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Abstract: The development of integrated photonic devices has led to important advancements
in the field of light-matter interaction at the nanoscale. One of the main focal points is the
coupling between single photon emitters and optical waveguides aiming to achieve efficient
optical confinement and propagation. In this work, we focus on the characterization of a hybrid
dielectric/plasmonic waveguide consisting of a gold triangular nanoantenna placed on top of
a TiO2 waveguide. The strong directionality of the device is experimentally demonstrated by
comparing the intensity scattered by the nanotriangle to the one scattered by a SNOM tip for
different illumination geometries. The ability of the plasmonic antenna to generate powerful
coupling between a single emitter and the waveguide will also be highlighted through numerical
simulations.
© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

The development of integrated optical devices has promoted significant advancement in controlling
light-matter interaction at the nanoscale. Such opto-electronic devices aim to perform and
implement logical operations using optical components [1], which has led to a decrease in their
size reaching a limit that conventional electronic circuits cannot endure. This is particularly
promising, as technological and physical limits hamper the improvement of the computing
capacities of conventional electronic processors, a problem that is overcome by integrated
photonic devices [2]. Another advantage is their low energy consumption and low cross-talk
compared to microelectronic devices [3]. In addition, integrated photonic circuits have important
applications in the field of quantum optics and quantum information processing [4–8]. The main
building blocks of quantum photonic circuits are single photon sources [9,10]. The development
of such new technologies lies in the effective coupling of the light emitted by single emitters into
optical waveguides, as well as the efficient communication between them [11,12]. An enhanced
coupling of a single emitter to its environment can be achieved thanks to the use of plasmonic
structures. The latter offer the advantage of strong field confinement and support surface
plasmon polaritons (SPPs) with propagation lengths of several micrometers in the visible range.
SPP-assisted energy transfer between emitters located up to 10 µm apart has been demonstrated
on fully metallic SPP waveguides [13,14]. Such devices produce a strong attenuation of SPPs
due to ohmic losses in the metal, which limits the communication distance between emitter and
receiver and its efficiency. It was shown that hybrid structures comprising optical waveguides
and embedded nanoantennas could be useful in overcoming this problem. Integrating a triangular
nanoantenna on an optical waveguide demonstrated strong electromagnetic confinement at the
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apex of the triangle [15–17], and enhanced photoluminescence of emitters [18]. V-shaped
nanoantennas placed on dielectric waveguides showed strong directivity [19–21], and significant
influence on the far-field emission diagram of fluorescent emitters [22], and both an efficient
coupling and a strong directionality was achieved with Yagi-Uda nanoantennas made of gold
nanorods integrated on dielectric waveguides [23]. Regarding the possibility to position precisely
fluorescent dipole emitters at specific locations on a photonic integrated circuit, besides the
manipulation of active fluorescent probes with a scanning probe microscope [24,25], it has been
recently shown that direct laser writing based on two-photon polymerization is an attractive novel
method to integrate nanoemitters in a controlled manner on optical glass waveguides [26], and
that it can benefit from the hot spots formed around plasmonic nanostructures [27].
In this work, we develop a device made up of a hybrid nanoantenna/dielectric waveguide
(DWG) aiming to couple the light emitted by a single photon source and potentially achieve
efficient communication with a distant receiver. We choose a system consisting of a triangular
gold nanoantenna deposited on a titanium dioxide (TiO2 ) DWG. The advantage of the dielectric
nature of the waveguide is that it allows light propagation to distances much greater than those
provided by SPPs. In addition, the aim of the plasmonic nanoantenna, triangular shaped, is to
improve the coupling between the emitter and the DWG, and to provide strong directionality of
the coupled light with an easy to fabricate device with respect to more complex geometries.
Directionality is due indeed to mode matching at the base of the nanotriangle [17]. The
mode propagating in the DWG excites hybrid plasmonic−photonic modes at the base of the
nanotriangle. The electromagnetic energy is exchanged between the plasmonic mode in the
nanotriangle and the photonic modes propagating in the DWG. The resulting mode becomes a
predominantly-plasmonic mode. Due to the narrowing of the gold layer from the base to the apex
of the triangle, this mode is concentrated at the nanotriangle’s apex giving rise to a directional
phenomenon. Changing the dimensions of the triangle will modify the coupling from and to the
DWG.
Furthermore, placing two distant similar nanotriangles base-to-base on the DWG will allow to
inject and decouple the confined light, achieving energy transfer from the emitter to the receiver
via the DWG.
2.

