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Abstract

We experimentally demonstrate plasmonic nano-circuits operating as sub-diffraction directional
couplers optically excited with high efficiency from free-space using optical Yagi-Uda style antennas at
λ0 = 1550nm. The optical Yagi-Uda style antennas are designed to feed channel plasmon waveguides
with high efficiency (45% in coupling, 60% total emission), narrow angular directivity (< 40◦) and low
insertion loss. SPP channel waveguides exhibit propagation lengths as large as 34µm with adiabatically
tuned confinement, and are integrated with ultra-compact (5× 10µm2), highly dispersive directional
couplers, which enable 30dB discrimination over ∆λ = 200nm with only 0.3dB device loss.

Surface plasmon polariton (SPP) waveguides are
uniquely advantaged by their high confinement, al-
lowing for subwavelength integration. This is a
requirement for integrating optics with a footprint
size that is comparable with electronic circuits -
thus enabling plasmonic-electronic hybrid integra-
tion, a path that has been repeatedly highlighted as
a future key application of plasmonics.1–4

However, high confinement in plasmonics usu-
ally increases loss due to the larger field over-
laps with the metal. The second major obstacle
to deep subwavelength plasmonics is high inser-
tion loss due to the limited modal field overlap
of less-confined waveguide schemes like Si inte-
grated photonics5,6 or optical fibers,7 thus intrinsi-
cally limiting the performance of hybrid dielectric-
plasmonic circuits.8

Here, we illustrate how in-circuit-loss can be
? To whom correspondence should be addressed
† FAU and MPL
‡ Caltech

mitigated by restricting strong optical confinement
only to components where it is absolutely essen-
tial (Fig. 1a), and how insertion-loss can be ad-
dressed by coupling light into plasmonic nano-
circuits via impedance-matched optimized Yagi-
Uda9 style nano-antennas (Fig. 1b,c). Using this
platform, we experimentally demonstrate optical
directional couplers10,11 integrated on a microme-
ter scale that show unusually strong spectral dis-
persion, a key prerequisite for integrated wave-
length division multiplexers.

To implement these device concepts, we use SPP
channel waveguides,12,13 which offer maximum
confinement14 in a narrow rectangular gap etched
a few hundreds nanometers into a metal film. We
note that this waveguide geometry does not suffer
from optical mode cutoff when scaled down.

By filling the air gap (n = 1) in the plasmonic
waveguide with the substrate material silica (n ≈
1.45) we make the modal field distribution more
symmetric (Fig. 1d), therefore eliminating an up-
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per modal cut-off that otherwise prohibits larger
waveguide channel widths (> 80nm for usual Au
channel waveguides), therefore limiting the prop-
agation length to below 10µm.

Wherever possible, the connections from one
functional plasmonic unit to the next must be
bridged with low loss plasmonic waveguides. As
the waveguide mode is basically maintained for
different gap widths, easy to fabricate adiabatic
waveguide tapers can form the transition from
highly confining to low loss sections (Fig. 1e).

We experimentally demonstrate that the inves-
tigated circuits achieve a propagation length of
L1/e = 34µm, while they are still subwavelength
with a wave-guide gap width of 300nm and that
they have an effective refractive index of neff ≈
1.54 at λ0 = 1550nm with low dispersion.

To reduce insertion loss, each presented nano-
plasmonic circuit utilizes at least two connected
Yagi-Uda antennas to enhance coupling efficiency
from a focused laser beam and to achieve nar-
row directionality (Fig. 1c). We measured the an-
tenna and waveguide properties spectrally and de-
rive their fundamental properties: efficiency (45%
in coupling, 60% total emission), directionality
(< 40◦) and spectral dispersion.

For our experiments, embedded SPP nano-
circuits (Figs. 1a and 6b) were fabricated in a
two-step process. A 220nm thin Au film on a
160−µm-thin, polished quartz glass substrate was
patterned by lift-off with a 100kV electron beam
lithography system. The designed minimum fea-
ture size at the antenna gap (Fig. 1f) was 80nm.

Subsequently, flowable spin-on glass (Filmtron-
ics 400F) was spin-coated and baked to form a di-
electric cladding layer. Scanning electron micro-
scope images of device cross-sections, cut with
a focused ion beam (FIB) at different positions
show that the cladding layer fills all gaps, covers
the whole structure without cavities (Fig. 1g-i) and
forms a smooth surface that is ≈ 320nm higher
than the underlying structures.

