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ABSTRACT: We exploit the strong interaction between a focused free-
space beam and an optical antenna to construct a compact and efficient
silicon waveguide coupler operating simultaneously in several tele-
communications bands. The antenna is a directional coupler tuned by the
spacing and relative size of its two constituent nanoparticles. Moreover,
the antenna’s compact size and short scattering lifetime provide a
bandwidth sufficient to couple 200 fs pulses at both 1500 and 1350 nm
simultaneously. By measuring the third-harmonic generation (THG)
from waveguide-coupled light we verify our estimates of the high in-
coupling efficiency of these antennas. Coupling efficiencies were
estimated to be as high as 19% and 14% at the wavelengths of 1500 and 1350 nm, respectively.
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The strong interaction of light with electrons at metal
interfaces allows for extreme confinement of light,

enabling strongly enhanced light−matter interactions1,2 beyond
the intrinsic capabilities of the underlying materials. While
many researchers have proposed to enhance the electro-
magnetic field through confinement,3 surface electromagnetic
excitations at metal nanoparticles, known as localized surface
plasmons4 (LSPs), also present extremely strong extinction
cross sections to free-space beams. LSPs have been successfully
exploited to control the directionality of light5−8 and in
particular have found applications in light trapping for
photovoltaics.9 In addition, strong coupling between nano-
particles and adjacent waveguides has been extensively utilized
to modify the transmission through the nearby wave-
guides.10−12 In this Letter, we use this capability of metallic
nanoparticles to effectively and directionally scatter light from a
focused free-space beam into a silicon-on-insulator (SOI)
waveguide, following an earlier theoretical proposal.13 Similar
approaches have been taken to directionally launch surface
plasmon polaritons (SPPs) on a metal sheet using either slits14

or dielectric cavities.15 Nanoparticles are placed in close
proximity to a suitably sized silicon waveguide, which
establishes a rapid scattering channel into the waveguide’s
fundamental mode. The additional scattering into the wave-
guide also diminishes the effect of ohmic loss, which typically
limits plasmonic applications, and we report ∼20% coupling
efficiencies despite the very small footprint of the coupler of
755 nm.
With this high coupling efficiency and small footprint,

nanoparticle waveguide couplers also avoid other drawbacks of
commonly used coupling schemes. While simple gratings also
have coupling efficiencies of ∼20%,16 they must be relatively

large and ultimately are limited by the dispersive link between
the coupling wavelength and the incident beam angle. This
limitation establishes an efficiency to bandwidth trade-off that is
insufficient for many applications requiring either multiple
wavelengths across different communications bands or ultra-
short pulses. Prism couplers provide greater coupling efficiency
but are also limited by the same wavelength-angle sensitivity as
gratings. Consequently many commercial products and
researchers utilize end-fire coupling, which generally requires
extensive postprocessing and, in its most common implemen-
tation, suffers from coupling efficiencies as low as 1%.17−19

Meanwhile, the extremely fast radiative processes in nano-
particle-based couplers provide broadband operation with very
low group delay dispersion.13 The high coupling efficiency and
low dispersion of our couplers preserve the high field intensities
of the short pulses, allowing us to estimate the coupling
efficiency from the third-harmonic-generation signals.
The coupler is an optical nanoantenna formed by two

metallic gold nanoparticles placed on top of a SOI slab
waveguide into which light is launched, shown schematically in
Figure 1a. The Au nanoparticles were fabricated on a SOI
substrate coated with 5 nm of SiO2 using electron beam
lithography patterning followed by the sputtering of 40 nm of
Au and then by a lift-off process. Separating the antenna from
the silicon waveguide by 5 nm and coating with a further 250
nm of SiO2 provide a uniform local environment for stronger
plasmonic particle resonances. The position of the antenna
close to the silicon waveguide also ensures a strong overlap of
the nanoparticle’s resonance with the transverse magnetic
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(TM) waveguide mode. Moreover, the Si waveguide thickness
was chosen to be 220 nm, in order to maximize this
interaction.13

In order to verify the effectiveness of the antenna, out-
coupler antennas consisting of single-particle plasmonic
resonators were placed on either side of the in-coupler and
displaced by 35 μm. A top view SEM image of the complete
structure showing in- and out-coupler antennas is presented in
Figure 1b. The infrared (IR) camera images show the coupling
when a TM-polarized (along the x-direction) input beam is on
and off the in-coupler, respectively. When the incident beam is
off the in-coupler, there is no coupling to the waveguide, and
no light is observed at either out-coupler. The width-dependent
resonance of each plasmonic nanoparticle coupler determines
its response to the incident focused light and the coupling to
the waveguide mode. Even though the particles also extend 15
μm in the y-direction, they effectively generate a TM mode
propagating along the x-direction with very little diffraction in
the y-direction, allowing us to describe the system using a 2-D
model. Here, the length of the particles was chosen to facilitate
experiments but can be easily downscaled to even match the
length of a diffraction-limited input spot without significantly
affecting the antenna’s properties. Such small couplers,
however, would cause diffraction of the coupled modes in the
plane; thus the nanoparticles should be placed directly on a
ridge waveguide with transport in only a single dimension,10−12

