrate. Unfortunately, the use of this metallic tip nsake
it difficult to find a quantitative coupling efficiency of amea to waveguide, as the waveguide-
to-fiber efficiency is imprecisely known. On basis of in-cbog intensity data of 10 kcts/s at
750 nm, knowing that the irradiance factor for our spectremis 12.86 (kcts/s){(W/cm?/ nm)
at 750 nm, we can calculate an in-coupled irradiance of \R7(cm?-nm) in the spectrometer;
when using a free space focused beam with an irradiance ®k 1@ \W/(cn?-nm), an estimated
fiber collection efficiency of 10%, an efficiency in the single mode to multi mode fiber coupling
of 10%, and a loss in the waveguide of £0 With this data we estimate in-coupling efficiencies
on the order of 1%, for diffraction limited in-coupling beamUnfortunately, the experimental
uncertainties especially regarding the in-coupling ofdlymal into the detection fibers, imply that
our experimental estimate is not more accurate than appedgly one order of magnitude. To
obtain an independent, and possibly more precise estinvatéjrn to theory. We use the model
of a dipolar scatterer on top of a 2D waveguide as explainéardeWe find the efficiency with

which such a scatterer couples light into the waveguide m steps. First, we find the extinct
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power, i.e., the power that is removed from a plane wave ertiéfom the air due to the presence

of the scatterer. The extinct power is defined as
w -
Pea = 1 m(B- E5). 2)

Furthermore, the power that the induced dipole moment tesliato the far fieldarring the wa-
veguide mode can be calculated from the dyadic Green’'situm&r field expansion that can be
found in Ref#2 The difference in extinct power and far field radiated powgrads the power cou-
pled into the waveguide, plus the power absorbed by thegiadie to losses. We find (assuming
a plane wave excitation) that the coupling efficiency stigprigpends on the height of the single
rod antenna with respect to the waveguide as shown iblFigweii curve). This dependence
reflects the strong spatial dependence of both the guidec rooakribution, and radiative mode
contribution to the local density of states of stratified egwide systems. We predict a maximum
incoupling+absorption 0f48% for particle heights 30 nm from the waveguide. This iogdong
decays exponentially with distance from the waveguide &abilszes at 30% at distances around
2 um from the waveguide. Since significant in-coupling is ngtexted for such large distances
we estimate that those 30% correspond to absorption in ttielpa Taking that as a measure for
absorption, we conclude that a particle just above the wadegwill couple approximately 20%
of the light that it harvests from the input beam into the vgaude. The remaining 80% is split
between far field (50% of extinct power) and absorption (3G%xbinct power). It is important
to notice that these numbers indicate the efficiencies whitkvthe power is distributed in the
different radiation channels relative to the total poweit touples to the dipolar scatterer. To con-
vert these relative efficiencies to actual cross sections,eeeds to determine what the absolute
extinction cross section of the particle is. The overallretion cross section is anticipated to be
at most 0.16um?, i.e., 1.2 times smaller than the diffraction limit. To ctude, a single particle
illuminated by a diffraction limited beam can couple appnoately 20% of the incident energy

into the waveguide, in accord with the crude measured estima
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Figure 4: a) Presents a sketch of the calculations shownnelm. In these calculation a plane
wave is sent towards the antenna from the air side and théseffic of absorption plus scattering
into the waveguide mode is calculated. c) (green line) fagioveen guided plus absorbed power
to extinction power for plane wave excitation of the antefouad for a single rod antenna element
at different ‘z’ distances from the waveguide at 755 nm. ébhiack and red line) Using a height
of 30 nm multi-element antennas (2,3 and 4 elements) arstigated for different distances ‘d’
between elements composed of 100 nm Au rod antennas. bnBressketch of the calculations
shown in panel d) where an emitter is positioned 30 nm abowdiitst element of an antenna to
calculate the absorption efficiency plus emission effigrepicthe antenna into the guided mode.
This ratio of in-coupled and absorbed light to extinct poisgresented for multi-element antennas
(2, 3 and 4 elements) as a function of the distance betweegigeheents when the antenna is being
excited with the dipolar emitter located above the first eatof the array. Horizontal axes are in
units of 27/ = 0.493um which is the wavelength of the guided mode at 755 nm.

