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ABSTRACT: llluminating a plasmonic nanoantenna by a
set of coherent light beams should tremendously modify
its scattering, absorption and polarization properties, thus
enabling all-optical dynamic manipulation. However, dif-
fraction inherently makes coherent control of isolated
subwavelength-sized nanoantennas highly challenging
when illuminated from free-space. Here, we overcome
this limitation by placing the nanoantenna at a subwave-
length distance of the output facet of silicon waveguides
that provide monolithically-defined paths for multibeam
coherent illumination. Inspired by coherent perfect ab-
sorption (CPA) concepts, we demonstrate experimentally
modulation of the nanoantenna scattering by more than
one order of magnitude and of the on-chip transmission
by >50% over a ~200 nm bandwidth at telecom wave-
lengths by changing the phase between two counter-di-
rectional coherent guided beams. Moreover, we demon-
strate coherent synthesis of polarization of the radiated
field by illuminating the nanoantenna from orthogonal
waveguides. Our finding paves the way towards coherent
manipulation of nanoantennas and all-optical processing
without nonlinearities in an integrated platform.

When a monochromatic light beam illuminates a sub-
wavelength-sized nanoantenna'?, it gets partly either
scattered or absorbed, resulting in a certain extinction of
the propagating beam (see Fig. 1(a)). Both scattering —
including its polarization state - and absorption will
mainly depend on the shape, size and material composi-
tion of the nanoantenna.? However, the situation may be-
come completely different when the nanoantenna is illu-
minated by a set of coherent beams. Simultaneous illumi-
nation of the nanoantenna by two counter-directional co-
herent light beams should result in either suppressed (Fig.
1(b)) or enhanced (Fig. 1(c)) absorption and scattering de-
pending on the phase difference between the beams.**°
When illuminating absorbing films within this configura-
tion, the regime known as coherent perfect absorption

(CPA)? - for which all light is absorbed — becomes attain-
able. In the case of subwavelength structures, scattering
will be always significant, but controlling the phase of the
beams would enable to reach coherent perfect extinction
(CPE) - for which no light exists the system — as long as
the nanostructure shows a 50% of extinction for single-
beam illumination.2® A key aspect of CPA is that a light
beam is affected by another light beam without the pres-
ence of nonlinear materials.® Therefore, it can be used to
perform all-optical intensity modulation, which may
bring different advanced functionalities for coherent light
processing®® without constraints on the maximum
speed.!! Multipath coherent illumination would also ena-
ble to modify the nanoantenna response in other ways.
For instance, illuminating a nanoantenna by two orthogo-
nal paths with a certain phase shift between them (Fig.
1(d)) modifies the polarization of the scattered radiation.
This scheme enables to tailor at will the polarization re-
sponse of a given nanoantenna in each spatial direction
by controlling the amplitude and phase of the excitation.

Figure 1. Coherent manipulation of the absorption, scatter-
ing and polarization of a plasmonic nanoantenna. (a) Under
single-beam illumination, light is partly scattered and ab-
sorbed by the nanoantenna depending on the polarization of
the input light and the multipolar response of the nanoan-



tenna. When two coherent, identically-polarized and coun-
ter-directional beams illuminate the antenna, scattering and
absorption are either suppressed (b) or enhanced (c) depend-
ing on the phase shift between pathways, whilst polarization
of the scattered light is maintained. When the beams are or-
thogonal (d), linear superposition enables to modify the po-
larization of the radiated signal: under a & phase difference,
circular polarization in the direction of the disk axis becomes
feasible. For simplicity we consider that the nanoantenna re-
sponse is dominated by its in-plane electric dipole reso-
nance, which is a good approximation for thin metallic nano-
antennas of subwavelength in-plane dimensions.