Experimental results

Our hybrid structure was fabricated by a two-step electron beam lithography (EBL) technique.
We first start by fabricating the DWGs made of TiO2 (length = 30 µm, width = 1 µm) on a glass
substrate (e-beam dose = 140 pC cm−2 ). After the EBL process, a 150 nm layer of TiO2 is
evaporated. The DWGs are slanted at their ends to avoid any Fabry-Pérot effect. The second
more critical step involves the exact positioning of the triangular gold nanoantennas at the center
of the DWGs. After ensuring perfect alignment of the DWGs, triangular regions of 500 nm
base and 500 nm height are insulated in the EBL polymer (e-beam dose = 300 pC cm−2 ). Then,
a 30 nm layer of SiO2 is evaporated, followed by a 50 nm layer of gold. The SiO2 spacer is
added to provide better index matching between the triangles and the DWGs and ensure better
coupling [15,16]. In Fig. 1, we show an optical image of the fabricated hybrid nanoantenna/DWG
structures (a), as well as scanning electron microscope (SEM) images of double nanotriangles
placed base-to-base on the DWG (b), and a single nanotriangle placed in the center of the DWG
(c).
The strong directivity of the hybrid structure, comprising a single triangular nanoantenna, is
demonstrated experimentally by measuring the decoupling efficiency as a function of the direction
of light propagation in the DWG. Due to the asymmetric shape of the plasmonic triangular
nanoantenna, we expect two different values of the decoupling efficiency. In order to characterize
the directionality of the nanoantenna, we perform two measurements of the scattered intensity
(using an EMCCD), corresponding to light propagating in the DWG from the base side to the

Research Article

Vol. 29, No. 18 / 30 Aug 2021 / Optics Express 29036

Fig. 1. (a) Optical image of the hybrid nanoantenna/DWG structures. Scanning Electron
Microscope (SEM) images of (b) two nanotriangles placed base-to-base on the DWG, and (c)
a single nanotriangle placed in the center of the DWG (false colors). (d) Sketch of the sample,
the illumination geometry, and the SNOM tip. The light scattered by the nanotriangle and
the SNOM tip is imaged on an EM-CCD camera.

apex side of the triangle and vice-versa. As shown in Fig. 1(d), we illuminate the DWG extremity
by a focused laser beam beneath the sample. A portion of the incident light couples into the
DWG and propagates towards the triangular nanoantenna where it decouples and scatters into the
far-field. The comparison between the intensity scattered by the antenna in the two propagation
directions is crucially related to the repeatability of the experiment. The two cases are studied
independently and therefore we cannot guarantee the exact same coupling of the laser in the
DWG from both sides. Indeed, such coupling is affected by several hard to control parameters
such as the position of the laser spot on the extremity of the DWG, the position of the focal plane
with respect to the DWG and the roughness of its slanted ends. In addition, we are forced to
move the sample and realign it whenever we want to change the illumination side of the DWG in
the experiments.
In order to circumvent this problem, we compare the intensity of guided light scattered by the
nanoantenna to the intensity scattered by a chemically-etched tungsten SNOM tip placed on the
DWG. This results in four independent cases illustrated in Figs. 2 (a)-2(d). For light propagating
from the extremity of the DWG towards the base of the nanotriangle, the SNOM tip is placed
either on the base-side (Fig. 2(a)) or the apex-side of the triangle (Fig. 2(b)). Similarly, for light
propagating from the extremity of the DWG towards the apex of the nanotriangle, the SNOM tip
is placed either on the apex-side (Fig. 2(c)) or the base-side of the triangle (Fig. 2(d)). We then
extract the scattered intensity for both the nanoantenna and the SNOM tip which we utilize here
as a reference.
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Fig. 2. (a) – (d) Sketches of the four different cases studied for characterizing the hybrid
DWG. The direction of light propagation is indicated by the red arrow. For light propagating
from the extremity of the DWG towards the base of the nanotriangle, the SNOM tip is placed
on the DWG either (a) on the base-side, or (b) on the apex-side of the triangle. For light
propagating from the extremity of the DWG towards the apex of the nanotriangle, the SNOM
tip is placed on the DWG either (c) on the apex-side, or (d) on the base-side of the triangle.
(e) – (f) Intensity maps corresponding to the four cases (a) – (d). Red squares represent
the zones where the SNOM tip was displaced. Green circles represent the position of the
nanoantenna on the DWG. White scale bars correspond to 1 µm.