The constraint of fairly large absorption (30%), which irr system is due both to the gold and
to the underlying Cr adhesive layer, can be mitigated bytishithe operation range further to the
NIR using larger patrticles, or by swapping Au for silver. histcase a protective dielectric could
be required to avoid particle degradation. Such cappingps@&ed to also be beneficial optically,

as it would pull the waveguide mode up towards the partiblerdby likely enhancing the coupling

efficiency.

Multi-element antennas

We now turn to multi-element antennas, where we can applyonderstanding of the operation of

single-element antennas to improve the absolute in-cogiglioss section, albedo, and directivity,
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similar to the functionality of free space Yagi-Uda antenfid®2%23An important realization is
that if we have a dielectric system that consists of planaregaides or 1D waveguides, under-
standing coupled systems is a two step process. Firstlyntheed dipole moments N particles
will be set by#?
Pn = a[Ein(rn) +n; G(rm,n)Pml;
n

where the driving fieldg;,(rn) is a solution to the antenna-free problem, such as a waveguid
mode, or far field illumination. The Green’s functi@{rm,rn) of the waveguide system quantifies
the particle interactions as they are mediated through geade, substrate, and air cladding layer.
The second step in understanding the physics of multi-ed¢ar@ennas is that the near fields, far

fields, etcetera, are found by coherent superposition dditigge-element properties&s

E(r) = ZG(r,rn)pn-

n

It is this second step, for which we have quantified propggl®ve, that ensures that multi-element
antennas can control directivity, albedo, etc., just asifiennas in free spaée>2°:33The linear
superposition principle will, for instance, imply that tregliation pattern into free space and wave-
guide of a multi-element antenna equals that of a singlexeht antenna (form factonultiplied
with a structure factor that depends on where the differements are placed. As a consequence,
light can never be redirected into directions into whichgimgle elements do not radiate, but light
can be significantly redistributed through interferencevieen the different channels into which
the single elements do radiate. Thus, one can for instaratetesebtain enhanced radiation into
the waveguide and suppression of radiation into substret@m, through destructive interference.
Given that plasmon particles couple strongly to each otbér tirectly and through coupling
mediated by the waveguide one can design multi-elemenhaasewith different final purposes.
One design goal is to achieve antennas that maximize thdinguy incident plane waves into the
waveguide. Another design goal is to achieve an antennawhaximally couples energy from a

single dipolar emitter into the guided mode. The latter wieedsentially constitute a waveguide-
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coupled plasmon Yagi-Uda antenna. Here we consider boigrdgsals. First we focus on op-
timum structures for coupling plane wave excitation inaidieom the air side into the waveguide
using the dipolar antenna building block at fixed height. p8roization parameter, we scan the
distance between elements and evaluate the coupling, asmshd-igl4dc. On the x-axis we plot
the distance between elements in units of the guided model@@ythAaveguide at 755 nm. We
find maximum in-coupling at distances which arémesAyaveguide (With n an integer) and mini-
mum when the distance {8+ 1/2) timesAyaveguide- Since the scatterers are driven in-phase, the
arrangement essentially reflects that just a few partidtesdy result in the well-known effect of

a grating coupler, that can boost incoupling by a faet@rto 3.

As a second example, more appropriate for extending plagqoantum optics to waveguide
integrated systems, we consider the scenario of a wavegoigigled Yagi-Uda antenna. Here,
the design goal is to couple the radiation of a single dipetaitter, such as a localized molecule,
guantum dot or diamond NV center selectively and unidicglly to a single waveguide mode.
The design goal is hence for the radiation of antenna elesreerd dipole to add up destructively
everywhere, except in the waveguide. In this case, a dimotatter is located 30 nm above the
first element of the antenna. This emitter generates théndriield E;, (r,,) over then elements
of the antenna. With this field we calculate the induce dipplaments of the antenna elements
which subsequently are used to find the scattered field, daieg&d earlier. In Figld4d we plot
the incoupling+absorption rate, as a function of the distdmetween the directors in the antenna
array. As in figuré c we plot distance in units of the waveguitbde propagation wavelength. A
maximum in-coupling is found for a range of separation disés centered around Ayavequide/4
at 755 nm and ranging from0.1 to ~0.45 Ayaveguide- This range is commensurate with the
standard rule of thumb for free space Yagi-Uda antennasthibapacing needs to be aroukus,
and belowA/2 to avoid multiple lobes. However, in this case the crteruses the wavelength
of the waveguide mode. The optimum design hence dependsdatigpersion of the waveguide.
As regards in-coupling efficiencies, this calculation peegithat less than 20% of the emission