Although previous works have measured the scattering
and absorption of individual nanostructures by strongly
focusing free-space beams,?13 the realization of experi-
ments using multiple beams imposes several challenges.
For instance, accurate control of the illumination angles
whilst keeping all beams focused in a certain position is
required. The system complexity grows as long as more
feeding paths are added and it could be unrealizable for
controlling multiple nanoantennas. To circumvent this is-
sue, here we propose to embed the nanoantenna in an in-
tegrated circuit and use high-index dielectric optical
waveguides to illuminate it.** If the nanoantenna is well
aligned with the waveguide axis and the distance between
the waveguide facet and the nanoantenna is deeply sub-
wavelength, the strong overlap between the guided mode
and the nanoantenna resonance will result in highly effi-
cient excitation of the nanoantenna, mimicking the free-
space situation with focused beams. Additionally, extra
beams can be easily added by placing more waveguides,
whose direction can be accurately defined by lithography
while their amplitude and phase of the guided light can be
controlled either by using on-chip modulators or external
mechanisms. Remarkably, this hybrid plasmonic-pho-
tonic approach,'®> which closely resembles the situation
in the RF domain where metallic antennas serve as trans-
ducer between wireless and wired networks, would natu-
rally enable the simultaneous coherent driving of multiple
nanoantennas integrated on a same chip.

RESULTS

We first consider coherent control of the scattering and
absorption of an individual nanoantenna placed in a sub-
wavelength gap (length g) separating two silicon wave-
guides (Fig. 2(a)). In particular, we consider a metallic
nanostrip supporting an electric dipole resonance along
the y axis, which can be efficiently excited by the funda-
mental TE-like mode of the waveguide.** Two counter-
propagating waves are injected through ports A and B to
simultaneously illuminate the nanoantenna. This results
in both absorption (a) and scattered radiation (partly
guided and directed towards the output ports, s, being the
rest scattered out of the system, s’), which gets maxim-
ized when the nanoantenna is resonantly driven. Besides,
the system can be characterized by the single-beam wave-
guide transmission (t) and reflection (r) that account for

the discontinuity of the system in the gap when there is
no nanoantenna (if g=0, then t=1 and r=0). When the
nanoantenna is illuminated by equal-amplitude signals
having a ¢ phase difference at x=0, interference at the
nanoantenna position will provoke the out-of-axis scat-
tered intensity Is to be proportional to cos?(¢/2) (see
Supp. Information, Section S2). Thus, for ¢= 0 (=nr) there
will be constructive (destructive) interference at the nano-
antenna and both the scattering and absorption will be
maximized (minimized), as can be seen in the numerical
simulations shown in Fig. 2(b).
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Figure 2. On-chip coherent control of absorption and scat-
tering of a single nanoantenna. (a) Sketch of the proposed
structure. (b) Numerical simulation showing the cross-sec-
tion (y=0) of the electric field (modulus) for enhanced (top)
and suppressed (bottom) scattering (A = 1,550 nm). See also
the time evolution in Supporting Movies S1 and S2. (c) Sim-
ulated normal scattering spectra for TE-like and TM-like
single-beam illumination with nanoantenna normalized re-
spect to the system without nanoantenna. (d) Simulated joint
extinction E — defined as the normalized power which does
not exit the system as a guided wave - as a function of both
the wavelength 4 and the phase difference between counter-
propagating signals. () Maximum transmission modulation
depth M as a function of the wavelength for transmission
paths A and B. At each wavelength the phase difference that
maximizes and minimizes the output intensity are chosen.
Values of M, of tens of dB, large enough for all-optical pro-
cessing, are achieved at 2~1,690 nm for one of the two paths,
even though there is not CPE. In the simulations, we have
considered a 125x320x40 nm gold nanostrip, placed in the



center of a g = 300 nm gap separating two silicon wave-
guides with 400x250 nm? cross-section. The system is cov-
ered by silica. More details about the numerical simulations
are given in Methods.

When the system has perfect mirror symmetry with re-
spect to x=0, and assuming that the nanoantenna length
along the x-axis is much smaller than the wavelength,
both nanoantenna scattering and absorption should be
completely cancelled for ¢ = £ since the transverse elec-
tric field at the nanoantenna position vanishes. It should
be noticed too that breaking the translational symmetry of
the waveguides because of the gap also produces out-of-
axis scattering even when the nanoantenna is not present.
However, numerical simulations (see Fig. 2(c)) show that
the normal scattering will be dominated by the nanoan-
tenna response when using the fundamental TE-like
mode. For the TM-like mode the nanoantenna resonance
is not excited and the waveguide-breaking dominates the
scattering.
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Figure 3. Far-field experimental results. (a) SEM images of
the sample configuration. The image on the left shows the
configuration of the sample, where both single-beam (red
path) and dual-beam (blue path) excitation can be achieved
for the same nanoantenna. The false-color image on the right
shows the dimensions of the fabricated nanoantenna,
135x316x40 nm, with an in-plane misalignment from the
gap center of (Ax, Ay) = (40,40) nm. The path length differ-
ence between feeding waveguides is AL=21 pym. (b-c) Nu-
merical and experimental results of the fabricated sample,
both for scattering (b) and transmission (c) using the wave-
guide fundamental TE-like mode. The response to the sin-
gle-beam (dual-beam) excitation is depicted in red (blue).