The fabricated circuits consistently deviate less
than 15◦ from perfectly rectangular sidewall an-
gles. To investigate the dependence of the optical
properties of each circuit component on design pa-
rameters, arrays of circuits were fabricated, while
systematically varying waveguide length and bend
radii (Fig. 1a).
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Figure 1: (a) SEM of an array of multicom-
ponent plasmonic nano-circuits. (b, c) Optical
loaded Yagi antennas are optimized to couple a
highly focused, linearly polarized laser beam into
waveguides (d) that are covered with a cladding
layer of spin-on-glass. (e) Adiabatic tapers enable
low-loss transitions between low-loss and high-
confinement circuit sections. (f) The circuits are
fabricated of Au with e-beam lithography. Cross-
section cuts with a focused ion beam device (FIB),
(g) through the 300nm wide waveguide, (h) the
antenna connector and (i) the antenna with a min-
imum feature size of only 80nm display the sand-
wich of a substrate layer of silica, the 220nm thick
metal structures and the 320nm thick cladding
layer of spin-on-glass, which completely fills the
metal gaps.
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Spectral transmission measurements of each cir-
cuit were taken on an optical far-field excitation
and imaging setup15 with a 4W supercontinuum
light source, spectrally filtered to λ = 1200 −
1850nm at 5nm FWHM with an acousto opti-
cal tunable filter (AOTF) (for sketch and details
see supplementary information). A collimated and
linearly polarized laser beam was focused by an
objective (NA = 0.9 dry respectively 1.3 oil im-
mersion) to a diffraction-limited spot (� < 2µm).
The sample was positioned with 5nm resolution
on a stabilized piezo stage (PI) to couple maxi-
mum power into the optical antennas (Fig. 1b).

The whole circuit was simultaneously imaged
with 150× or 300× magnification through the ex-
citation objective, a polarization filter and NIR
imaging optics on an infrared InGaAs CCD cam-
era (Xenics XS, 320×256 pixels). With this setup,
the linearly polarized emission from output anten-
nas, turned by 90◦ with respect to the input antenna
(Fig. 1a), was imaged with enhanced dynamic
range by suppressing the back-reflection from the
incident beam with a ratio of up to 10,000.

Absolute circuit transmission values were deter-
mined by normalizing with the spectral reflectiv-
ity of a silica-air interface on the same sample (see
supplementary information for details). With addi-
tional Fourier imaging, the polarization dependent
angular emission pattern of the antennas was ana-
lyzed.

For any application, including probing the cir-
cuit properties presented here, light has to be
coupled into and out of the guided mode of the
plasmonic waveguide with highest possible power
conversion efficiency.2 Plasmonic antennas are
best suited to fulfill this task for exciting channel
plasmons from freespace.16,17

The concept of optical antennas has already
been successfully transferred from well-proven ra-
diofrequency technology to the optical and near-
infrared with a resulting antenna size in the µm
range.18–20 Here we apply the macroscopic de-
sign concept of Yagi-Uda antennas9 in the near
infrared21–25 and connect them to feed the plas-
monic circuits.

For the investigated antennas, the feed element,
an approximately 1µm long, 100nm wide, split Au
rod, is centrally illuminated with a focused laser
beam (� < 2µm) that is polarized parallel to the
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Figure 2: (a) The plasmonic circuits are analyzed
as a sequence of black boxes, each with a char-
acteristic, spectral transmission T (λ ), absorption
loss A(λ ) and reflection coefficient R(λ ) towards
the waveguide. (b) Experimentally determined
lower bound for the spectral efficiency of the Yagi
antennas Tant(λ ) reaching a spectral peak value of
60% of intensity to couple the bound mode inside
the waveguide out into air (15%) and silica (45%),
respectively from a focused beam into the waveg-
uide. The antenna efficiency was determined by
fitting measured data with a Lorentzian line shape
and separating loss effects. The shaded areas indi-
cate ±σ error bands.

3



θ

20°

30°
40°
50°
60°φ

20°

30°
40°
50°
60°

θ

φM
ea

su
re

d 
an

gu
la

r e
m

itt
ed

 in
t. 

in
to

 s
ub

st
ra

te

20°

30°
40°
50°
60°

0

0.5

1
θ

FD
TD

, f
ar

 fi
el

d 
tra

ns
fo

rm
ed

 |E
|2  i

nt
o 

su
bs

tra
te

0

0.5

1

FD
TD

, f
ar

 fi
el

d 
tra

ns
fo

rm
ed

 |E
|2  i

nt
o 

ai
r

0

0.5

1

M
ea

su
re

d 
an

gu
la

r e
m

itt
ed

 in
t. 

in
to

 a
ira   to air b c

d   to substrate e f

20°

30°
40°
50°
60°

θ

0

0.5

1

φ

θ

φ

φ

θ

φ

Figure 3: A narrow and strongly linear polarized angular emission directionality of the Yagi antenna at
λ = 1550nm (a,b,c) into air and (d,e,f) into the silica substrate was measured experimentally by Fourier
plane imaging of the antenna emission during excitation with (b) an objective of NA = 0.9 and (e) an
immersion objective of NA = 1.3. The maximum azimuthal emission cone of 30◦ is in accordance with
the 3D FDTD simulation of the same structure into (c) air and (f) silica.

antenna arms (Fig. 1b,c). This element is driven
at its resonance frequency and feeds the 300nm
wide SPP channel waveguide. An additional non-
resonant Yagi-reflector element is placed in a dis-
tance of 600nm to the feed element to construc-
tively reflect the electromagnetic field back into
the waveguide, thus enhancing the in-coupling ef-
ficiency.

Our whole design was developed using an itera-
tive particle-swarm-optimization algorithm based
on full 3D FDTD simulations while taking into
account the limitations of fabrication and real op-
tical material parameters as determined with el-
lipsometry. As it was found that in-coupling ef-
ficiency increases with decreasing size of the an-
tenna gap21, we limited the antenna gap dimen-
sion to 80 nm based on fabrication limitations.
A taper was added to connect the antenna with
a 300-nm-wide low-loss waveguide to minimize
impedance mismatch and back reflections.