is directed out-of-plane into either air or substrate. At game time, 80% of the emission that is

14



captured by the waveguide will be directed in a narrow foddabe, with an angular distributionin
a half angle cone of 37inside the 2D S$N4 layer. We note that Yagi-Uda antennas realized sofar
have been essentially free-space designs placed for gabiasons on air/glass interfade:29

In this scenario, a directional beam results, that is howewepletely directed into the glass, along
the critical angle for the air-glass interfag&The utility of this form of directionality for on-chip
applications is very limited, as the directional beam i®died out-of-plane. Here we show that
this limitation can be entirely overcome by placing the Yligia concept into, or on a waveguiding
dielectric structure. Our calculation shows that even magewaveguide confinement strongly
influences the directionality to be entirely in-plane ant ithe guided mode. Thereby, the Yagi-
Uda-waveguide combination could be a promising route temtan quantum optics. As opposed
to, e.g., the plasmonic nanowire parad®#’ that foresees quantum optics in networks in which
the excitation remains in dark plasmons throughout, heseuthity would be that flying qubits
experience entirely lossless transport through estaddlislelectric technology, and conversion to

plasmons for light-matter interaction is localized to titeswhere it is needed.

M easur ements of waveguide excited multi-element antennas

The Yagi-Uda antennas that we fabricated on top of thélSwaveguides have a director peri-
odicity of 183 nm or B2 Ayaveguide @t antenna resonance (vacuum wavelength 830 nm), well in
the range predicted to provide directional behavior adogrtb the theory of the previous sec-
tion (Figl4d). We investigated the Yagi-Uda antennas utiegsame methodology applied to the
single-object nano-antennas. The measurements are shavig{®. The spectrum of the guided
mode scattering into the air side of the sample shows a reserat a wavelength of 830 nm, as
shown in Fid.ba. This resonance is significantly redshiftechpared to the resonance of single
plasmon particles in Figud 2. In part this shift is due to filaet that the antenna elements are
slightly longer than the 100 nm rods, causing a redshift efrésonance in each patrticle. In an-
other part, this shift is due to the fact that the antennaaesp of Yagi Uda antennas is red shifted

by plasmon hybridizatiod! as reported already bY:2? Quite unlike is the case for a single rod
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antenna, the spectrum strongly depends on the part of tear@afrom which the light is detected
by our imaging system (see Hig.5b). In fact in a spectrakpheed raster scan of the antenna one
can visualize two clearly distinct zones which change redantensity depending on the wave-
length. Naively one might assume that a confocal scan reportmage of the local field intensity
|E|? at the antenna, blurred by the diffraction limit. In thiswjehe appearance of distinct bright
zones at different wavelengths would indicate spatialllzation of induced dipole momentg|?
along the chain, similar to the report by de Waele e¥dh reality, more information is hidden in
our data, since image formation is a coherent process thalpcresults from interference of ra-
diation from all the dipoles in the sample plane on the coalfpihole. Thus, phase information is
also hidden in the confocal images, and the collected dphsiibution should not be interpreted
simply as a map ofp|? with Gaussian blurring due to the diffraction limit. We haverformed
calculations [Not shown] that include the interferencehia image formation process using the
amplitude and vector microscope spread function of comfoieroscopy22 similar to the calcula-
tions used to support the measurement of wavelength-tehaddlization of dipole excitations on
plasmon chains in index-matched environments reportecefiR0ur calculations confirm that
simply changing the input wavelength strongly changes bim¢hspatial distribution of induced
dipole strengths, as well as the distribution of phasesexalong the array. For instance, hav-
ing all elements in phase results in the antenna appeariagoaght entity in the confocal scan
(Fig.[8b, 900 nm wavelength). Conversely, for wavelengthene the antenna lights up as two
distinct regions (Fig.J5b) < 800 nm), a 180 phase jump occurs in the induced dipole moments
along the length of the plasmon chain. To conclude, the alpataps prove that the Yagi-Uda

