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ABSTRACT Coupling plasmonics and silicon photonics is the best way to bridge the size gap between macroscopic optics and
nanodevices in general and especially nanoelectronic devices. We report on the realization of key blocks for future plasmonic planar
integrated optics, nano-optical couplers, and nanoslot waveguides that are compatible both with the silicon photonics and the CMOS
microelectronics. Copper-based devices provide for very efficient optical coupling, unexpectedly low propagation losses and a
broadband sub-50 nm optical confinement. The fabrication in a standard frontline microelectronic facilities hints broad possibilities
of hybrid opto-electronic very large scale integration.
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Being very compact,1-3 plasmonic waveguides should
provide for efficient optical coupling to truly nano-
scopic devices.4 They can guide both light and elec-

trical current. In addition, high optical confinement can
significantly decrease the threshold of nonlinear effects for
all-optical switching applications.5

To be widely used, the plasmonic technology should fulfill
three requirements. First, interfaces to the outside micro-
scopic world should be efficient. Accordingly, operation in
the near IR wavelength range (1.3-1.55 µm) and coupling
to standard single mode optical fiber is preferred. Second,
the small size of the unitary device is of no big benefit if the
plasmonic devices are not highly integrated with similar
devices or with electronic integrated circuits. Therefore,
planar-guided integration is obviously preferable. Finally, the
integration with silicon photonics6-8 and with electronics11

implies full technological compatibility with the mainstream
CMOS front end fabrication.

In this paper, we show that highly efficient plasmonic
waveguides and nonresonant optical couplers between me-
tallic and silicon optical waveguides can be achieved in a fully
CMOS-compatible way.

Single-mode silicon ridge waveguides with cross section
of 220 nm by 400 nm are now standard in silicon photonics.
Efficient coupling with standard optical fibres is readily
obtained using either grating9 or inverted taper couplers.10

Here we choose to explore metallic slotline waveguides
that can be traced back to the microwave domain12,13 in
the near-IR and to couple them to the standard silicon
ridge waveguides. The slotline configuration appears to
be the most promising since it can be fabricated using a
single lithography step. Compared to a stripline waveguide,
the optical field is strongly confined inside the slot with
very little outside spreading. The guiding side parts can
act as contact electrodes to implement opto-electrical
devices.14,15 Moreover, the slotline mode has the same
symmetry16,17 as the fundamental mode of the silicon
waveguide and the appropriate polarization.

Compared to the microwave domain, slotlines at optical
wavelengths are proportionally thicker. However their op-
eration still should be efficient in a very large wavelength
range. Simulations18 have predicted the mode sizes down
to 50 nm by 50 nm in the NIR domain with 10 µm of surface
plasmon propagation length for noble metals such as silver.

Because of much smaller size of the guided plasmonic
mode, butt coupling to the Si waveguides would have had a
prohibitively low efficiency. Nonresonant butt coupling was
shown numerically to be possible only for infinitely large
plasmonic waveguides and slab dielectric waveguides.19 For
transversely confining metallic waveguides, numerical mod-
eling suggested either narrow band resonant structures
similar to RF antennas or tapered mode adapters that are
however complex to fabricate.20,21

We choose here to use directional coupling22,23 between
Si and metallic slotline waveguides, both of constant cross
section. The principle of directional coupling between two
waveguides is widely known and used.24 The directional
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couplers are nonresonant and highly efficient despite fabri-
cation imperfections.

The plasmonic photonic hybrid structure studied in this
paper is shown in the Figure 1. It includes a plasmonic
slotline waveguide (Figure 1a-c) composed of two copper
strips separated with a nanoscale slot. The slotline waveguide
is in a close vicinity of an interrupted silicon ridge mono-
mode waveguide with two overlapping areas respectively for
front and back end coupling. The whole structure is embed-
ded in silica. The overlapping area in the direction of the
propagation defines the coupling length over which energy
power exchange between the two waveguides is expected
to occur.

In the overlapping area, the two coupled waveguides
form a superstructure (i.e., a waveguide composed of two
adjacent waveguides regarded as one) supporting two guided
supermodes (i.e., eigenmodes of the superstructure) of even
(e) and odd (o) symmetries. The supermodes result from the
coupling of the two primary original photonic and plasmonic
modes (Figure 2). The propagation constants of the super-
modes being different, the power exchange between the
WGs can be represented as a beating between these two
supermodes.

The overlap of the original guided modes and thus the
strength of their interaction can be represented through a
coupling constant (κ). The fraction of exchanged power and
the coupling length (Lc) are function of both the phase
velocity mismatch (δ) and the coupling constant. In a strong
coupling regime defined as (δ/κ , 1), short coupling length,
and high fraction of exchanged power can be achieved (see
Supporting Information).

The plasmonic couplers we build operate in the strong
coupling regime. The plasmonic mode is strongly confined
inside the slot, so in order to get strong optical coupling the
guides should be placed in a very close vicinity, typically
several tens of nanometers (Figure 2b), while keeping the
phase velocity mismatch as small as possible (δ ∼ 0).

It happens that in the strong coupling, each supermode
carries half of the total power, so that due to the interference
between the supermodes an almost total transfer of power
from one waveguide to another on the characteristic period
of 2Lc is expected (see Supporting Information).

The electrical field in the superstructure is illustrated in
the Figure 2c. An extremely short beating length of less than
one free-space wavelength (Lc ) 1 µm) combined with a high
coupling efficiency (75% of the electrical field amplitude)
confirm a strong coupling between the guided modes
(κ ) 1256 mm-1). This value has to be compared with this
of all-dielectric couplers25 (typ. Lc ) 100 µm).