Interference at the nanoantenna position also modulates
the on-chip transmission and reflection paths. Although

the output intensity (for example, Igut) Shows a more in-
tricate behavior than the scattering (see Supp. Infor-
mation, Section S.3), under certain conditions a cosine-
like (for r=t) or sine-like (for 2s=-r-t) response with re-
spect to ¢ can still be attained. Such conditions also lead
to CPE for g=tm or ¢=0, respectively, which however is
not achieved in our experimental system (see more details
in Section S.4). As shown in Fig. 2(d), the calculated joint
extinction E reaches maximum values of E = 0.7 at A =
1,330 nm and ¢ = =, which means that still ~30% of the
power is exiting the system as guided waves. Noticeably,
all-optical coherent operations may require large on-chip
modulation depth (M) - defined as the ratio between the
maximum and minimum output intensity achievable at a
certain wavelength - only along one of the system paths,
which enormously relaxes the constraint on the ¢ values
cancelling the output and can be well satisfied in our sys-
tem (Fig. 2(e)).
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Figure 4. Near-field experimental results. We used a second
sample with the same circuit as in Fig. 3(a) but with AL= 300
um and (Ax, Ay) = (65, 55) nm. (a) SEM image, (b) simula-
tions and (c) near-field image (see details in Methods) at 1 =
1,550 nm. (d) Far-field normal scattering for both single-
beam and dual-beam illuminations. (e) 2D maps and cross-
section at the nanoantenna position from near-field measure-
ments on a 20x20 um region for single-beam and dual-beam
illumination at the wavelength highlighted with the vertical
dashed line in (d).

Counter-propagating signals having equal amplitude
but phase shifted by ¢ are achieved in an on-chip config-
uration by splitting a laser-driven input waveguide into
two different waveguides that are then bent to finally il-
luminate the nanoantenna in opposite directions (see Fig.
3(a)). If there is a length difference AL between both paths
and the effective index of the waveguide mode is n (see



Supp. Information, Section S.6), then ¢ = 2znAL/A. Im-
portantly, the photonic circuit in Fig. 3(a) also enables
single-beam illumination measurements (red path in Fig.
3(a)). The nanoantenna is embedded in the gap, though
there are small misalignments with respect to the wave-
guide axis and the x=0 plane as a result of inaccuracies in
the second lithography step (fabrication details are de-
scribed in Methods), which should slightly reduce the ex-
citation efficiency.'® Figure 3(b) depicts the experimental
top-view scattering and on-chip transmitted intensity (see
also Methods) for AL = 21 um, which are in good agree-
ment with the numerical simulations (also depicted). As
expected, for dual-beam illumination the scattering shows
a large modulation (about one order of magnitude in a
~200 nm bandwidth region) with respect to the single-
beam illumination, which is a clear signature of the co-
herent control of the nanoantenna. Unlike in the ideal case
(perfect mirror symmetry with respect to x=0), where
scattering completely cancels out for destructive interfer-
ence, the measured scattering minima are not zero be-
cause of the alignment inaccuracies. A large modulation
in transmission (= 75% -or 6 dB- in some spectral regions,
as shown in the inset) is also observed in experiments.
This greatly exceeds previous approaches in which the
nanoantenna is placed on top of the waveguide, for which
the intensity modulation is always lower than 20% even
when using silicon nitride waveguides with poorer mode
confinement.*”1® Discrepancies between simulations and
experiments, more evident at short wavelengths, could be
due to excitation of higher-order plasmonic modes in the
nanoantenna as well inter-modal conversion,® which are
not considered in our model. We plan to conduct future
work to study such phenomena.