antenna indeed acts as a phased array, driven coherentig yatveguide mode.
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Figure 5: This figure shows measurements of the scatteringeofuided mode to free space
modes carried out on a Yagi-Uda antenna on top of a 1000 nnihwidveguide. a) Normalized
spectrum of the scattering into the free space of the guidmtkerby the antenna. b) Confocal scans
over the sample plane of the scattering due to the antennakeished in the cartoons on the top
right side of the graph, the reflector is located at the lefe ©f the image and the directors are
located at the right side of the image. The beam is incidemh fthe right side through channel 1
and the scattering out-of-plane is measured in the air sidrigh channel 2. The graphs in b)
show different frequencies measured when focusing atrdiftepositions in the sample plane. c)
Fourier images of the Yagi-Uda antenna for the scatterdd kgming from the guided modes.
The images are acquired with a CCD camera and the differagesaof wavelength are selected
using bandpass filters with 40 nm FWHM. These graphs shovilibatntenna on the substrate has
directionality in its scattering. (The integration times:afor 700 nm 9.64 s, for 750 nm 3.09 s for
800 nm 1.45 s, for 850 nm 6.6 s and for 900 nm 30 s.)



The spatial mapping shows that, depending on excitatiorelgagth, the amplitude and phase
of the dipole excitations on the particle chain is strongiyying. It is exactly this physics that
gives rise to the interference that makes a Yagi-Uda anteliveational. Indeed, an excellent
way to assess the coupling between antenna particles is poradéation patterns for different
driving conditions. We measure the radiation patterns @natin side using our Fourier plane
imaging. We select distinct wavelength slices using 40 nndiadth band pass filters placed in
front of the CCD camera. The scattering into the air side S&ivong directionality with a distinct
wavelength dependence (Hig. 5¢). From these measuremesesanhat Yagi-Uda antennas, when
placed over a waveguide system, continue presenting ainadity in their scattering. At 850 nm
close to the scattering resonance the scattering in theafdrdirection is maximum. Far from
resonance at 700 nm the backward directed scattering anidrtivard directed scattering have
the same intensity. The scattered light is highly polarizethe direction parallel to the antenna
elements, with polarization ratio > 1:9. In conclusion, ¥bigla antennas on top of waveguides
allow spectrally controllable directional out-couplinfjveaveguide modes, as well as wavelength
and excitation direction dependent control of amplitude jpinase along the length of the antenna,
very similar to observations recently made in scatteringeeixnentst>:2? Such tunable radiation
patterns upon local driving, and reciprocally such tunabiponse upon far field driving can be
viewed as a poor mans version of coherent control, wheretthegpand amplitude of driving serve
to optimize hot spots or directionali?=2° We envision that the localization and directionality
could be further optimized in future experiments by usingafihst fs waveguide excitation and
pulse shaping strategi€8.As a possible application one can envision the use of thigopia
of waveguide-addressable spatially tunable hot spotsfdorinstance spatially cross correlated

spectroscopies, such as fluorescence correlation spemye®?

I n-coupling by a Yagi-Uda antenna

As a final aspect of our experiment, we report on the in-cogpinto the waveguide mode of a

1500 nm waveguide that can be achieved by raster scannirguaefd spot over the antenna. Our
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Figure 6: a) Confocal image of the waveguide obtained byrsogra focused spot over the Yagi-
Uda antenna on top of a 1500 nm width waveguide and collespegtra of light coupled into the
waveguide at the waveguide end facet. The map is createdoltyngl the integrated count rate
of the spectra taken at each position of the sample. b) andentfa acquired from the positions
of maximum in-coupling located at the directors and reflesitde of the antenna, when measured
through channel 1 and channel 3, as depicted in the top rigttls of the experiment. These
graphs show the different spectral behaviour of the diffeparts of the antenna, namely, when
exciting the directors the same spectra emerge from botkguagte ends. In contrast when locally
exciting the reflector and feed element the spectra couptedbth forward and backward guided
mode are highly different. The observations show high+@sttunidirectional coupling into the
waveguides that can be reversed by sweeping wavelength.