To detail more, a laser of wavelength 600 nm is focused on the extremity of the DWG so that a
fraction of the incident light is coupled to the DWG and propagates towards the nanotriangle
as shown in Fig. 1(d). We use an EMCCD Peltier cooled highly sensitive camera to image the
sample through a microscope oil objective (100x, NA = 1.43), to finely adjust the position of the
SNOM tip at the top of the DWG and to perform high sensitivity measurements of the intensity
of the light scattered by the SNOM tip and the nanotriangles. For each configuration sketched in
Figs. 2 (a)-2(d), the SNOM tip is placed at the center of the DWG and scans a region of 600 × 600
nm2 by steps of 75 nm, where each scanning line perpendicular to the waveguide axis is scanned
twice (back and forth). For each measurement point, an image is recorded via the EMCCD with
an integration time of 10 s. This results in 128 images being recorded in every configuration.
One of the 128 images is shown for each configuration in Figs. 2 (e) – 2(h). The zones where the
SNOM tip was displaced are delimited by the red squares and the position of the nanoantenna
on the DWG by green circles. Intensity hot spots on the edge of the waveguide are also visible.
These hot spots are induced by defects that occurred during the manufacture of the sample.
3.

Decoupling efficiency model

To calculate the decoupling efficiency values from the nanoantenna and the SNOM tip as a
function of the light propagation direction, we use the fact that the scattering efficiency of the
SNOM tip is constant at any position along the DWG. As shown in Figs. 2(e)-2(h), losses in the
portion of the DWG between the tip and the nanotriangle are negligible with respect to the light
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scattered by the antenna and the tip. We also assume that the tip and the nanotriangle scatter the
same modes of the propagating light in the DWG as verified by numerical simulations. Based
on these facts, we can now build a simple model to determine the decoupling efficiency values
based on the scattered intensity measurements of both scatterers.
3.1.

Light propagating towards the base of the nanotriangle

Let us consider first the case in which the light propagates from one extremity of the DWG
towards the base of the nanotriangle. When the SNOM tip is placed on the base-side (Fig. 2(a)),
the intensity scattered by the SNOM tip is defined as:
DPb = γPb ϕb ,

(1)

where ϕb is the intensity of the light propagating in the DWG and γPb is the decoupling coefficient
of the SNOM tip.
The intensity scattered by the nanotriangle is:
DTb = (1 − γPb )γb ϕb

(2)

where γb is the decoupling coefficient of the nanotriangle.
Similarly, when the SNOM tip is placed on the nanotriangle’s apex-side (Fig. 2(b)), the
intensity scattered by the nanotriangle is:
D̃Tb = γb ϕ̃b

(3)

and the intensity scattered by the SNOM tip is:
D̃Pb = (1 − γb )γPb ϕ̃b

(4)

where ϕ̃b is the intensity of the light propagating in the DWG.
Therefore, the decoupling coefficients of the SNOM tip and the nanotriangle can be expressed
as:
χb − 1
χb − 1
γPb =
and
γb =
(5)
Pb
D̃Tb
χb + D
χb +
DTb
D̃Pb

where χb =
3.2.

DPb D̃Tb
.
DTb D̃Tb

Light propagating towards the apex of the nanotriangle

We can write analogue equations to describe the case in which light propagates from the extremity
of the DWG towards the apex of the nanotriangle. One ends up with the following expressions for
the decoupling coefficient of the SNOM tip γPa and the decoupling coefficient of the nanotriangle
γa :
χa − 1
χa − 1
γPa =
and
γa =
(6)
Pa
D̃Ta
χa + D
χa + D̃
DTa
Pa

Pa D̃Ta
where χa = D
. For
DTa D̃Pa
(Fig. 2(c)), DPa = γPa ϕa

the case in which the SNOM tip is placed on the side of the apex
is the intensity scattered by the tip and DTa = (1 − γPa )γa ϕa is the
intensity scattered by the nanotriangle, with ϕa being the intensity of the light propagating in
the DWG. Similarly, when the SNOM tip is placed on the side of the base of the nanotriangle
(Fig. 2(d)), D̃Pa = (1 − γa )γPa ϕ̃a is the intensity scattered by the tip and D̃Ta = γa ϕ̃b is the
intensity scattered by the nanotriangle.
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Decoupling efficiency measurements

