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3
Phased Array Antennas on a Dielectric
Waveguide

We use the single plasmonic structures on top of waveguides as pursued in chapter 2
as dipolar building blocks for new types of antennas where the waveguide enhances
the coupling between antenna elements. We report on waveguide hybridized Yagi-Uda
antennas which show directionality in out-coupling of guided modes. These antennas
also show directionality for in-coupling into the waveguide, of localized excitations
positioned at the feed element. These measurements together with simulations demon-
strate that this system might be useful as a platform for plasmon quantum optics
schemes as well as for fluorescence lab-on-chip applications.

3.1 Introduction
In chapter 2 we showed that single rod antennas interact strongly with dielectric
waveguides and we showed that this interaction can be modeled as the interaction of
electric dipolar scatterers on top of a multilayered waveguiding system. We now turn
to the study of phased arrays antennas. These antennas are of particular recent interest,
since they are array antennas that consist of well understood individual objects, such as
metal nanorods [1] with a strong anisotropic polarizability, which are placed in arrays
of carefully engineered geometry [2–5] in order to obtain specific responses depending
on driving conditions. For instance, one could think of engineering an array of rod
antennas to obtain a system which would create regions with a very strong electric
field intensity (hot spots) in the vicinity of the antenna when driven by a plane wave,
or antennas that when driven by a localized source could direct the light in one or
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3 Phased Array Antennas

more chosen desired directions. The physics of these phased array systems is that
electrodynamically retarded interactions set the strength and phase of coupling between
elements, such that desired functionality ensues from interference. For instance, Yagi-
Uda antennas [3, 4, 6–9] are phased array antennas that provide directionality to locally
embedded fluorophores, due to constructive interference of the waves scattered by
each antenna element in the forward direction. While all the control variables in terms
of building block size and shape, as well as the geometries that optimize interaction
have been investigated by many researchers [2–4, 7–11], it is imperative to note that a
strongly structured embedding dielectric environment will not only change the single
building block response, but also the retarded interactions. Therefore, it is important to
first study how single objects scatter when placed on waveguides, and subsequently to
explore how array antennas function when placed on waveguides which is the main
topic of this chapter. The interaction of sources and scatterers with 2D stratified media
and waveguides is a subject that has attracted large interest for many applications in
optoelectronics, with as main application area photovoltaics and light-extraction from
LEDs. The seminal work by Soller and Hall [12] aimed at quantifying the coupling
efficiency of scatterers to layered media now acquires new significance for plasmon
enhanced solar cells [13, 14]. In the framework of integrated optics, many groups
have studied the interaction of 1D and 2D periodic lattices of plasmon strips [15],
single plasmon strips and particles [16, 17] with 1D and 2D waveguide modes. In
this work we are particularly interested in 1D waveguides coupled to antennas that are
subwavelength phased array antennas, as opposed to extended diffractive structures. A
recent experimental study of plasmon particle arrays coupled to 1D waveguides was
reported by Février et al. [18], who employed near field measurements to show that the
modes of arrays of gold scatterers coupled to silicon waveguides may indeed hybridize
with the waveguide mode.

a)

500nm

b)

Au

SiO2

Si3N4

100 nm

Figure 3.1: In a) and b) we present a schematic view of the sample and substrate used
together with a scanning electron micrograph of a typical result of a fabricated Si3N4
waveguide with a deposited Yagi-Uda Au antenna.

In this chapter we perform calculations on phased array Yagi-Uda antennas po-
sitioned over a 1D Si3N4 ridge waveguide on a fused silica substrate, as shown in
Fig. 3.1 a. These calculations allow us to determine what is the geometry that best
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3.2 Multi-element antennas

fits the requirements for strong coupling of light into the waveguide structure. We
continue the chapter with measurements on the designed antennas (Fig. 3.1b). These
measurements show that we can achieve high contrast efficient unidirectional coupling
of localized excitations to the waveguide, which can be controlled by wavelength.
These results are highly promising for designing and realizing antennas to control the
emission of single emitters.