To simplify the experimental analysis of our
circuits we attributed lumped properties to each
element (Fig. 2a).1 The antennas were assigned
a characteristic spectral transmission Tant(λ ) =

Pwg(λ )/Pfreespace(λ ) that represents the ratio of
power, which is converted into the waveguide
mode for a specific wavelength, a spectral absorp-
tion Aant(λ ) due to Ohmic losses and a reflectiv-
ity Rant(λ ) at the antenna-waveguide connection
caused by residual impedance mismatch1,17.

For the waveguides we assigned a length-
dependent transmission Twg(λ ,L) = 1e−L/L0

which is quantified in terms of the propagation
length L0 of their supported SPPs. Hence, L0 is
separated by multiple measurements over a sys-
tematic variation of the waveguide length L. In
applying this model to our experiments, we fur-
thermore assume that in- and out-coupling an-
tennas had similar, inversion-invariant properties.
This is a reasonable approximation as we inject
and extract light using the same objective. Hence,
the total system transmission is given by

Ttot(λ ) = Tant1(λ )Twg(λ )Tant2(λ )
= Tant(λ )2Twg(λ ).

We experimentally measured the spectral system
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transmission Ttot(λ ) in the range of λ = 1200−
1850nm in steps of 5nm, coupling in and out
of the circuit from air or through the silica sub-
strate. An ensemble of 20 (5× 5) different plas-
monic nano-circuits was characterized (Fig. 1a),
repeated on 4 different samples with the same fab-
rication settings. Each parameter variation ensem-
ble contained circuits with different total waveg-
uide lengths (L = 12.28−42.28µm) and different
radii (R = 1−4µm) for the 90◦ bend that turns the
waveguide mode polarization for the emitting an-
tenna.

A systematic analysis of the bend loss over ra-
dius demonstrated that bends with R = 3,4µm of-
fer negligible additional loss compared to the lin-
ear waveguide propagation loss, which is compre-
hensible since the modal effective wavelength dif-
ference for those radii is negligible compared to
straight waveguides. Hence, we focused our anal-
ysis to circuits with a 3µm bend radius.

Based on this finding, we fitted the transmissions
of the circuits with an iterative two-dimensional
least-square fit over the independent variables,
wavelength and waveguide length. The antenna
transmission was modeled assuming a Lorentzian
spectral broadening response,

Tant =
T max

ant

1+((λ −λ0)/γ)2 .

Under the assumption that dispersive effects of
the in- and outcoupling are solely caused by the
antenna resonance, we find that the peak wave-
length λ0 and linewidth γ are independent of the
excitation, whereas the maximum antenna effi-
ciency T max

ant is higher for excitation from and
emission into the substrate than into air due to
the refractive index asymmetry of the structure,
nsubstrate ≈ 1.44 > nair = 1.

From this fit the spectral propagation length
L0(λ ) (Fig. 5a, blue curve) and the spectral an-
tenna transmission Tant(λ ) were determined over
all measurements and circuits (few circuits with
obvious fabrication errors were excluded from the
evaluation). The fit error (standard deviation σ ),
therefore includes statistical errors of both the
measurement and fabrication (Fig. 2b). The de-
termined antenna efficiency is a lower limit, as we
might not have eliminated all possible sources of

losses in the circuit.
The antenna transmission peaks at λmax =

1530nm with a spectral width of γ = 244nm, cor-
responding to a FWHM = 488nm. The spectral
peak efficiency of the antennas is T max

ant,air = 15±1%
from air and T max

ant,substr = 45± 2% from the sub-
strate with minimum statistical error around the
peak and increasing error towards the measure-
ment limits of λ = 1200nm and λ = 1850nm,
where the absolute circuit transmission and the
InGaAs camera efficiency decrease.

Keeping the initial assumption that the antenna
properties obey optical inversion symmetry, the
total antenna efficiency, giving the total emission
into air and silica, can be spectrally summated to
be T max

ant,tot = 60± 3%, the highest power transmis-
sion for a waveguide loaded optical antenna, re-
ported to date.
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Figure 4: (a) SEM of a Yagi antenna that was
illuminated with a highly focused beam through
the substrate and (b) scanned with an aperture
near field optical microscope (NSOM) through the
300nm thin layer of cladding SiO2. Strong en-
hancement of the spatial near-field distribution is
visible around the antenna and the Yagi reflector.
The reflector suppresses emission of the antenna
away from the waveguide and couples the electro-
magnetic wave into the SPP channel waveguide
with only slight emission towards the cladding.
(c) Electric field distribution (|E|2) in the structure
plane of the optimized antenna geometry from a
full 3D FDTD simulation in the same configura-
tion as the measurement.

Validity of the applied transmission analysis is
based on the hypothesis that the objective collects
all light that is emitted from the Yagi antennas
and that a good overlap of the focused exciting
beam and the angular emission directionality is
achieved.
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To verify this assumption, the antenna was
excited from air (Fig. 3a) and from substrate
(Fig. 3d), while the far-field emission of the an-
tenna was imaged into the excitation direction
(Figs. 3b,e) in the Fourier plane and compared to
the angular emission spectrum obtained from 3D
FDTD simulation with the same geometry param-
eters and excitation (Figs. 3c,f).