theory has shown that for in-coupling of plane waves a miglttf Ayaveguide SPacing is optimal
so that a grating coupling effect aids in-coupling. Forrdiftion limited illumination of just a
few antenna elements, however, one might almost achievatisn in which just one element
of the antenna is excited. Instead of excitation by a motcekcitation of just the plasmonic
feed element by scattering can give rise to mimicking ardedinectivity in a scattered signal,
as realized by Kosako and Hoffman for antennas on an ais-gtesrface?® Therefore, we record
scattering into the forward and backward waveguide dioeds a function of where we illuminate

the antenna with a tight focus. Surprisingly, as in scattgriwo distinct zones of high in-coupling
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are found when we collect signal in both waveguide branched,integrate over the full white
light spectrum. Using spectrally resolved detection wesssvether these two zones of efficient
in-coupling, one of which is at the feed element of the anderamd the other of which is at the
directors, are associated with the same or with differeetspl features in the light that is coupled
into both waveguide ends. In F[g. 6b we plot the spectrumishaillected at both the forward, and
the backward waveguide end when we excite the directoreditkenna. When the excitation spot
is focused on the directors, almost identical spectra eenfeggn both waveguide ends. In stark
contrast, when the excitation spot is focused on the refleautie of the antenna, i.e., largely on
the feed element, the spectra that emerge at the two waeguoik are very different from each
other. At the end facet corresponding to the backward dmecteflector side of the antenna) we
obtain a spectrum that is significantly blue shifted from spectrum retrieved at the the forward
direction end facet. The steep gradient in the spectra dr830 nm imply that it is possible
to completely reverse the direction of the in-coupled behat is launched into the waveguide
with a very high contrast, simply by a small change in exmtaivavelength. This behavior is
reciprocal to the strongly dependent receiver responsatehaa arrays, that is expected to swap
directionality as the excitation wavelength is swept tigtogutoff, phenomenon first reported for
plasmonic antennas in experiments by de Waele é¢ @b conclude we demonstrate that for
localized excitations created by a focused spot at the femdemt, Yagi-Uda antennas present
directional coupling into the 1D waveguide. This in-coaglprocess is spectrally centered around
~ 830 nm which is the same resonance frequency as for the messrettering of guided modes
into free space. When examining the in-coupling count ratésg.[@a for the Yagi-Uda antenna
we see that the in-coupling for the Yagi-Uda is around thirees more efficient than for the single

element antenna.

Outlook

To conclude, we have fabricated plasmonic antennas phe@bgned to dielectric waveguides,

and quantified their properties for applications in wavedgtintegrated plasmonics. As a first step,
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we have guantified how single plasmonic dipole antennasledapvaveguide modes, in partic-
ular quantifying how strongly, and into which directiongsitennas outcouple waveguide modes.
Conversely, we have shown that a single plasmon antennaliady couple up to 20% of a
diffraction limited input beam into the waveguide mode. @utly, we have demonstrated how
one can use the single dipole antenna as building block ofiened design strategy for multi-
element antennas that derive functionality from a phasetlt@oherent response to driving by the
waveguide mode. In particular, we have demonstrated thatguade-coupled Yagi-Uda antennas
provide a platform for waveguide addressable spatiallalle hot spots, that can for instance be
used as programmable hot spots of pump light for spatiatigscorrelated spectroscopies. Con-
versely, the antennas can provide strong directionaldtaloly allowing to couple a local driving
field efficiently and unidirectionally into the waveguide. hil¢ our experimental demonstration
of this unidirectional coupling used an external lasertscatl off the antenna, our calculations
show that this functionality will directly extend to fluorbpres, Thereby, waveguide-hybridized
plasmon array antennas are a highly promising platform fanyrapplications. For instance, one
can efficiently collect all the fluorescence of single fludroges directly through a waveguide.
The combination with the programmable hot spots of pumg ligéat can be generated, makes this
platform highly attractive for making optofluidic lab-omip devices that have entirely on chip in-
tegration of driving and readout for advanced fluorescessays at single molecule levels. Also,
we envision that hybrid systems of plasmon antennas andatiiel waveguides may outperform
proposed plasmon quantum optics schem@g/hile plasmonics offer very high light-matter inter-
action strength for coupling to localized emitters thataggubits, the structures with the highest
interaction strength are usually least suited as wavegumletransport, as losses are high. We
propose that the combination of antennas and dielectrieguaides allows one to combine low
loss transport as photons that are converted back and toplagmons only exactly where needed,