3.2 Multi-element antennas
For multi-element antennas, we can apply our understanding of the operation of single-
element antennas (chapter 2) to improve the absolute in-coupling cross section, albedo,
and directivity, similar to the functionality of free space Yagi-Uda antennas [2, 4, 7,
9]. To begin, we start by using the approach of considering small rod antennas as
electric dipolar scatterers, so that induced dipole moments p can be found by using the
expression

p =αEtotal(r′), (3.1)

where α is the polarizability tensor that describes the response of the rod antenna
(in this case a dynamically corrected prolate spheroid polarizability [19]) and where
Etotal(r′) is the total electric field present at position r′. In our problem we need to
consider a set of N dipoles positioned on a layered system. An important realization is
that if we have a dielectric system that consists of planar waveguides or 1D waveguides,
understanding coupled systems is a two step process. Firstly, similar to Eq. (1.20), the
induced dipole moments in N particles located at (r1...rN ) will be set by [20]

pn =α[Ein(rn)+ω2µ0µ
∑

m 6=n
G(rn ,rm)pm], (3.2)

where the driving field Ein(rn) is a solution to the antenna-free problem, such as a
waveguide mode, or far field illumination. The Green’s function G(rm ,rn) of the
waveguide system quantifies the particle interactions as they are mediated through
waveguide, substrate, and air cladding layer. Based on chapter 2, we can use the
Green’s function of a 2D waveguide system as an approximation for the near-field
interactions present in 1D waveguide systems, like our ridge waveguide. Therefore in
this chapter it is the 2D infinite multi-layer Green’s function that we employ to calculate
the scattering properties of phased array antennas. The second step in understanding
the physics of multi-element antennas is that the near fields, far fields, etcetera, are
found by coherent superposition of the single-element properties as [20]

E(r) =ω2µ0µ
∑
n

G(r,rn)pn . (3.3)

It is this second step, for which we have quantified properties in chapter 2, that ensures
that multi-element antennas can control directivity, albedo, etc., just as for antennas in
free space [2, 4, 7, 9]. The linear superposition principle will, for instance, imply that
the radiation pattern into free space and waveguide of a multi-element antenna equals
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3 Phased Array Antennas

that of a single-element antenna (form factor) multiplied with a structure factor that
depends on where the different elements are placed. As a consequence, light can never
be redirected into directions into which the single elements do not radiate, but light
can be significantly redistributed through interference between the different channels
into which the single elements do radiate. Thus, one can for instance seek to obtain
enhanced radiation into the waveguide and suppression of radiation into substrate and
air, through destructive interference.

Given that plasmon particles couple strongly to each other both directly and through
coupling mediated by the waveguide one can design multi-element antennas with
different final purposes. One design goal is to achieve antennas that maximize the
coupling of incident plane waves into the waveguide. Another design goal is to
achieve an antenna which maximally couples energy from a single dipolar emitter
into the guided mode. The latter would essentially constitute a waveguide-coupled
plasmon Yagi-Uda antenna. Here we consider both design goals. First we focus on
optimum structures for coupling plane wave excitation incident from the air side into
the waveguide using the dipolar antenna building block at fixed height. The point of
this example is not to design a structure that replaces conventional end-fire in-coupling,
as mode matching to waveguide end facets evidently always has the best potential
for in-coupling. Rather, we aim to show how our toolbox can be used to design
antennas with an ultra-small footprint (below 1 µm length) that harvest light from
out-of-plane directions very well. Such a scenario could be relevant for, e.g., detectors,
or future applications in which vertical optical interconnects are desired on multi-layer
optoelectronic devices [21]. As optimization parameter, we scan the distance between
elements and evaluate the coupling, as shown in Fig. 3.2c. On the x-axis we plot
the distance between elements in units of the guided mode wavelength λwaveguide at
755 nm. We find maximum in-coupling at distances which are n times λwaveguide (with
n an integer) and minimum when the distance is (n + 1/2) times λwaveguide. Since
the scatterers are driven in-phase, the arrangement essentially reflects that just a few
particles already result in the well-known effect of a grating coupler, that can boost
in-coupling by a factor ∼2 to 3 compared to a single rod antenna positioned 30 nm
from the substrate (see Fig. 2.6).