We fabricated another sample with AL = 300 um and
performed near-field measurements in addition to the far-
field scattering (see Fig. 4). Suppression of the nanoan-
tenna near-field enhancement for dual-beam illumination
at a destructive-interference wavelength is clearly seen.
Near-field measurements also confirm the nanoantenna-
gap misalignment observed in the SEM images, as well
as the different amount of light in each waveguide be-
cause of the interference.

Our approach also enables extra degrees of control of
the nanoantenna properties. In particular, by using orthog-
onal illumination paths (see Fig. 5(a)), the polarization of
the emitted radiation can be tailored in a coherent way.
Assuming a nanoantenna with rotational symmetry
around the z axis which is driven using the TE-like mode
of the waveguides with complex amplitudes Ej ;;, and
Ep in, the nanoantenna radiation in the normal direction
will be proportional to E4 ;,X + Ep ;, ¥, S0 any polariza-
tion state can be synthesized (see Supporting Information,
Section S.8). This includes circular polarization even
though the nanoantenna is not chiral, which is a clear ad-
vantage of the coherent feeding. In the fabricated device,
we used an Au disk nanoantenna (inset in Fig. 5(a)) in a

photonic circuit similar to that in Fig. 3(a). Figure 5(b)
shows the polarization of the radiation - in terms of its
Stokes parameters®® - emitted in the normal direction as a
function of the wavelength, showing a remarkable agree-
ment with the simulations.
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Figure 5. Coherent polarization synthesis. (a) Sketch and
SEM image (inset) of the structure, in which two orthogonal
waveguides illuminate an Au disk nanoantenna. The orthog-
onal waveguides cross section is 378x250 nm, separated 170
nm from the crossing of the waveguides axis. The nanodisk
diameter is 294 nm with 40 nm thickness, and its center is
displaced (Ax, Ay) = (65nm, -65nm) from the axis center.
The path length difference between feeding waveguides is
AL=109 pum. (b) Experimental (red) and numerical (blue)
results of the state of polarization of the normally-scattered
radiation at different wavelengths. The state of polarization
is depicted using the Stokes parameters Sy, S, and Ss.

More polarization states could be obtained by changing
the amplitude of one of the feeding paths. This element
for polarization synthesis complements recent approaches
for polarization measurement?® or splitting®* using plas-
monic nanoantennas integrated with silicon waveguides,
leading to a set of tools for polarization manipulation in
integrated circuits mediated by nanoantennas.

DISCUSSION

Our coherent approach closely mimics the free-space
near-field illumination but in an integrated approach. Em-
bedding the nanoantenna in the gap provides a strong
overlapping with the guided modes and a huge intensity
modulation contrast in both scattering and transmission.
Specifically, the 50% single-beam extinction required for
CPE® cannot be achieved with a single nanoantenna
placed on top of a waveguide.l”-1822 Only by placing a set
of nanoantennas on top of the waveguide would result in
large single-beam extinction and, ultimately, CPE.?*-%
Modulation of the scattering of a nanoantenna placed on



top of a waveguide was also recently shown experimen-
tally, being the interaction enhanced by using dielectric
resonant cavities.?® However, the use of fully-illuminated
embedded plasmonic nanostructures provides the right
platform for completely controlling the nanoantenna scat-
tering as well as achieving large intensity modulation of
the guided light in a subwavelength-size foot-print. In ad-
dition, coherent interference using orthogonal paths also
provides a versatile tool for polarization synthesis.

In our samples, the phase difference between illuminat-
ing beams was achieved via waveguide dispersion for
simplicity. In practical applications, such a phase differ-
ence could be modified dynamically by electro-optical?’
or all-optical modulation?® of the waveguide modes. That
would allow coherent manipulation of the nanoantenna
scattering, absorption and polarization of the nanoantenna
at speeds well above 1 GHz. Although the large scattering
of the employed nanoantennas prevents the realization of
CPA, we envisage that using nanoantennas tailored to
support a non-radiative anapole mode?° or via scattering
cancellation techniques,*® should allow for single-particle
CPA, thus paving the way for a plethora of coherent pro-
cessing devices®® on silicon chips. In contrast, super-scat-
tering nanoantennas® would be desirable for building
massive arrays of nanoantennas acting as wireless-to-
wireline transducers in silicon chips.