In experiment and simulation the antenna emits
with strong directionality within a polar angle cone
of θ ≤ 40◦, which is remarkably narrow17,23 and
completely covered by the NA of our objectives
(NA= 0.9 from air and 1.3 immersion from silica).
Hence, radiative losses seem to play a minor role
in our measurements.

However, the guided field in a waveguide cannot
be directly measured in the far-field, with the only
limited information coming from slight scattering
of impurities in strongly overexposed leakage mi-
croscopy (see supplementary). Therefore aperture
near-field scanning optical microscopy (NSOM)
was used to image the antennas and waveguides
(Fig. 4a) directly.

The field distribution of the focused beam at the
antenna, as predicted by 3D FDTD simulations
(Fig. 4c), leads to a distortion of the incident beam
in the area between the antenna feed element and
the reflector (Fig. 4b). No propagating waves are
visible along the surface of the sample away from
the antenna, demonstrating the efficiency of the
Yagi reflector. We note that the evanescent field of
the guided mode inside the waveguide is still pos-
sible to image through the 320 nm thick cladding
layer, which is an advantage for probing the oper-
ation of the nano-circuit dynamics.

Embedded SPP channel waveguides feature a
characteristic propagation length and effective re-
fractive index. In particular the latter property
is important for potential applications as it deter-
mines the phase velocity, but it is usually diffi-
cult to measure, as phase information is lost when
measuring emitted intensities. From transmission
measurements on circuits with short waveguides,
we found spectral oscillations on the total trans-
mission with maximum amplitude at the antenna
resonance, which correspond to Fabry-Pérot reso-
nances, allowing us to probe the mode index of the
waveguides.

For the shortest waveguides (L = 14.28µm), the
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Figure 5: (a) The 300nm wide and 220nm
deep embedded SPP channel waveguides offer
remarkably low loss with a propagation length
of P0/e(λ = 1550nm) = 34µm. Propagation
length and dispersion (blue curve) were deter-
mined by iterative fitting to the experimental spec-
tral circuit transmission for series of different
waveguide lengths. The effective refractive in-
dex of the SPP mode was determined as neff(λ =
1550nm) = 1.54 with flat dispersion, by (b) iter-
ative fitting of a Fabry-Pérot oscillator model the
experimental spectral transmission (see Fig. 3a).
The shown pronounced oscillations (red dots) are
caused by slight back-reflections of the wave in-
side the waveguide from the antennas in circuits
with 12.28µm length.
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spectral oscillations are very distinct (Fig. 5b).
The lumped circuit transmission model (Fig. 2a)
allows us to treat the circuit as a Fabry-Pérot res-
onator defined by a channel waveguide of length L
and mirrors formed by the antennas, due to imper-
fect antenna impedance-matching.

This model was fitted to the spectral sys-
tem transmission, taking the already determined
waveguide loss (Fig. 5a, blue curve) and the an-
tenna efficiency into account. Hence, the ef-
fective refractive index of the waveguide mode
(Fig. 5a, green curve) was determined to be
neff ≈ 1.54 at λ0 = 1550nm with low spectral
dispersion, a value which coincides well with the
expected guided mode effective index from FDTD
calculations. Simulated modal field distributions
(Fig. 5a, insets) indicate decreasing confinement
and increasing field-overlap with the dielectric for
longer wavelengths,26 thus explaining the exper-
imentally observed decrease in propagation loss
for these wavelengths (Fig. 5a, blue curve).

We integrated the developed Yagi antennas
and waveguides with optical directional couplers
(ODC) in the developed nano-plasmonic circuit
platform, demonstrating the functional applica-
tion of sub-diffraction plasmonics as ultra-short
coupling length devices.

ODCs have been a standard component in
macroscopic integrated and fiber optics for several
decades11. They allow for defined, dispersion-
engineered transfer of power from one waveguide
(bar) to a second waveguide (cross) by evanes-
cent coupling of the field of the guided modes,
which can be well described with coupled-mode-
theory.10 The coupling-ratio Icross/Ibar can be
tuned with the length of the coupler. In the inves-
tigated nano-circuits, two embedded SPP waveg-
uides run in parallel for up to 12µm (Fig. 6b).

3D FDTD simulations of the ODC (Fig. 6a)
clearly show that with thin metal filaments be-
tween the two waveguides the investigated geom-
etry features coupling lengths Lc for a first full
power transfer from bar to cross down to few mi-
crometers.