As a second example, more appropriate for extending plasmon quantum optics
to waveguide integrated systems, we consider the scenario of a waveguide coupled
Yagi-Uda antenna. An example of this type of antenna is presented in Fig. 3.1a and b
where we see that a Yagi Uda antenna is commonly an array antenna with a feed
element, a reflector element and director elements that provide directional emission of
the field applied to the feed element. Here, the design goal is to couple the radiation
of a single dipolar emitter, such as a localized molecule, quantum dot or diamond NV
center selectively and unidirectionally to a single waveguide mode using an array of
scatterers. The design goal is hence for the radiation of antenna elements and dipole to
add up destructively everywhere, except in the waveguide. In this case, a dipolar emitter
is located 30 nm above the first element of the antenna. This emitter generates the
driving field Ein(rn) over the n elements of the antenna. With this field we calculate the
induced dipolar moments of the antenna elements which subsequently are used to find
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Figure 3.2: a) Presents a sketch of the calculations shown in panel c). In these
calculations a plane wave is sent towards the antenna from the air side and the efficiency
of absorption plus scattering into the waveguide mode is calculated. c) ratio between
guided plus absorbed power to extinction power for plane wave excitation of the
antenna. Using a height of 30 nm multi-element antennas (2, 3 and 4 elements) are
investigated for different distances ‘d’ between elements composed of 100 nm Au rod
antennas. b) Presents a sketch of the calculations shown in panel d) where an emitter
is positioned 30 nm above the first element of an antenna to calculate the absorption
efficiency plus emission efficiency of the antenna into the guided mode. This ratio of
in-coupled and absorbed light to extinct power is presented for multi-element antennas
(2, 3 and 4 elements) as a function of the distance between the elements when the
antenna is being excited with the dipolar emitter located above the first element of the
array. Horizontal axes are in units of 2π/β= 0.493 µm which is the wavelength of the
guided mode at 755 nm.

the scattered field, as explained earlier. In Fig. 3.2d we plot the incoupling+absorption
rate, as a function of the distance between the directors in the antenna array. As in
Fig. 3.2c we plot distance in units of the waveguide mode propagation wavelength. A
maximum in-coupling is found for a range of separation distances centered around
∼ λwaveguide/4 at 755 nm and ranging from ∼0.1 to ∼0.45 λwaveguide. This range is
commensurate with the standard rule of thumb for free space Yagi-Uda antennas, that
the spacing needs to be around λ/3, and below λ/2 to avoid multiple lobes. However,
in this case the criterion uses the wavelength of the waveguide mode. The optimum
design hence depends on the dispersion of the waveguide. As regards in-coupling
efficiencies, this calculation predicts that less than 20% of the emission is directed
out-of-plane into either air or substrate. At the same time, 80% of the emission that is
captured by the waveguide will be directed in a narrow forward lobe, with an angular
distribution in a half angle cone of 37◦ inside the assumed 2D Si3N4 layer. We note
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3 Phased Array Antennas

that Yagi-Uda antennas realized so far have been essentially free-space designs placed
for practical reasons on air/glass interfaces [2–4]. In this scenario, a directional beam
results, that is however completely directed into the glass, along the critical angle
for the air-glass interface [9]. The utility of this form of directionality for on-chip
applications is very limited, as the directional beam is directed out-of-plane. Here
we show that this limitation can be overcome by placing the Yagi-Uda concept into,
or on a waveguiding dielectric structure. Our calculation shows that even moderate
waveguide confinement strongly influences the directionality to be entirely in-plane
and into the guided mode. Thereby, the Yagi-Uda-waveguide combination could be
a promising route to plasmon quantum optics. As opposed to, e.g., the plasmonic
nanowire paradigm [22–24] that foresees quantum optics in networks in which the
excitation remains in dark plasmons throughout, here the utility would be that photons
experience entirely lossless transport through established dielectric technology, and
conversion to plasmons for light-matter interaction is localized to the sites where it is
needed.