METHODS

Numerical simulations

Numerical simulations were performed using the com-
mercial 3-D full-wave solver CST Microwave Studio,
which implements finite integration technique. Hexahe-
dral mesh with 10 cells per wavelength has been used,
except in metallic inclusions, where the mesh has been
refined up to ~15 nm. Open boundary conditions (per-
fectly matched layers) were chosen for all external facets.
Metallic elements were made of gold, whose optical con-
stants were obtained from ellipsometry measurements of
thin films deposited using the same procedure as in the
sample fabrication. The refractive indices for silicon and
silica were considered to be 3.45 and 1.45 respectively.
The whole system (waveguides and nanoantenna) was
considered to be surrounded by silica. For normal scatter-
ing measurements the nanoantenna was considered as a
receiver, with a normally incident plane wave of two or-
thogonal polarizations (x and y), and recording the com-
plex spectrum of the mode amplitude excited in each of
the two waveguides. The behavior as an emitting nanoan-
tenna with arbitrary feeding amplitudes was then imme-
diately known by applying superposition and reciprocity.
Far-field measurements

The experimental setup is depicted in Supporting Fig-
ure S8. Coherent light was generated in a tunable laser
(SANTEC TSL-210F), covering a wavelength range from

1,350 nm to 1,600 nm. After passing through a polariza-
tion controller that allowed for switching between the TE

and TM guided modes, it was coupled to the sample
through a lensed fiber. By feeding the chip via the single-
beam (dual-beam) input we measured both the scattering
and transmission of the nanoantenna for the single-beam
(dual-beam) illumination case. Still, the system allows for
performing measurements of the normal scattering as
well as the transmitted on-chip intensity. Normal scatter-
ing - vertical output light - was measured using an IR
camera (Xenics XS-XC117) coupled to the eyepiece of a
4x microscope (National Stereoscopic Microscopes
Zoom model 420 series). The transmission - horizontal
output light - was split into two beams in order to simul-
taneously display the light spot using an IR camera (In-
digo Alpha NIR) and measure the output guided power
with a power meter (Newport 1930C).

Near-field measurements.

Scanning Near-field Optical Microscopy (SNOM)
measurements were performed with a tailored MultiView
4000 system (Nanonics Imaging Ltd) working in collec-
tion mode. A bent fiber tip (Nanonics Imaging Ltd) with
a 400 nm aperture premounted on a tuning-fork working
in tapping mode, was used to scan the lithographed sam-
ple while it was kept fixed. The sample was laterally illu-
minated with a lensed fiber connected to a tunable laser
(Keysight Agilent Laser, 81940A) and mounted on a 3D
stage (More detailed technical description can be found
in the Supporting Information, S11).

Fabrication

Silicon structures were fabricated on standard silicon-
on-insulator samples from SOITEC wafers with a top sil-
icon layer thickness of 250 nm and a buried oxide layer
thickness of 3 um. Patterns were defined by using an elec-
tron-beam direct-writing process performed on a coated
100 nm hydrogen silsesquioxane (HSQ) resist film. The
electron-beam exposure, performed with a Raith150 tool,
was optimized to reach the required dimensions employ-
ing an acceleration voltage of 30 keV and an aperture size
of 30 um. After developing the HSQ film using tetrame-
thylammonium hydroxide, the resist patterns were trans-
ferred into the samples by employing an optimized Induc-
tively Coupled Plasma-Reactive lon Etching process with
fluoride gases. After etching, a 105 nm-thickness SiO,
layer was deposited on the SOI sample by using a plasma
enhanced chemical vapor deposition (PECVD) system
from Applied Materials. This layer is deposited to center
the metallic nanostructure with the optical axis of the
waveguide, ensuring maximum interaction with the field
within the gap. Asecond e-beam exposure prior to a metal
evaporation and lift-off processes were carried out to de-
fine the 40 nm thickness Au nanoparticle inside the wave-
guide gaps. A 2 nm titanium layer were also evaporated
to improve gold adhesion. Finally, a micron-thickness sil-
icon dioxide uppercladding was deposited on the SOI
sample by using again PECVD in order to ensure homo-
geneity in the surroundings of the metallic nanostructure.
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