i.e., at an antenna surrounding an emitter.
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M ethods

Microscope setup

In order to study antennas coupled to dielectric waveguimesemploy a setup that combines a
fiber-coupled end-fire setup with a confocal microscope as sefigureg lla and 1b. The setup
can be used in two configurations, as further highlightethéngketches presented on the left side
of the figures. In the first configuration of the setup shownim®a light is coupled from one
end facet into the waveguide using a cleaved fiber (NuferrdSIB®) that carries excitation light
from a Fianium supercontinuum light source (SC-450-PR) thieé spectrum after the fiber ranging
from 650 to 900 nm, max. power at 725 nm of 0.680 mW when medgshreugh bandpass filter
700 nm FWHM 50 nm). Light is coupled into the waveguide anddnaitted into a second fiber
for spectral analysis on an Avantes peltier cooled Si CCByaspectrometer (AvaSpec-2048TEC-
USB2-2). To quantify the scattered light spectrally, sptiand in terms of wave vector content, a
home built microscopy system is placed with its optical gdgoendicular to the sample substrate.
We use a Olympus 100x, NA 0.95 M Plan IR objective to colleetshattered light, which is then
directed through a tube lens to a CCD camera (The Imagingc8@iMK21AU04) for imaging, or

to a Thorlabs galvo scanner system. This galvo system sharssattered light collected from the

sample plane over a 50m core multimode fiber which acts as a confocal pinhole (sartgffiber
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magnification 228 times). This fiber brings out-of-planetsrad light onto a second channel of
the same Avantes spectrometer. This confocal scanninggewafion for out-of-plane scattering
allows us to retrieve images of the sample as well as the specintent of light scattered from
different parts of the antenna. As further functionalitg, @an flip in a so-called Fourier or Bertrand
lens that allows conoscopic imaging. In other words, whepiitig in the Fourier lens we retrieve
the intensity distribution of scattered light over all waxectors in the objective NA, essentially
through imaging the back focal plane (BFP) of the imagingeotiye #3:52=59By using a pinhole
system at a distance equal to the focal distaifggier from the Fourier lens we spatially filter the
scattered light prior to wave vector imaging, so that weemtltadiation patterns only from those
parts of the sample that we are interested in, namely thenaase The Fourier image can again
be collected panchromatically on the CCD, or through the@atanning mirrors by the fiber,
which allows us to spectrally resolve the differential seaihg cross section. To conclude, with
this configuration of the setup we can study the effect of thierana on the waveguide transmission
(channel 3in Fi¢lla) and scattering of the antenna intoittede (channel 2 in Figl1la). Given the
thickness of the quartz substrate used for the sampl&O0 um), a home made solid immersion
lens system (SIL) was required in order to also access scafi@to the substrate side (depicted
as channel 4 in Figl1a), as the Olympus objective lacks theined working distance. This SIL
system that employs a BK7 glass hemisphere of diameter 2 tloweal us also to collect light
that was scattered by the antennas into angles that exceddt#i internal reflection angle of
the substrate, however, only with spherical and chromateging aberrations too large to allow
diffraction limited and Fourier imaging.

