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ABSTRACT: We demonstrate that the optical energy carried by a TE
dielectric waveguide mode can be totally transferred into a transverse
plasmon mode of a coupled metal nanoparticle chain. Experiments are
performed at 1.5 ym. Mode coupling occurs through the evanescent field of
the dielectric waveguide mode. Giant coupling effects are evidenced from
record coupling lengths as short as ~560 nm. This result opens the way to
nanometer scale devices based on localized plasmons in photonic integrated

circuits.
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Energy transfer via dipolar interactions between closely
spaced metal nanoparticles (MNPs) leads to the formation
of a hizghly confined waveguide operated below the diffraction
limit."* Until now, light propagation along coupled MNP chain
has been achieved using Kretshman—Raether,® near-field,* or
plane wave®™” excitation, exploring in most cases the MNP
chain waveguide dispersion curves inside the light cone. Yet,
the excitation of localized surface plasmons (LSP) in guided
configuration remains a crucial step toward a true implementa-
tion of plasmonic functions in photonic integrated circuits
(PICs). One important challenge for today’s photonics is
indeed the realization of highly miniaturized integrated circuits
capable of very large scale integration of optical functions,
combined with electronics.® While silicon waveguides allow for
a strong confinement of light and an almost transparent
propagation, lossy surface plasmon waveguides can ultimately
exhibit small dimensions at the nanometer scale.” "'
Combining both waveguides then appears to be of great
promise. Within plasmonic world, localized surface plasmons
potentially offer a wide variety of configurations since metallic
nanoparticles can be arranged on demand on a substrate>' or a
waveguide. Resonant dipole excitation and field confinement in
MNPs open the way to enhance optical (nonlinear)
interactions.’>™*® In all cases, short MNP chains should be
used, but an efficient LSP excitation is then needed.

In this work, LSP excitation is achieved by using strong
coupling effects between a Si waveguide and a chain of gold
nanoparticles that are deposited on top (Figurela). Excitation
occurs through the evanescent field of the fundamental TE

waveguide mode. A transverse plasmonic mode T, is then

-4 ACS Publications  © 2012 American Chemical Society

1032

Au nanoparticles
4

(a)

(b)

Figure 1. Experimental sample: (a) schematic view of a gold
nanoparticle chain on top of a SOI waveguide; (b) picture showing
the ellipsoidal shape of nanoparticles with D1 (respectively D2) the
long (respectively small) axis size; (c) scanning electron micrograph of
6 gold nanorods of a 20-nanoparticle chain.

excited along the MNP chain® We demonstrate that giant
coupling between MNPs and the silicon waveguide can be
obtained in this configuration as illustrated by a periodic
transfer of light from one guide to the other with record
characteristic lengths as short as ~560 nm. This behavior is
shown to occur only if a collective (or long distance) oscillation
of the dipoles is achieved along the chain, in other words, if a
specific mode of the entire chain is excited.>®
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Silicon ridge waveguides with 220 X 500 nm* cross section
were used in our experiments. The waveguides are single-mode
above 4 = 1.4 um. Gold nanoparticle chains were fabricated
using electron-beam lithography followed by a lift-off process. A
1 nm thick titanium (Ti) adhesion layer and a 30 nm gold layer
were deposited by electron-beam evaporation. Figure 1b,c
shows 6 MNPs of a 20 ellipsoidal particles chain with axis
dimensions D; = 220 + 5 nm and D, = 75 + 5 nm. As seen, the
MNPs are precisely aligned along the symmetry axis of the Si
waveguide. Center-to-center distance between particles is equal
to 150 nm. The 3 pm long MNP chain is located at equal
distance between the two waveguide facets.

The mentioned size and spacing of nanoparticles were
previously determined by using 3D finite-difference time-
domain (FDTD) simulations. The model incorporates
measured parameters of the fabricated structures. Accurate
dispersion data were used for the deposited gold layers after
fitting a Drude model to ellipsometric measurements. The
presence of a thin layer of native oxide between Si and Ti was
also accounted for in FDTD calculations. For our technological
process, the layer thickness was measured to be 3 nm by
scanning electron microscopy. All FDTD simulations in this
work were using these input data and a 3D mesh with
dimensions smaller than 2 nm in the MNP region. Nanoparticle
size and spacing were chosen in such a way that the chain
resonance occurs in the transmission window of the silicon
waveguide (4 > 1.2 um) with an excitation by the TE
waveguide mode and a dipolar coupling between neighboring
particles. The ellipsoidal nanorod shape for nanoparticles with
the long axis perpendicular to propagation direction (Figure
1b) was identified as an appropriate shape, compatible with
fabrication process. The center to center spacing of 150 nm
allows optimized dipolar coupling.