Feed (Fig. 6b, red) and probe antennas
(Fig. 6b, green) and an additional fourth an-
tenna for monitoring internal back-reflections
(Fig. 6b, blue) are connected to the different ports
of the ODC. As before, the emission antennas are
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out cross

out ref
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Figure 6: (a) Two embedded SPP channel waveg-
uides in close vicinity exchange energy and form
an optical directional coupler (ODC) with a sub-
wavelength length Lc = 2.46µm for full transfer of
the displayed power flow from waveguide bar to
cross (in-plane cross section of a 3D FDTD with
the experimental geometry). (b) For full spectral
characterization of this passive SPP component,
it was integrated into a nano-circuit and probed
with 4 Yagi antennas, one to couple in (red), two
emitting in crossed polarization to observe cross
and bar (green) and one to monitor internal reflec-
tions (blue). (c) The ODC parameters, length and
waveguide separation were varied systematically.
(d, e) The thinnest separation is formed by an only
50nm wide, 220nm deep filament of Au, running
uniformly over a length of up to 12µm. (f) At the
beginning and the end of the ODC the waveguides
approach with a smooth, adiabatic bend that al-
ready causes significant coupling.
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all turned by 90◦, radiating with a linear polariza-
tion perpendicular to the excitation antenna. The
length of the couplers was varied in an array of op-
tical circuits (Fig. 6c) from L = 0−12µm in 3µm
steps in one direction, while the nominal width
of the filament that separates the waveguides was
varied from w = 50− 90nm in 10nm steps in the
other.

Even the smallest, 50nm thin metal filaments
(aspect ratio 4.4 for a 220nm metal film) demon-
strated good fabrication fidelity over the entire
12µm length of the longest couplers (Figs. 6d,e).
To enable smooth transitions, the cross waveguide
approaches the bar waveguide in a 90◦ bend with
a radius of R = 3µm, which for the single waveg-
uide circuits showed negligible bend loss. Fabrica-
tion was consistently reproducible with 4 different
samples.

As for the basic straight waveguide system,
the directional coupler was spectrally probed and
modeled with a slightly more elaborate lumped
circuit model (Fig. 7a) in which the previously
investigated Yagi antennas are connected to the
directional coupler with a characteristic spectral
transmission Twg(λ ,L) and coupling length Lc(λ ).
Each circuit was probed at λ0 = 1550nm, while
two clearly distinct emission spots from the cross
and bar antenna were separately integrate and the
total system transmission was monitored similar as
for the single waveguide circuits (Fig. 7e, see sup-
plementary for details).

We note that the resulting power ratio is in-
trinsically robust to variations of the coupling ef-
ficiency into the circuit as those variations sim-
ply lead to a linear scaling of the emission from
both monitor antennas. Coupled mode theory pre-
dicts a power exchange between the waveguides
in analogy to two weakly coupled damped har-
monic oscillators.10 An iterative least-square fit of
this model was applied to the measured cross- and
bar- emission, while being careful to avoid numer-
ical divergences and ensuring equal weighting of
all emission ratios (see supplementary information
for details).

Following this fit routine, we obtained a re-
producible coupling length of only Lc = 2.46±
0.04µm for the thinnest filament width of 50nm.
This fit, as a second free parameter, determines an
additional equivalent length Lbend = 1.7±0.07µm

of the coupler that is caused by the transition into
and out of the straight coupling region by 90◦

bends (Fig. 6).
Hence, even ODCs with a parallel coupler length

of L = 0µm demonstrated significant coupling of
the guided plasmon from the bar waveguide over
to the cross waveguide. Furthermore, direct com-
parison of experimental and FDTD results demon-
strate that the fabricated filament widths are ef-
fectively a bit smaller than expected, which is
reasonable since the metal side-walls are inclined
≈ 15◦ from the vertical, as is evident from SEM
cross-sectional images of the fabricated device
(Figs. 1g,h,i).

Consequently, ODCs simulated with a rectan-
gular filament of 40nm width (Fig. 6a) had the
same coupling length as real couplers consisting
of 50nm angled filaments. A complete ODC de-
vice can therefore be integrated into an unprece-
dentedly small area,11,27,28 while maintaining rea-
sonably low loss (Fig. 5a, blue), therefore achiev-
ing a single coupling length system transmission
of 0.93, respectively a loss of −0.31dB.

The dispersion of directional couplers is utilized
in many compact wavelength division multiplex-
ing (WDM) systems10 as it allows for low-loss
wavelength division. Probing the spectral trans-
mission of the investigated ODC circuits reveals
a pronounced wavelength-dependence. We char-
acterized different ODCs spectrally in a range of
λ0 = 1250−1850nm. Starting with λ0 = 1550nm,
the ODCs with a filament width of 70nm and
length of L = 10µm (Fig. 7b) operating with sev-
eral full coupling lengths demonstrated a well-
balanced output with Icross/Ibar ≈ 1 (Fig. 7e).

Then, by sweeping the wavelength, we observed
full switching between cross (Fig. 7d) and bar
(Fig. 7f) in going from short to long wavelengths,
leading to a 30dB wavelength discrimination be-
tween 1450nm and 1650nm (see supplementary
information for a video demonstrating spectral
switching).

The whole device features a footprint of only
5×10µm2 and could easily be stacked to form an
arrayed WDM, enabling even more narrow wave-
length discrimination within little more space. The
size is extremely compact compared to current di-
electric integrated WDMs requiring millimeter di-
mensions.6
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Figure 7: (a) Schematic diagram and (b) SEM of
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tennas (red in, green out, black reflection refer-
ence) and a directional coupler (coupler length L=
10µm), designed for several full coupling cycles
at λ = 1550nm. It shows strong spectral disper-
sion of the coupling length Lc(λ ). (c) This leads
to full switching of the power from output channel
cross to bar (green), clearly visible in the optical
emission images for (d) 1440nm, (e) 1550nm and
(f) 1720nm, resulting in a 30dB wavelength dis-
crimination between 1450nm and 1650nm, while
back-reflections (black) are negligible.