3.3 Measurements of waveguide excited multi-element
antennas

Based on the design presented in Sec. 3.2 Yagi-Uda antennas were fabricated following
the procedure explained in Sec. 2.2. A typical example of a fabricated antenna and the
waveguide structure is presented in Fig. 3.1a and b. The antennas were fabricated on
top of 100 nm thick and 1000 nm wide Si3N4 waveguides on a fused silica substrate,
and are composed of 5 rod shaped elements, 3 directors, 1 feed element and 1 reflector,
with lengths of 115 nm 120 nm and 180 nm, respectively. The width of the elements is
65 nm and the total length of the antenna is ∼790 nm. The measured center-to-center
distances between the elements are 170 nm between reflector and feed element, and
183 nm between all other neighboring plasmonic rods. This periodicity of 183 nm
or 0.32 ·λwaveguide at the antenna strongest response wavelength (vacuum wavelength
830 nm) falls well in the range predicted to provide directional behavior according to
the theory of the previous section (Fig. 3.2d). We investigated the Yagi-Uda antennas
using the same methodology applied to the single-object nano-antennas in chapter 2.
The measurements are shown in Fig. 3.3. Transmission measurements indicate that
this antenna strongly scatters light from the guided mode, since up to 90% of the light
is being scattered out of the waveguide due to the presence of the antenna (Fig. 3.3a
(black curve)). The spectrum of the guided mode scattering into the air side of the
sample shows a resonance at a wavelength of 830 nm, as shown in Fig. 3.3a (red
curve). This resonance is significantly red-shifted compared to the resonance of single
plasmon particles in Fig. 2.3. In part this shift is due to the fact that the antenna
elements are slightly longer than the 100 nm rods, causing a red-shift of the resonance
in each particle. In another part, this shift is due to the fact that the antenna response of
Yagi Uda antennas is red shifted by plasmon hybridization [25], as reported already
by [7, 8]. Quite unlike the case of a single rod antenna, the spectrum strongly depends
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Figure 3.3: Measurements of the scattering of the guided mode to free space modes
carried out on a Yagi-Uda antenna on top of a 1000 nm width waveguide. a) Normalized
transmission spectra and normalized scattering spectrum into the free space of the
guided mode by the antenna. b) Confocal scans over the sample plane of the scattering
due to the antenna. As sketched in the cartoon the reflector is located at the left side
of the image and the directors are located at the right side. The beam is incident from
the right side through channel 1 and the scattering out-of-plane is measured in the air
side through channel 2. The graphs in b) show different frequencies measured when
focusing at different positions in the sample plane. Panel c) shows the calculated image
generated by an array of dipoles with the polarizability of a prolate spheroid and the
dimensions of the elements of the Yagi-Uda antenna. This image is calculated from
the far fields generated by the scattering of the dipoles using the amplitude and vector
microscope point spread function of confocal microscopy. Finally, panel d) shows the
magnitude and phase of each dipole moment along the antenna array. The magnitudes
and phases are presented for different wavelengths namely 700 nm, 750 nm, 800 nm,
850 nm and 900 nm.
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3 Phased Array Antennas

on the part of the antenna from which the light is detected by our imaging system (see
Fig. 3.3b). In fact in a spectrally resolved raster scan of the antenna one can visualize
two clearly distinct zones which change relative intensity depending on the wavelength.
For λ=700 nm both zones show strong scattering of the waveguide mode, while the
front zone decreases its intensity when shifting λ to the red. At 900 nm wavelength
we observe that the antenna scatters light from the entire area of the antenna. Naively
one might assume that a confocal scan reports an image of the local field intensity
|E |2 at the antenna, blurred by the diffraction limit. In this view, the appearance of
distinct bright zones at different wavelengths would indicate spatial localization of
induced dipole moments |p|2 along the chain, similar to the report by de Waele et
al. [8]. In reality, more information is hidden in our data, since image formation is
a coherent process that actually results from interference of radiation from all the
dipoles in the sample plane on the confocal pinhole. Thus, phase information is also
hidden in the confocal images, and the collected spatial distribution should not be
interpreted simply as a map of |p|2 with Gaussian blurring due to the diffraction limit.
We have performed calculations, shown in Fig. 3.3c and d, that include the interference
in the image formation process using the amplitude and vector microscope point spread
function of confocal microscopy [20], similar to the calculations used to support the
measurement of wavelength-tunable localization of dipole excitations on plasmon
chains in index-matched environments reported in Ref. [8]. Our calculations confirm
that simply changing the input wavelength strongly changes both the spatial distribution
of induced dipole strengths, as well as the distribution of phases excited along the array.
For instance, having all elements in phase results in the antenna appearing as a bright
entity in the confocal scan (Fig. 3.3b, 900 nm wavelength). Conversely, for wavelengths
where the antenna lights up as two distinct regions (Fig. 3.3b, λ < 800 nm), a 180◦
phase jump occurs in the induced dipole moments along the length of the plasmon
chain. To conclude, the spatial maps prove that the Yagi-Uda antenna indeed acts as a
phased array, driven coherently by the waveguide mode.