The excitation of gold nanoparticle chains was analyzed in
three ways. First of all, by measuring the transmission spectra of
Si waveguides decorated with gold nanoparticles; then by
experimentally determining the near-field maps for excited
MNP chains; and finally by using FDTD simulations for the
interpretation of measurements.

The transmission spectra of MNP chain/Si waveguide
systems were measured by injecting a polarized light to the
butt facet of the Si waveguide using a lensed fiber (Figure 2a).
A reference waveguide without MNP was used for transmission
normalization. The input light was delivered by a tunable laser
scanned by steps of 1 nm over the 1260—1630 nm range.
Figure 3a shows the normalized transmission spectrum of a 20-
particles chain. A transmission minimum is observed at 1475
nm, which corresponds to the maximum excitation of
nanoparticles leading to the highest ohmic losses. “Noise” on
the experimental curve is due to Fabry—Perot oscillations
caused by reflections at the waveguide ends (see Supporting
Information). Numerical simulations were performed by using
described FDTD model. As seen, there is a very good
agreement between calculations and measurements. The
slightly broader resonance found in measurements is readily
explained by the size distribution of MNPs.

The FDTD model was further exploited to calculate the field
intensity defined as IEI* along the MNP chain and the Si
waveguide. Figure 3c,d,e (left) shows field intensity maps in the
vertical symmetry plane of the structure for three wavelengths,
1375, 1475, and 1575 nm, respectively. A periodic energy
transfer between the Si waveguide and the MNP chain is clearly
seen at 1475 and 1575 nm with an exponential decrease due to
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Figure 2. Experimental setup: (a) guided optic setup for transmission
measurements; (b) TraNSOM setup used for the optical near-field
measurement. See Supporting Information for more detailed
description.

(b)

metal losses. The field intensity periodically falls near zero in
the Si waveguide while it simultaneously reaches a maximum in
the MNP chain. The transfer is almost total at 1475 nm. The
transfer is only partial at 1575 nm. For both wavelengths, the
MNP chain and the Si waveguide behave as two almost
balanced coupled waveguides. A completely different behavior
is found at 1375 nm since no oscillation is visible along the
structure. Let us notice that a reflected signal exists for the three
wavelengths due to the impedance mismatch between the bare
Si waveguide and the waveguide section with MNPs. However,
the signal amplitude remains below 10%.

Calculations of Figure 3c,d,e (left) were qualitatively verified
from near field measurements. For this purpose, an apertureless
transmission-based near-field scanning optical system equipped
with an AFM was used (Figure 2b) to image the near field
profile of optical modes propagating along the structure. Images
corresponding to the three representative wavelengths 1375,
1475, and 1575 nm are shown in Figure 3c,d,e (right). In the
three cases, the optical near-field images well reproduce the
field intensity distribution calculated along the MNP chain. A
periodic excitation of MNPs is clearly detected at 1475 and
1575 nm with the same period as in FDTD simulations. This
good agreement between simulations and near-field images
empbhasizes the fact that the AFM probe perturbation remains
negligible. In other words, the perturbation induced by the
AFM probe does not significantly modify the modal behavior of
the photonic structure. This small-perturbation condition is
obtained by using an ultrasharp AFM tip (high density carbon
nanotip from Nanotools) working in intermittent contact
mode."”

The beating period is estimated to be 1.15 ym peak-to-peak.
This oscillation is not correlated to Fabry—Perot like reflections
at the Si waveguide ends since it is wavelength independent
over the entire wavelength range from 1475 to 1575 nm.
Moreover, in agreement with theoretical predictions, the
periodic excitation of MNPs disappears at short wavelengths.
Lateral (but not longitudinal) oscillations observed at 1375 nm
(Figure 3, right) can be attributed to a bimodal (TE00, TE01)
behavior of the Si waveguide. These two-mode oscillations were
not taken into account in simulations but explain decreasing
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Figure 3. Experimental and theoretical results obtained with the 20 MNP chain on silicon waveguide. (a) Waveguide transmission measurements
and FDTD simulations. (b—e) Field intensity calculations (left) and near-field measurements (right). Schematic views of the structure are recalled in
(b). Panels ¢, d, and e are obtained at A = 1375, 1475, and 1575 nm, respectively. The electric field intensity maps (leftmost column) are calculated in
the vertical symmetry plane of the structure (at y ~ 0 ym). The corresponding intensity profiles are shown in the middle left column for both the
nanoparticle chain (blue) and the Si waveguide (red). The measured near-field top views and the corresponding near-field intensity profiles (at y ~ 0
um) are shown in the middle right and rightmost columns, respectively.
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Figure 4. Field intensity calculations for a 50 MNP long chain at 1350, 1465, and 1550 nm.

and increasing intensity between x = 0 and 2 pm when
measured at fixed y ~ 0 ym (Figure 3c, rightmost).