The strong dispersion of the coupling is dom-
inated by the frequency dependent dielectric con-
stant of the Au as the field-penetration into the thin
metallic filament between the waveguide is deep.

Thus, inside the ODC the total metal-field
overlap is large compared to the single waveg-
uide where the metal-dispersion does not influ-
ence the effective index of the mode considerably
(Fig. 5a, green curve). However, the low disper-
sion is a desired property for the waveguides as is
the high dispersion of the couplers for reducing the
effective size of the ODC.

In conclusion, we have demonstrated a highly
reproducible design scheme for plasmonic nano-
circuitry that combines the high confinement and
dispersive properties of plasmonics28 together
with the low loss and high coupling efficiencies
of Yagi-Uda antennas. For the first time, loaded
optical Yagi antennas are used to reduce insertion
loss and couple light with a high total efficiency of
60% (15% from air, 45% from substrate) into and
out of plasmonic nano-circuits.

Furthermore, this platform is used to demon-
strate the operation of embedded SPP based ODCs
with extraordinarily short coupling length. The
ODCs feature low transmission loss and compete
well with other, e.g. Si integrated circuitry com-
ponents6,27 in terms of coupling-length-over-loss
ratio while being superior in overall compactness.

Distinct spectral switching is observed, thus al-
lowing down-scaling of wavelength division mul-
tiplexing from the millimeter to the micrometer
range. Additionally, we note that other nano-
plasmonic circuitry components can easily be
transferred to the Yagi-Uda loaded embedded plas-
monic waveguide platform, leading a path towards
highly integrated, spectrally functional plasmonic
chips like resonant guided wave networks29 or on-
chip detectors,12 ideally with no need for subse-
quent intersections5,7,8 between different types of
waveguides.
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Optical setup for far-field char-
acterization
The nano-circuits were positioned with 5 nm xyz
precision with a piezo scanning system (Physik In-
strumente, PI) and optically characterized with a
custom-made optical setup (1) that follows the de-
sign published by Banzer et al.1

3D-piezo stage
Nano antenna

NPBS

Objective NA=1.3

Ref. diode

Super Continuum
Light Source

IR cam

Polarizer 1

Polarizer 2
Lens (total mag. = 150x)

Spectral Filter

Fourier optics
5 µm

Figure 1: The experimental setup to probe the po-
larization dependent spectral emission of a nano-
plasmonic circuit in real and Fourier space for
a broad spectral range λ = 1200nm to 1850nm.
Inset: The emission from the antenna through
crossed polarizers.

The collimated beam from a supercontin-

∗To whom correspondence should be addressed
†FAU and MPL
‡Caltech

uum light source is spectrally filtered by a pro-
grammed acousto-optic tunable filter (operated
at λ = 1200− 1850nm) (NKT Koheras, SuperK
Extreme) and is subsequently directed through a
polarization filter (1) and a non-polarizing beam
splitter (NPBS), that directs 50% of the power to
a reference diode (InGaAs). The main beam is
focused with a high NA objective (NA = 0.9 from
air and NA = 1.3 immersion, from substrate) that
was carefully characterized to preserve the polar-
ization properties of the laser beam. The diameter
of the collimated beam was carefully measured
(FWHM = 1.6mm) with an InGaAs camera and
the effective numeric aperture of the experimental
focal spot was determined for all subsequent eval-
uation steps. The focus of the objective is adjusted
on the investigated excitation nano-antenna.

At the same time, the objective images the com-
plete nano-circuit, including the emission from the
other antennas. The collimated beam, carrying
the image, is polarization filtered (polarizer 2) and
passes imaging optics to form a real image on an
InGaAs NIR CCD camera (Xenics XS, 320 x 256
pixels). The setup features a variable magnifica-
tion factor (150x, 300x) and an additional, switch-
able focusing unit to allow for Fourier plane imag-
ing.

By adjusting the polarization filter (2) perpen-
dicular to polarization filter (1), the reflection of
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the incident beam is mostly cancelled in the im-
age (1 : 5000− 1 : 10000 extinction ratio) and the
emission from the monitor antennas of the circuit,
which are 90◦ turned with respect to the excitation
antenna, can be measured with exceptionally high
aspect ratio and dynamic range. However, con-
version of field components in the highly focused
beam into the perpendicular polarization causes a
characteristic four-lobe-pattern that remains intact
even when the incident beam is focused on an an-
tenna with no fabrication errors (1 inset). This
four-lobe pattern is visible in all measurements at
the position of the incoupling antenna (Fig. 7d,e,f
of the letter).

The absolute transmission of the nano-circuits
was determined by normalization with the known
reflectivity of the sample substrate. The spot inten-
sity of the monitor antennas (Fig. 7b of the letter,
green circles) was integrated. For each measure-
ment picture for a certain wavelength and circuit,
a reference image was taken, featuring the pure re-
flection of the four-lobe pattern on the substrate.
Quasi-analytically, the reflectivity of a silica-to-air
interface was calculated by developing a focused
Gaussian beam with the correct NA into plane
waves, taking into account the crossed second po-
larization filter.