The second configuration of the microscope in[Eig.1b is cesigo study the converse inter-
action, i.e., rather than coupling in through the waveguaide collecting scattered light, we study
how light coming from free space (channel 2 in Eig.1b) is dedpnto the waveguide mode. This
configuration is achieved by swapping the spectrometepledidetection fiber that is placed after
the galvo system with the combination of a pinhole systemfesespace collimated supercontin-

uum light from the Fianium source. The light scattered it® waveguide and detected through
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the fibers at the end facets is sent to the spectrometer tdifyutne "forward” and "backward"
waveguide incoupling spectra. In absence of the Bertramg] lge couple in light locally using real
space focusing at the diffraction limit. When we flip the Banid lens in so that the incident beam
is focused in the objective back aperture, we couple liglotier a large area, yet at a well-defined

incident angle that can be freely varied over the entirecihbje NA.

Sample fabrication

As we ultimately target visible light spectroscopy appiicas, we consider silicon nitride wave-
guides. Fused silica wafers (n=1.45) of 100 mm diameter wevered with 100 nm thick N4
using a LPCVD process. This process [Lionix BV, The Nethedg ensures low loss $h, at
manageable stress levels for postprocessing. In ordeffiteedED waveguide ridges, we perform
e-beam lithography using a Raith e-line machine. The wadegitogether with positioning mar-
kers that are used at a later stage were defined in MaN2403iveegesist (200 nm thickness)
with an electron beam lithographic step [dose 2@Fcn?, 35 nm spot size, current 0.14 nA and a
fixed beam movable stage (FBMS) step size of u@i]. The pattern was then transferred into the
SizN4 by dry etching (Oxford Plasmalab, 50 sccm GHiad 5 sccm @, 100 W forward RF power,
5 min etching time). In a second electron beam lithograply #te antennas were defined on top
of the waveguides, using alignment markers fabricatedarSikN, for precise positioning. In this
step ZEP-520A positive resist (125 nm thick, exposed with@dose of 200 pA s/cm, 29 nm spot
size, current 0.03 nA) was used to define a liftoff mask forried vapor deposition of gold. To
mitigate the very poor adhesion of gold ony$i, in the evaporation step we first deposited a thin
chromium adhesion layer ef3 nm, prior to the deposition 6£30 nm of gold. A typical final
result is shown in Figlld.

In this paper we discuss two different types of antennas,ehasingle rod 100 nm long an-
tennas and so called Yagi-Uda antennas as described ieme&rOne such Yagi-Uda antenna
is shown in Fid.Jlc and d. This antenna is composed of 5 rodeshalements, 3 directors, 1 feed

element and 1 reflector, with lengths of 115 nm 120 nm and 180respectively. The measured
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center-to-center distances between the elements are 1 T@tween reflector and feed element,
and 183 nm between all other neighboring plasmonic rods witith of the elements is 65 nm and
the total length of the antenna-s790 nm. While we have studied antennas on various waveguide
widths, all the data presented here are for waveguide wmfthi®00 nm and 1500 nm. The strip
height is 100 nm. We estimate the electron beam alignmentacg of antennas to waveguides to

be~40 nm, i.e., far below any typical feature of the waveguidelmstructure.

Spectra nor malization

A patrticularly difficult problem is how to quantitatively nmalize the spectrum of light scattered
by the antennas to the spectrum that is offered through tiveguade to the antenna. The only
possible references we have access to are the spectra eteastransmission through nominally
identical blank waveguides (i.e., without antennas) as asme for the incident spectrum, and
spectra obtained from scattering centers that appear cathedy close to the antenna, due to
roughness of the waveguide. In the first case, artifacts meyralue to the fact that the spectrum
may vary between alignments and between waveguides, dugdmatic effects in coupling to
the waveguide, and for the 1 cm long waveguides due to thgriied effect of unexpected small
defects and impurities that change the spectrum along tiggHeof the waveguide. In the second
approach, the advantage is that spectra are taken fromaanegyiy close to the structure. However,
one here relies on the assumption that the scattering sdmee no strong frequency dependence,
and one does not obtain a quantitative signal strength cosapg as opposed to when using wa-
veguide transmission. In practice no large difference betwthe two approaches is found when
spectrally locating the resonance. Here we present daig tte second method (normalization to

nearby scattering centers), preferring spectral fideligr@n absolute scale.
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