An additional evidence of mode coupling between the Si
waveguide and the MNP chain is given in Figure 4, which
shows FDTD calculations for a 50 MNP long chain. Here
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again, a periodic energy transfer between the Si waveguide and
the MNP chain occurs at A = 1465 and 1550 nm with the same
period as in Figure 3d,e. Because of the longer chain, six periods
are found instead of three. In contrast, a monotonous decrease
of the field intensity is observed at 4 = 1350 nm.
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Coupled-mode theory provides an analytical framework to
interpret the results of Figures 3c,d,e and 4. Although MNPs
obviously induce high ohmic losses with an exponential
decrease of the transmitted power along the chain, coupling
effects can be analyzed in first approximation within the lossless
coupled-mode theory while neglecting the imaginary parts of
propagation constants. Because of the high proximity of the two
waveguides and of the resonant behavior of the MNP chain,
overlap integrals of the electromagnetic fields cannot be
neglected in our case, and the coupling constants are not
identical. Improved coupled-mode theory'®'® establishes that
in the case of strongly coupled waveguides a and b, (“a”
corresponding to the waveguide where the input signal is
injected) the normalized optical powers in a and b, P, and P,
evolve along the propagation axis x as follows:

P =1 (1 - Cabcba) 23inh_l(m5)
ki T 2
1+8
Sinz( V Kabea(l + 62) x) (1)
1 - Cabcba
Py = CpCpy + (14——62
sin2 (ka1 + 8) ) @

where Kk, &, and O are, respectively, the extended coupling
constants and the asynchronism factor, which themselves
include the contribution of the overlap integrals C,, and C,
(see Supporting Information). Using eqs (1) and (2), it appears
that the energy transfer to waveguide b (the 20 MNP chain in
our case) can be total only for § = 0. Such a transfer occurs at x
= 7/(Kykea) /> FDTD simulations show that the energy
transfer is very close to 100% at 1475 nm and that the coupling
length (i.e., half the oscillation period) is equal to ~560 nm.
The average coupling constant (kuky,)"? at this wavelength
thus reaches the giant value of ~2805 mm™}, which is 1.5 times
higher than that in the case of a coupling to a slot plasmonic
waveguide.”® A nonzero § value at 1575 nm does not
significantly change the coupling period since (k)2 is
the dominant term in eq 2. Extended coupled-mode theory also
predicts that for non-negligible overlap integrals, the power
maximum in waveguide b does not coincide with the power
minimum in waveguide a. This is well verified from FDTD
simulations in Figure 3d,e.

The absence of mode coupling between the Si waveguide
and the MNP chain at 1375 nm can be interpreted in two ways.
One interpretation is that phase matching conditions cannot be
achieved between the two guides. Another explanation is that a
collective excitation of dipoles along the chain cannot exist at
this wavelength.

Field maps obtained from FDTD calculations have been
analyzed in detail to identify the correct interpretation. In what
follows, we will first examine the dispersion curves extracted
from these calculations. The excitation of dipoles along the
chain will be investigated in a second step from the complex
field maps.

The spatial Fourier transform of the complex field was
calculated in the midplane of the MNP chain for different
frequencies. The dispersion curves of the excited modes were
then retrieved from these calculations. Results are reported in
Figure 5 with colors from blue to red corresponding to different
amplitude levels of the wavevector components after Fourier
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Figure S. Dispersion curves of excited modes extracted from the
spatial Fourier transform of the complex electric field calculated in the
midplane of the MNP chain. Black lines delimit the light cone. Red
dotted line is the silicon waveguide TEOO mode dispersion curve. Red
dashed line is a guide for the eyes representing the dispersion curve of
the MNP chain.

transformation. The dispersion diagram actually represents the
supermodes as defined in the coupled mode theory. The
separation between the two branches in this diagram results
from an anticrossing phenomenon due to the interaction
between the stand-alone silicon waveguide TE mode and the
MNP chain modes. The red dotted line in Figure S is the true
dispersion curve of the stand-alone Si waveguide TEOO mode
derived from standard calculations. The red dashed line
simulates the dispersion curve of the MNP chain in the region
where collective LSP modes are excited; by construction, it is
tangent to the higher dispersion branch at low frequencies and
follows the slight curvature of the lower dispersion branch at
high frequencies. Clearly, we are led to the conclusion that
anticrossing occurs well below the maximum frequency
explored in our experiments. The slight curvature of the
lower dispersion branch also suggests the existence of a
maximum frequency in the MNP chain dispersion curve.
Reported literature on MNP chain dispersion curves show that
there is indeed a minimum wavelength (ie, a maximum
frequency) for the existence of a chain mode.*' ™