Possible fluctuations of the probe laser between
the main and the reference measurement are elim-
inated with the reference diode (1). This method
of absolute normalization eliminates sources for
additional measurement errors and cancels disper-
sion and loss of the optical setup.

Leakage microscopy
The guided mode of the waveguides does intrin-
sically not emit into the far-field. However, ev-
ery waveguide has slight imperfections. Utiliz-
ing the high dynamic range of the optial far-field
setup, it is possible to image the plasmonic nano-
circuit with leakage-microscopy. Highly overex-
posed (> 300×saturation intensity) images of a
circuit, featuring a directional coupler (ODC) in
a direct overlay with an SEM of the same structure
show beating patterns inside the waveguides and
the coupler.

However, for this high exposure, even the ref-
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Figure 2: Leakage microscopy of the emission
from a nanocircuit with a directional coupler in
the configuration with crossed polarizers (5000 ≤
suppression ≤ 10000). Highly (> 300× satura-
tion intensity) overexposed, this real-plane image
shows strongly saturated emission from the inci-
dent (top) and monitor (left, right) antennas.
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erence antenna (compare to Fig. 7b, blue) shows
some emission. The slight scattering at the lower
edge of the circuit metal pad indicates that slight
residual bend loss is due to the conversion into pla-
nar SPPs. These subsequently propagate along the
metal surface, are scattered out at the lower edge
and detected with very high efficiency due to their
polarization being parallel to the emission polar-
ization of the monitor antennas.

Near Field Optical Scanning Mi-
croscope
The near field scanning optical microscopy
(NSOM) measurements (Fig. 4b) were taken with
a custom made setup for polarization-adjusted
coupling into the optical antennas, based on a
modified commercial fiber aperture NSOM sys-
tem (Nanonics MV 4000).

With tapping, phase-controlled AFM feedback,
a Ø ≈ 270nm Au/Cr coated, FIB processed fiber
aperture tip was raster-scanned across the area
around the antenna (10×10µm) with 40 nm lateral
scan resolution. The near-field, collected from the
structure and converted into a propagating mode
of an optical fiber, was detected with a high sensi-
tivity, highly amplified InGaAs diode detector.

To reveal the guided mode inside the connected
waveguide the scanned intensity is displayed with
log-scale and saturation at the beam position was
accepted. The plane of scanning is leveled 320
nm above the upper metal boundary due to the
cladding spin-on glass (SOG) layer, which in the
topography channel of the NSOM still showed
smoothed variations of height within ∆z ≈ 20nm
that are caused by the underlying ∆z≈ 220nm to-
pography of the metal structures. In this measure-
ment already little maladjustment of the laser fo-
cus leads to slight diffraction artifacts towards the
metal surface. To ensure precise adjustment, dur-
ing the scan also the reflected light from the an-
tenna was collected through the excitation optical
pathway and monitored to quantify the distortion
of the reflected signal by the scanning NSOM tip.

Additional measurements showed low additional
loss from waveguide bends with at least R = 3µm
bend radius (Fig. S2b), which coincides well with
the far-field circuit characterization that indicated

these bends to be applicable with negligible ad-
ditional loss compared to the straight waveguide
propagation loss.

Fitting the circuit transmission
with a lossy Fabry-Pérot model
Based on the lumped network circuit model2 (Fig.
7a) the nano-circuit was treated as a Fabry-Pérot
resonator to determine waveguide and antenna
properties in one iterative least-square fit over the
independent variables wavelength and waveguide
length. The fitted model is based on the transmis-
sion of a Fabry-Pérot resonator with loss in the res-
onator and at the mirrors, which has length L and
a characteristic wave number k

TFPR =
Tant

1+Γsin2(kL)
,

where Tant represents the efficiency of the anten-
nas to couple the focused laser beam into the FPR
cavity, respectively out of it. The antennas are as-
sumed to experience Lorentzian broadening due to
plasmonic loss:

Tant =
T max

ant

1+
(

λ−λ0
γ

)2 .

Γ determines the inverse line width that can be
expressed in terms of the reflectivity R = Rin =
Rout of the resonator mirrors, which is caused by
imperfect impedance matching between the opti-
cal antennas and the waveguides

Γ =
4Re−αL

(1−Re−αL)2 .

The antenna efficiency curve and the antenna
loss curve are caused by the same loss mecha-
nism. Hence, the reflectivity of the antenna res-
onator mirrors can be described as

R = 1−Tant−Aant

= 1− T max
ant +Amax

ant

1+
(

λ−λ0
γ

)2

where, according to the applied model, Aant rep-
resents the absorption inside the antenna with A =
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1−T −R. With an iterative fit of this model to the
experimental circuit transmission values, the spec-
tral propagation length L0, the effective index of
the guided mode ( neff = kλ0/(2π) ), the antenna
efficiency T max

ant , the central wavelength λ0 and an-
tenna linewidth FWHM = 2γ are determined as
free parameters. There may be additional sources
for loss, which we are not able to systematically
determine.

We can however determine an upper bound for
the loss A≤ 1−Tmin−R, which effectively makes
Tant(λ ) a lower bound for the spectral transmission
efficiency of the antennas to convert light from
the far field into the waveguide and vice versa.
Error propagation was applied to all determined
free variables T max

ant ,γ,λ0,L0,neff, based on the er-
ror bounds from the iterative fit over several mea-
surements and different fabricated structures. The
determined values for the standard deviation σ , as
indicated in Fig. 2b, 5a and 5b therefore include
statistical errors of fabrication and measurement.