The spatial mapping shows that, depending on excitation wavelength, the amplitude
and phase of the dipole excitations on the particle chain is strongly varying. It is
exactly this physics that gives rise to the interference that makes a Yagi-Uda antenna
directional. An excellent way to assess the coupling between antenna particles is to map
radiation patterns for different driving conditions. We measure the radiation patterns
on the air side using Fourier imaging. We select distinct wavelength slices using
40 nm bandwidth band pass filters placed in front of the CCD camera. The scattering
into the air side shows strong directionality with a distinct wavelength dependence
(Fig. 3.4). From these measurements we see that Yagi-Uda antennas, when placed over
a waveguide system, continue presenting directionality in their scattering. At 850 nm
close to the scattering resonance the scattering in the forward direction is maximum.
Far from resonance at 700 nm the backward directed scattering and the forward directed
scattering have the same intensity. The scattered light is highly polarized in the direction
parallel to the antenna elements, with polarization ratio > 1:9. In conclusion, Yagi-Uda
antennas on top of waveguides allow spectrally controllable directional out-coupling of
waveguide modes, as well as wavelength and excitation direction dependent control
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Figure 3.4: Measurements of the scattering of the guided mode to free space modes
carried out on a Yagi-Uda antenna on top of a 1000 nm width waveguide. In the panels
we show Fourier images of the Yagi-Uda antenna for the scattered light coming from
the guided modes. The images are acquired with a CCD camera and the different
ranges of wavelength are selected using bandpass filters with 40 nm FWHM. These
graphs show that the antenna on the substrate has directionality in its scattering. (The
integration times are: for 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.)

of amplitude and phase along the length of the antenna, very similar to observations
recently made in scattering experiments [7, 8]. Such tunable radiation patterns upon
local driving, and reciprocally tunable response upon far field driving can be viewed as
a poor mans version of coherent control, where the phase and amplitude of fs pulses
serve to optimize hot spots or directionality [26–28]. We envision that the localization
and directionality could be further optimized in future experiments by using ultrafast fs
waveguide excitation and pulse shaping strategies [29]. As a possible application one
can envision the use of this platform of waveguide-addressable spatially tunable hot
spots for, for instance spatially cross correlated spectroscopies, such as fluorescence
correlation spectroscopy [30].

3.4 In-coupling by a Yagi-Uda antenna
As a final aspect of our experiment, we report on the in-coupling into the waveguide
mode of a 1500 nm waveguide that can be achieved by raster scanning a focused spot
over the antenna. Our theory has shown that for in-coupling of plane waves a multiple
of λwaveguide spacing is optimal so that a grating coupling effect aids in-coupling. The
Yagi-Uda antenna that we explore in this work is evidently not an ideal structure for
in-coupling plane waves, owing to its much smaller periodicity. Indeed, Yagi-Uda
antennas are designed for in-coupling localized excitations rather than plane waves. For
diffraction limited illumination of just a few antenna elements one might approximate
such localized excitation by almost achieving a situation in which just one element

51



3 Phased Array Antennas

b)

O
ut

pu
t s

pe
ct

ra

Wavelength (nm)
600 800 1000

1

0.5

0.0

 

Position (μm)
−1 0 1

Po
si

tio
n 

(μ
m

)

−1

0

1

Coupling intensity (kcts/500 ms)

In2
Out3 Out1

600 800 1000

-0.5 0.5

-0.5

0.5

1 2 3 4 x 1030

a)

c)
Directors Re�ector

 Out1
Out3

Figure 3.5: a) Confocal image of the waveguide obtained by scanning a focused spot
over the Yagi-Uda antenna on top of a 1500 nm width waveguide and collecting spectra
of light coupled into the waveguide at the waveguide end facet. The map is created by
plotting the integrated count rate of the spectra taken at each position of the sample.
b) and c) spectra acquired from the positions of maximum in-coupling located at the
directors and reflector side of the antenna, when measured through channel 1 and
channel 3, as depicted in the top right sketch of the experiment. These graphs show
the different spectral behaviour of the different parts of the antenna, namely, when
exciting the directors the same spectra emerge from both waveguide ends. In contrast
when locally exciting the reflector and feed element the spectra coupled into both
forward and backward guided mode are highly different. The observations show high-
contrast unidirectional coupling into the waveguides that can be reversed by sweeping
wavelength.