which would also illicit control over the launched polarization
or indeed provide nonlinear switching capabilities.20 We note
that the chosen arrangement is merely a simplification, and our
approach can be readily adapted to more complex nanoparticle
geometries coupled to 2-D silicon waveguides. Our design here
uses two plasmonic particles so that variation of their relative
width and separation controls the interference of scattered light
into the waveguide and thus the degree of directional coupling.
Transmission into the forward and backward x-directions

from a nanoparticle optical antenna can be modeled in 2-D as
two forced coupled dipoles. The interference of their emitted
radiation is given by13
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where ci are the coupling rates between the input laser beam
and the LSPs, γi are the LSP extinction rates, and κi are the
coupling coefficients between the waveguide mode and the
particles’ LSPs. These parameters are simply controlled by
adjusting the nanoparticle’s width, Li. In this harmonic

oscillator model, the off-diagonal components account for the
multiple scattering effects. The phase difference between the
particles’ scattering is described by Δ = ϕ2 − ϕ1, and the
relative phase ψ from the propagation between the two particles
is determined by the wavevector and the particle spacing
through ψ = kD. This leads to optimal coupling when Δ + ψ =
2πn, where n is an integer. However, in our earlier theoretical
work we noted that multiple scattering is extremely strong in
this system and that this implies that optimum directionality
does not imply optimal coupling efficiency.13 Furthermore, the
reader should note optimum directional coupling depends on
both the wavelength and the particle spacing.
In order to measure the coupler’s directionality and

efficiency, we excite the particle pair as shown in Figure 1b
and measure the transmitted signals at the left (Il) and right (Ir)
out-couplers using an IR camera. The signals are then
normalized to the reflected signal from the SOI substrate
(ISOI). For example, the reflectivity of SOI at 1500 nm was
calculated by referencing against the reflected signal from a 40
nm thick gold patch (IAu) with a simulated thin-film reflectivity
of ρAu = 94%, so that ρSOI = ρAuISOI/IAu = 25%. The combined
directional transmission or coupling efficiency ηC{l,r}

through the

entire structure was then calculated as ηC{l,r}
= ρSOII{l,r}/ISOI. We

first identified the maximum directional transmission at 1500
nm from a sample of antennas with varying widths (L1 and L2)
and particle spacing (D). An asymmetric particle pair of L1 =
305 nm and L2 = 200 nm was found to be optimal. At this point
we measured the variation in directional transmission as a
function of the particle spacing for symmetric (L1 = L2 = 305
nm) and asymmetric (L1 = 305 nm and L2 = 200 nm) antennas,
shown in Figures 2a and b, respectively. This illustrates the
directionality of the antenna due to the phase difference, Δ,

Figure 1. (a) Schematic of the realized device, along with (b) SEM
images of the couplers (top) with an IR camera image depicting
coupling when the input beam is on (middle) and off (bottom) the in-
coupler.

Figure 2. Normalized out-coupled power measured as a function of
relative phase ψ and interparticle separation D between nanoparticles
at λ = 1500 nm for the (a) L1 = L2 = 305 nm symmetric and (b) L1 =
305 nm and L2 = 200 nm asymmetric antennas depicting directional
coupling as compared to a harmonic oscillator model.
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between its constituent nanoparticles as well as the interparticle
distance, D, and their relative phase, ψ. The observed
experimental variation with ψ agrees well with our harmonic
oscillator model, which accounts for multiple scattering
between nanoparticles. Although the asymmetric antenna has
a peak transmission of 3.6 ± 0.2% at D = 250 nm, the in-
coupling efficiency cannot be determined as the out-coupling
efficiency remains unknown.16,21,22 In simulations we calculate
an out-coupler efficiency of 19.4% at 1500 nm, and so we
estimate that our maximum in-coupling efficiency is 19 ± 1%
for this asymmetric coupler. Later in this work, we support this
far-field estimate using a nonlinear technique probing the near
field.
In order to verify the broadband nature of the antenna

couplers, the variation of ηC{l,r}
with wavelength was measured

using a supercontinuum source ranging from 1 to 1.6 μm.
Figure 3 depicts the transmission spectra of the symmetric and

asymmetric antennas with D = 250 nm. From the calculated
out-coupling efficiencies of 19.4% and 13.9% at 1500 and 1350
nm, respectively, we estimate the in-coupling efficiency of the
asymmetric coupler to be 19 ± 2% at 1500 nm and 14 ± 1% at
1350 nm. When compared to numerical calculations, the results
show good correspondence. The numerical calculations
presented here are based on those utilized in our previous
theoretical proposal,13 but now take into account the finite
buried oxide layer thickness. The various modulations seen in