Let us now examine the very nature of plasmonic excitations.
Figure 6a,b shows the field intensity profiles calculated in the
midplane of the 20 MNP chain at 1375 and 1475 nm,
respectively. As seen, the field intensity concentrates at the
extremities of each excited MNP, thereby indicating the dipolar
nature of the excitation. Figure 6¢c—f shows top-view maps of
the y and z components of the electric field (real part)
calculated in the midplane of the MNP chain. Electric-field
characteristics and orientations are also typical of a dipolar
excitation. The E, component is oriented into opposite
directions at the two extremities of each nanoparticle whereas
the E, component has the same orientation at these extremities.
The electric field lines around each MNP then close up via the
Si “substrate”. The existence of collective excitations along the
MNP chain can be discussed from a detailed inspection of the
E, component in Figure 6e,f. At short wavelengths (4 = 1375
nm, Figure 6e), the field maxima (respectively minima)
observed along the MNP chain exactly coincide with the
maxima (respectively minima) of the evanescent Si-waveguide-
mode field numerically detected at the periphery of the
particles (at Iyl > 0.2 ym). Two interpretations are possible.
Either the k-vectors of the Si and MNP waveguide modes are
perfectly matched to each other and the propagating phases are
then identical, or the MNP chain does not behave as a
waveguide (i.e., there is no collective oscillation of dipoles) and
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Figure 6. Top view of gold nanoparticle chain excitation (FDTD). (a,b) Field intensity profiles calculated in the midplane of the 20 MNP chain at
1375 and 1475 nm, respectively; (c—f) Top-view maps of the y and z components of the electric field (real part) in the midplane of the MNP chain.

each dipole is excited individually with the dipole orientation
dictated by the electric field propagating in the Si waveguide.
The first possibility is excluded since perfect phase matching
should be accompanied by a periodic energy transfer from one
guide to the other. Therefore we can conclude that the dipole
excitation is simply the consequence of the near frequency
coincidence between the Si waveguide mode and the LSP
resonance of individual nanoparticles. The absence of collective
MNP excitation at this wavelength is then confirmed. In
consequence, results of Figure 3¢ cannot be explained by the
absence of k-vector matching at 1375 nm.

The situation is different at 1475 nm and at longer
wavelengths. The field maxima (respectively minima) at the
MNP extremities (Figure 6f) do not exactly coincide with the
maxima (respectively minima) observed for the evanescent Si-
waveguide-mode field (at [yl > 0.2 ym). The wavevectors of the
MNP chain and Si waveguide modes are then somewhat
different. In other words, the MNP chain supports at least one
proper waveguide mode, which can be identified as a collective
LSP mode. This agrees with the interpretation of the results of
Figure 3d,e and 4 in terms of strong coupling between two
waveguide modes with one mode associated to a collective
oscillation of MNP dipoles.

In conclusion, interfacing of a dielectric waveguide with a
localized surface plasmon waveguide has been analyzed both
experimentally and numerically in a configuration where a gold
nanoparticle chain was excited via the evanescent field of a TE
silicon waveguide mode. Three-dimensional FDTD simulations
have been found to match very well to transmission and near-
field measurements. We have shown that a collective oscillation
of the metallic dipoles, characteristic of a true LSP chain mode,
can occur only within a limited spectral range. A giant coupling
is then achieved between the dielectric and plasmonic guides.
This in turn allows for a highly efficient excitation of a metal
nanoparticle chain over a very short distance. Here the coupling
length is very close to the wavelength in the silicon waveguide.
Since propagation losses decrease with the interaction distance,
short MNP chains represent an attractive way to implement
LSP based integrated optical devices with nanometer sizes and
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moderate losses in photonic circuits. In addition, the waveguide
configuration allows using the entire optical energy available at
the waveguide input for launching the plasmon in the coupled
MNP chain. The use of long dielectric waveguides would also
allow positioning optical sources and detectors far from the
plasmonic section, thus providing an independent access to this
section for optical sensing and biodetection. Moreover, thanks
to the periodic “recoupling” of the propagating wave from the
coupled MNP chain to the dielectric waveguide, optical loss in
the plasmonic section(s) could be compensated for by
implementing an amplifier medium in the dielectric waveguide.
Finally, this work opens the way to ultracompact optical
functions in guided photonics by locally using nonlinear and/or
enhanced effects induced by dipolar excitation in MNPs. The
energy carried by a guided mode can be almost totally
transferred into a single MNP at the end of a short MNP chain.
Magneto-optical effects,”* wavelength conversion,® particle
tweezing,'® and biodetection®® could also be envisaged by
exploiting short metal nanoparticle chains in waveguide
configuration.
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Supporting Information include the following topics: (1)
transmission measurements description, (2) optical near-field
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