The decoupling coefficients can now be calculated from Eqs. (5) and (6) using the experimentally
measured scattered intensities from both the SNOM tip and the nanoantenna in the different
configurations discussed above. To do that, we first perform a Gaussian fit in the images recorded
with the EMCCD camera on each scattered spot produced by the tip and the antenna to extract the
corresponding values of the scattered intensity. These values are then averaged over each scan line,
resulting in 8 measurement points per scanning area. Figure 3 summarizes the obtained results.
The dotted plots correspond to the decoupling coefficients of the SNOM tip for light propagating
towards the base (green lines) and the apex of the nanotriangle (red lines). The average values are
found to be γPb = 0.13 ± 0.04 and γPa = 0.12 ± 0.03. These similar values allow us to validate
our hypothesis that the SNOM tip scatters the same fraction of light at any position on the DWG,
which is independent of the light propagation direction. However, the solid curves, corresponding
to the decoupling coefficients of the nanotriangle in both configurations, lead to the average values
γb = 0.66 ± 0.07 and γa = 0.33 ± 0.07. As expected, the decoupling coefficients are strongly
dependent on the light propagation direction through the DWG. The decoupling efficiency is thus
much stronger for light propagating towards the base of the nanoantenna than in the opposite
direction, proving the high directionality of our hybrid structure. This observation is confirmed
by numerical simulations, performed in a broad spectral range and reported in Supplement 1, Fig.
S1, that predict a decoupling ratio of 2.2 at λ = 600 nm.

Fig. 3. Experimental values of the decoupling coefficients of the nanotriangle (solid plots)
and the SNOM tip (dotted plots) calculated from the intensity maps. Green and red lines
correspond to configurations where light is propagating towards the base and the apex of the
nanotriangle respectively.

4.

Numerical simulations: towards single-emitter coupling

Hybrid plasmonic/dielectric waveguides are particularly interesting when the question of coupling
to the waveguide the light emitted by a fluorescent emitter is raised. As we will show with
numerical simulations, the experimentally proven strong directionality of the light decoupled
by our hybrid structure is confirmed when a single emitter interacts with the hybrid DWG. We
perform Finite-Difference-Time-Domain (FDTD) simulations to investigate the coupling into the
DWG of the radiation emitted by a dipole emitter interacting with the nanotriangle. We expect to
observe a similar directionality of the light from the dipole coupled by the nanoantenna into the
DWG as the decoupled light observed experimentally. Figures 4(a) and 4(b) present a schematic
of our simulated structure, where a gold nanotriangle (base = height = 500 nm, thickness = 50 nm)
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is placed on a TiO2 waveguide (width = 1 µm, thickness = 150 nm), with a 30 nm layer of SiO2 in
between (index of refraction n = 1.46). The waveguide is placed on a SiO2 substrate. The index
of refraction of the gold nanotriangle is taken from Yakubovsky et al. [28], and that of TiO2 is
taken from Sarkar et al. [29]. A dipole emitter, oriented along the X-axis, is placed 10 nm away
from the apex along the X direction at a height of 55 nm on the top of the DWG. As demonstrated
in previous studies [17,30,31] and tested by our simulations, this configuration has shown to
lead to efficient coupling into the DWG. Perfectly Matched Layer (PML) boundaries are used
to absorb incident electromagnetic waves and avoid reflections. Two ‘frequency-domain field
and power’ flat monitors (schematized by the red lines M1 and M2 on Figs. 4(a)-4(b) are placed
along the X axis and perpendicular to the DWG, 10 µm away from the nanotriangle to avoid
simulation artifacts (see Supplement 1, section 2 for a detailed explanation). These monitors
are used to record the optical power (Pi ) and allow us to extract the fraction of light injected in
the DWG on both sides. A third monitor (a cube of 10 nm side) is placed around the dipole to
detect the emitted power in its specific environment (PE ). This serves as a reference to which the
light coupled into the waveguide on each side of the triangle is compared. The corresponding
fraction of coupled light is thus calculated as Ti = Pi /PE . The results are shown in Fig. 4(c).
The green plot represents the fraction of coupled light measured by the monitor M1 located
at the side of the base of the nanotriangle (T1 ). We can clearly observe that up to 30% of the
power radiated by the dipole is coupled to the DWG at the base of the nanotriangle, and that this
efficient coupling is achieved over a large wavelength range (600 nm – 800 nm). This is made
possible by the plasmonic nature and the shape of the nanoantenna, which increases the coupling
efficiency into the DWG, and by the dielectric nature of the DWG which allows the propagation