the experimental data are associated with focused beam
interference due to reflections from the buried oxide/silicon
substrate interface and modal reflections between the in- and
out-couplers. The low-frequency oscillations are attributed to
substrate interference of the input beam, which modulates the
electric field strength at the position of the antenna (Figure 3a),
thus affecting the scattering into the waveguide. The high-
frequency oscillations are Fabry−Peŕot interference of coupled
light between the antennas. A Fourier transform of the data
shows peaks associated with propagation distances of 2.9 ± 0.1
μm in SiO2 and 34 ± 1 μm in a TM-polarized Si slab mode,
corresponding to the buried oxide layer thickness of 3 μm and
the interantenna spacing of 35 μm. From the Fourier transform,
we can also extract the approximate strength of these
reflections. The reflectivities of 24 ± 2% for the buried
oxide/silicon substrate interface and 4.4 ± 0.8% for the cavity
between the antennas are in good agreement with the
numerical calculations. The numerical model presented here
does not include the reflections between the antennas for better
clarity of presentation. Despite the strong substrate interfer-
ence, the results are in good agreement with previously
published numerical results and allow broadband coupling
across the near-infrared. Engineering of the buried oxide/
substrate interface can eliminate unwanted reflections in order
to recover the underlying broad coupling bandwidth of these
antennas.
Since these couplers are capable of efficiently coupling light

over a broad range of wavelengths, they can couple short pulses
of light without significant broadening or dispersion. We exploit
this to verify our estimate of the in-coupling efficiency seen in
Figures 2 and 3, without relying on a calculated out-coupling
efficiency, by using third-harmonic generation (THG) at the
antenna couplers. Since THG is strongly dependent on the
near-field intensity at the antennas, this method provides a
verification of the above estimated coupling efficiency. As
depicted in Figure 4a, 200 fs FWHM pulses at either 1500 or
1350 nm are aligned to the in-coupler, and the THG signal is
selectively measured in a spectrometer from the in- and out-
couplers using an aperture, with the reference signal taken from
the bare silicon interface. Since silicon strongly absorbs below
1100 nm, the THG signals seen at the out-coupler (Iin

THG) must
be directly related to the local field intensity of the fundamental
signal in the Si at the out-coupler. By comparing these to a
reference THG signal from the silicon interface (I0

THG), we can
estimate the ratio of near-field intensity in the waveguide
relative to the input beam, Π, where
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Interestingly, measuring Π provides a verification of our
previous estimates of the coupling efficiency. We note that it is
not a direct measure of the true coupling efficiency, as the local
field enhancement and third-harmonic scattering to the far field
are unknown. Further investigation into the link between Π and
the true coupling efficiency is outside the scope of this Letter.
Figure 4b shows the linear input power dependence of the

cubic root of the THG signals from bare silicon, the in-coupler,
and the out-coupler for the asymmetric antenna. Π as a
function of the input intensity for both 1500 and 1350 nm is
shown in Figure 4c. By a linear extrapolation to zero pump
power we find Π to be 25.5 ± 0.8% and 18.6 ± 0.6% for the
wavelengths of 1500 and 1350 nm, respectively. These support

Figure 3. (a) Calculated |E|2 at z = z0 in the center of the in-coupler
depicting the modulation from the 3 μm buried oxide layer and
normalized to the case of infinite buried oxide. Broadband white light
measurements for the (b) L1 = L2 = 305 nm with D = 250 nm
symmetric antenna and the (c) L1 = 305 nm and L2 = 200 nm with D
= 250 nm asymmetric antenna.

ACS Photonics Letter

dx.doi.org/10.1021/ph5002796 | ACS Photonics 2014, 1, 912−916914



our estimates of the coupling efficiencies from linear measure-
ments combined with simulations at both of these wavelengths.
The small linear dependence on input intensity of Π is most
likely due to two-photon absorption.23 In addition, as we are
using short femtosecond pulses at a sufficiently low repetition
rate, we can safely ignore the effects of free-carrier absorption.
The 80 MHz repetition rate of our laser corresponds to a
temporal spacing of 12.5 ns between pulses, which is much
larger than the ∼1 ns free carrier recombination time in
silicon.24

In conclusion, compact plasmonic−photonic antennas are
presented that can couple free-space radiation into silicon
waveguide modes with high efficiency and directionality over
multiple telecommunications bands. The measured direction-
ality nicely follows the predictions of a harmonic oscillator
model, suggesting strong multiple scattering effects between
nanoparticles, which is a byproduct of the efficient coupling.13

Despite the transmission modulation due to input beam
interference within the buried oxide layer, the bandwidth
remains broad enough to couple 200 fs pulses into the
waveguide at the distinct wavelengths of 1500 and 1350 nm.
We estimated the coupling efficiencies to be as high as 19% and
14% at 1500 and 1350 nm, respectively, which we also verified
with THG measurements. Clearly, these high coupling

efficiencies demonstrate that the antenna rapidly radiates into
the silicon waveguide. The large bandwidth and low dispersion
of this coupling scheme makes it useful for photonic integrated
circuits (PICs), which require the coupling of short femto-
second pulses for ultrafast processes. As the integration density
on PICs continues to increase, couplers with compact device
footprints, such as this one, will become ever more important.
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