of the antenna is excited. Excitation of just the plasmonic feed element by a focused
beam can thereby be used as an experimental probe of antenna directivity that mimics
localized excitation by a molecule in a scattered signal, as realized by Kosako and
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Hoffman for antennas on an air-glass interface [4]. Therefore, we record scattering into
the forward and backward waveguide direction as a function of where we illuminate
the antenna with a tight focus. As in scattering, two distinct zones of high in-coupling
are found when we collect signal in both waveguide branches, and integrate over the
full white light spectrum. Using spectrally resolved detection we assess whether these
two zones of efficient in-coupling, one of which is at the feed element of the antenna,
and the other of which is at the directors, are associated with the same or with different
spectral features in the light that is coupled into both waveguide ends. In Fig. 3.5b we
plot the spectrum that is collected at both the forward, and the backward waveguide
end when we excite the directors of the antenna. When the excitation spot is focused on
the directors, and therefore the directors are excited in phase, almost identical spectra
emerge from both waveguide ends. In stark contrast, when the excitation spot is focused
on the reflector side of the antenna, i.e., largely on the feed element, generating a phase
gradient over the directors, the spectra that emerge at the two waveguide ends are very
different from each other. At the end facet corresponding to the backward direction
(reflector side of the antenna) we obtain a spectrum that is significantly blue shifted
from the spectrum retrieved at the the forward direction end facet. The steep gradient in
the spectra around 830 nm imply that it is possible to completely reverse the direction
of the in-coupled beam that is launched into the waveguide with a very high contrast,
simply by a small change in excitation wavelength. This behavior is reciprocal to
the strongly dependent receiver response of antenna arrays, that is expected to swap
directionality as the excitation wavelength is swept through cutoff, a phenomenon
first reported for plasmonic antennas in experiments by de Waele et al. [8]. When
examining the in-coupling count rates in Fig. 3.5a for the Yagi-Uda antenna we see
that the in-coupling for the Yagi-Uda is around three times more efficient than for the
single element antenna.

3.5 Conclusions
To conclude, we have built on the results from chapter 2 to design plasmonic phased
array antennas. Using the knowledge gained of the response of single element antennas
on top of a waveguide, we have demonstrated how one can use the single dipole
antenna as building block of a rational design strategy for multi-element antennas that
derive functionality from a phased-array coherent response to driving by the waveguide
mode. In particular, we have demonstrated that waveguide-coupled Yagi-Uda antennas
provide a platform for waveguide addressable spatially tunable hot spots, that can for
instance be used as programmable hot spots of pump light for spatially cross correlated
spectroscopies. Conversely, the antennas can provide strong directionality, notably
allowing to couple a local driving field unidirectionally into the waveguide. While
our experimental demonstration of this unidirectional coupling used an external laser
scattered off the antenna, our calculations show that this functionality will directly
extend to fluorophores. Thereby, waveguide-hybridized plasmon array antennas are
a highly promising platform for many applications. For instance, one can efficiently
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collect all the fluorescence of single fluorophores directly through a waveguide. The
combination with the programmable hot spots of pump light that can be generated,
makes this platform highly attractive for making optofluidic lab-on-chip devices that
have entirely on chip integration of driving and readout for advanced fluorescence
assays at single molecule levels. Also, we envision that hybrid systems of plasmon
antennas and dielectric waveguides may outperform proposed plasmon quantum optics
schemes [23, 24]. While plasmonics offer very high light-matter interaction strength
for coupling to localized emitters that act as qubits, the structures with the highest
interaction strength are usually least suited as waveguides for transport, as losses are
high. We propose that the combination of antennas and dielectric waveguides allows
one to combine low loss transport as photons that are converted back and forth to
plasmons only exactly where needed, i.e., at an antenna surrounding an emitter.
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