Fig. 4. (a) Simulation sketch top view ((b) cross view) of a dipole emitter placed at the
apex of the nanotriangle and oriented along the X-axis. Red lines and square model the
monitors M1,2 used for the simulation. The SiO2 layer (thickness 30 nm) and the coverslip
are schematized in blue, the TiO2 DWG (width = 1 µm, thickness = 150 nm) in green and the
gold nanoantenna (base = height = 500 nm) in yellow. (c) Simulation results corresponding
to the configuration described in a) for M1,2 placed 10 µm away from the nanotriangle along
the X-axis. Green and red plots correspond to the fraction of light coupled in the DWG when
the light propagates towards the base and the apex of the nanotriangle respectively. Black
plot: directivity D of the injection in the DWG. (d) Purcell factor (black curve), radiative
(green curve) and non-radiative (red curve) components computed for the configuration
described in (a).
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of guided light over long distances with minimum losses [32]. This agrees with the fact that,
when a nanotriangle is illuminated through the DWG from the base-side, a hotspot characterized
by high field concentration is produced at the apex, a phenomenon which does not occur in the
reverse situation [16,17]. Therefore a dipole placed close to the apex of the nanotriangle will
couple to the DWG via the nanotriangle more efficiently than a dipole placed at the base. This is
shown through a numerical comparative study of the two scenarios reported in Supplement 1, Fig.
S3. We also note that the maximum coupling of 30% in the DWG is a significant enhancement in
comparison with the situation in which the dipole radiates in the absence of the nanotriangle
where a coupling of about 4% is only achieved.
On the other hand, we notice that only a tiny percentage of the power radiated by the dipole
is coupled in the DWG on the opposite direction (T2 ). Numerical values of the directivity
D = 10 · log(T1 /T2 ) are shown by the black line in Fig. 4(c). It can be clearly observed that the
directivity has a maximum at 660 nm, which corresponds to the optimization wavelength.
In order to account for the efficiency of the device, we computed the Purcell factor which
characterized the enhancement of the Local Density of States (LDOS) at the position of the dipole.
The results of the computation for the total Purcell factor and its radiative and non-radiative
contributions are shown in Fig. 4(d). At λ = 600 nm the Purcell factor is around 55 with a
balanced contribution of the radiative and non-radiative components.
5.

Conclusion

In this work, we developed a hybrid optical system consisting of a gold nanotriangle deposited
on a TiO2 dielectric waveguide. The importance of this hybrid structure is that it makes use
of both the plasmonic nature of the nanoantenna and the dielectric nature of the waveguide to
attain high coupling efficiency and directivity, achieving strong confinement of the incident
light and propagation to large distances with small losses. The structure was first characterized
experimentally by comparing the intensity scattered by the nanoantenna and a SNOM tip, as
a function of the direction of the injection of light in the DWG. This allowed us to extract the
decoupling efficiency of the nanotriangle and demonstrate its directionality. FDTD simulations
were carried out to characterize the coupling with a single dipole emitter. It was shown that
the nanotriangle couples light more efficiently towards its base, demonstrating directivity of
almost 40 dB. The strong dependence of the resonance wavelength and the directivity on the
dimensions of the nanoantenna suggest that different types of hybrid structures with different
sizes, shapes and materials can be studied aiming to reach higher coupling efficiencies. Moreover,
our experimental and modeling work highlights the ability of this hybrid photonic device to
perform energy transfer, over large distances, between two quantum emitters. To this aim,
two nanoantennas could be fabricated on the same DWG (see Fig. 1(b)), one to optimize the
coupling of an emitter to the DWG and the other to couple the light in the DWG to a receiver.
A future development will be to place single dipole emitters precisely at the electromagnetic
hot spots of the antennas which should be feasible by means of photopolymerization methods
[26,27,31,33,34]. In this way one should be able to experimentally demonstrate the coupling
between two quantum emitters located far apart on a DWG. This work paves the way to achieve
efficient energy transfer over considerably large distances on an integrated optical device, which
can lead to promising improvement in the field of quantum information processing.
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