Fitting the optical directional
coupler transmission model
The directional couplers are well described with
coupled mode theory. The coupling length Lc for
periodic full transfer of the power from one waveg-
uide to the other was determined by fitting this
model to experimental data over a variation of the
parallel length of the couplers L = 0,3,6,9,12µm.
The system is well described as a weakly cou-
pled system of two harmonic oscillators, exchang-
ing energy proportional to the coupling constant κ .
The intensity out of the waveguides bar and cross
after an ODC of length L is given by

Ibar = cos2(κL) and Icross = sin2(κL)

and the coupling length can be expressed as
Lc = π/2κ . We used the ratio of the integrated
emission from both spots of the monitor antennas
(Fig. 7b green, compare Fig. 7 d,e,f)) Icross/Ibar
as it is intrinsically more robust to measurement
error and even slight maladjustments of the excit-
ing laser beam. However, Icross/Ibar = tan2(κL)
diverges and is unsuitable for iterative least-square
fitting. A more suitable approach was chosen by
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Figure 3: The experimental coupling ratio of 8
nano-circuits with directional couplers of varied
straight length L (all w = 50nm) is converted to
the periodic coupling phase (red dots) and is iter-
atively fitted with coupled mode theory. Fit result
(blue curve) and 90% confidence intervals (blue
shaded).

fitting the non-diverging coupling phase, which is
as well periodic with full coupling lengths:

ϕ(L) = arctan
(

Icross

Ibar

)

=

∣∣∣∣
[

π
L−Lbend

2Lc

]π

mod
− π

2

∣∣∣∣

This expression allows for a fit over a variation
of the length of the coupler L. Lbend represents an
additional offset, which is caused by coupling that
already occurs in the bends where cross and bar
waveguides approach with a radius of R = 3µm.
This bend-coupling is expressed in terms of an ex-
tra virtual length of the coupler and leads to sig-
nificant transfer of energy even in the case of zero
straight parallel length of the ODC (L = 0).

The investigated circuits with the lengths avail-
able already cycle through several full coupling
lengths. The ODCs with the most narrow fila-
ment (w= 50nm) resulted in the best fits with least
statistical fabrication and measurement deviations
and the shortest coupling length, as displayed in
Fig. S3. In this case eight measurements on dif-
ferent fabricated circuits were combined. The re-
sulting fit is displayed with 90% prediction bands
and gave Lc = 2.46±0.04µm coupling length and
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Lbend = 1.7± 0.07 µm equivalent coupler length
of the bend. The indicated error margins take ac-
count for statistical errors, not potential systematic
errors that might not have been possible to deter-
mine with the applied methods.

Simulation with FDTD and par-
ticle swarm optimization (PSO)
The antennas, waveguides and couplers were sim-
ulated with a 2D and full 3D Finite Difference
Time Domain solver (Lumerical FDTD Solu-
tions). For design purposes, literature values from
Johnson and Christy3 were used as material pa-
rameters. After first fabricated structures were ex-
perimentally characterized, the simulations were
repeated with the ellipsometrically determined di-
electric susceptibility of Au, which turned out to
be close to the initially used literature values in
the real part of the dielectric susceptibility, but de-
viated up to a factor of 1.5 in the imaginary part.

In the simulations, the antenna was excited with
a highly focused Gaussian beam with the same
beam properties as determined for the experiment
with the objectives in use (NA = 0.9 from air and
NA = 1.3 from silica). Its emission directionality
and efficiency were analyzed in reverse configu-
ration, exciting the guided mode inside the SPP
gap waveguide with a mode solver and observing
the emission with appropriate frequency domain
ports. The more narrow resulting angular direc-
tivity of the such optimized antennas was experi-
mentally taken into account by adjusting the col-
limated beam diameter to slightly reduce the nu-
meric aperture and was characterized as described
in section 1.

The supplementary video shows the electric field
|E|2 in time domain, as a focused beam (NA= 0.9)
impinges the optimized geometry of a Yagi-Uda
nano-antenna and is converted into a guided mode,
propagating along the waveguide.

Instrumentation
All investigated nano-circuits were fabricated
with a lift-off patterning process as described
in the main article. A 100 kV Leica EBPG-

5000+ system with pattern generator transferred
the nano-circuit designs to the resist. Standard
procedures for development, lift-off and standard
manufacturer-recipes were used for the applica-
tion, baking and curing under N2 atmosphere of
the commercially available silsesquioxane spin-
on-glass (SOG) Filmtronics 400F. For cross-
sections, geometric characterization and fabrica-
tion optimization a Zeiss Dual Beam FIB sys-
tem and a FEI Nova-200 FIB system were used.
The laser for far-field and near-field measure-
ments was a NKT Photonics / Koheras SuperK
Extreme supercontinuum source with nominal
6W output power and subsequent NKT Koheras
acousto-optical tunable filters (AOTFs) for tun-
able wavelength-selection. A sensitive InGaAs
NIR camera (Xenics CS, 320× 256) pixels was
used for image acquisition of the light emitted
from the circuits.
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