We fabricated the devices in a 200 mm wafer CMOS front
end fabrication facility using 193 nm optical projection
lithography and metals that are non contaminant for the Si
microelectronics (see Supporting Information). All the ex-
perimental results reported in the present paper are obtained
with copper.

It is known that the roughness and the granularity of the
metals strongly impede the propagation of plasmonic
modes.26 To significantly improve the nanoscopic quality of
the metal surface in contact with the light field in the slotline,
a modified Damascene technology was developed. The
propagation losses should be strongly reduced compared to
those obtained with conventional lift-off, focused ion beam,

FIGURE 1. Hybrid optical chip. (a) Art picture of the hybrid optical chip showing the metallic slotline coupled to silicon ridge waveguides.
Slotline consists in two coplanar metallic strips spaced to form the dielectric slot. The metallic and silicon waveguides are vertically spaced.
Coupling occurs at the overlapping area. A diffraction grating is used to couple the light from an optical fiber to the silicon waveguide in the
spectral range of 1.3 to 1.6 µm. (b) Scanning electron micrograph of the input coupler. The coupling area underlined by the dashed line is
clearly identified due to the underneath silicon ribbon leading to higher secondary electron emission rate. Scale bar is 1 µm. (c) Scanning
electron micrograph of the coupler cross-section showing the adjacent copper and silicon waveguides vertically spaced by silica (typ. 30 nm).
Scale bar is 500 nm.
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or direct metal etching processes. Each fabricated device
includes a slotline metallic waveguide, two directional Si-to-
Cu couplers and two optical fiber grating couplers (Figure
1a). Please note that outside of the directional couplers
themselves, the silicon waveguide is absent under the slot-
line metallic waveguide and that the light can be guided only
by the slotline.

The transmission of the devices was measured around
the wavelength of 1.55 µm using both wide band superlu-
minescent light emitting diodes (SLED) and a laser, all
interfaced via monomode fibres. Since the metallic slotlines
support only TE polarized mode, we report only the mea-
surements for this polarization. The data were normalized
with respect to the transmission of a continuous 400 nm
wide silicon waveguide. For each device with a slotline, an
identical device but without a metallic slotline was fabricated
side by side with the former. The transmission of this second
device (i.e., a narrow Si WG cut in the middle by 6 µm),
corresponding to the case when no light is coupled to the
slotline, was very small, typically 2%. Nevertheless, it was
systematically retrenched from the transmission values.

The SLED measurements confirmed the wide nonreso-
nant spectral operation of the structures. The Figure 3b
shows the modulation of the monochromatic transmission

intensity as function of the coupling length between the
silicon and the copper slotline waveguides, for several widths
of silicon waveguide. The predictions from the codirectional
coupling model are used as a guide to the eye with the
dimensions taken as the dimensions targeted during the
fabrication processing. Experimental data (squares) confirm
the oscillatory shape of the efficiency versus overlapping
length predicted by the codirectional coupling model (solid
lines).

For the optimized configuration, very high “silicon-
slotline-silicon” transmissions of 50% or more have been
measured suggesting lower than expected propagative loss
of the plasmonic mode in the 6 µm long slotline. Such a value
is obtained for a Cu waveguide with a metal-silicon gap of
30 nm, overlapping by 0.9 µm the 400 nm wide Si waveguide
(Figure 1c). At the same time, the measured overall trans-
missions yield in at least 70% coupling efficiency of each
directional coupler (even if we consider zero loss of the Cu
slotline, which is not true). Such an efficient coupling is the
direct consequence of the strong coupling constant (κ )
1900 mm-1) between the plasmonic and the dielectric
waveguide modes. We explain the reasonably small discrep-
ancy between the model and the measurements that is
observed for the smallest coupling lengths (<1 µm) as a result

FIGURE 2. Proof of concept. (a) Schematic view of the guided modes in the hybrid structure. Propagation constant of the pure photonic and
plasmonic modes are respectively denoted (�a,b) in the uncoupled area. In the superstructure, (γe,o) respectively, denote the propagation
constant of the even and odd supermodes. Right: Simulated ex-electrical field amplitude of each supermode in a coupler formed for this
example by a silver slotline (25 × 50 nm2) and the silicon (w × 220 nm2). Incident wavelength is λ0 ) 1.55 µm and the scale bar is 200 nm.
(b) Modal analysis of the coupler. Propagation constant of both local (black curves) and supermodes (red and blue curves) are reported as
function of the silicon width (showing the velocity phase matching dependence) and for several spacing (showing the coupling strength
dependence). For the curves numbered 1 to 4, the spacing is varied from 50 to 200 nm, respectively. (c) Interference pattern of the electrical
field (square of the amplitude) resulting from the interaction of the even and odd supermodes in the superstructure at the phase velocity
matching condition. Period of modulation is denoted 2Lc and was found here to be 2.5 µm. A monochromatic source is used with λ0 ) 1.55
µm. Horizontal and vertical scale bars are respectively of 1 and 0.1 µm.
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of fabrication imperfections. Numerical simulations sup-
ported by our separate experiments suggest that the dis-
crepancy is decreased and the overall coupling is fairly
improved by finely tuning the separation between the two
waveguides.

The reported numbers have been obtained on a very large
number of tested couplers/waveguides. Example of statistics
realized on 575 optimized devices is shown on Supporting
Information Figure 1a. At the fixed wavelength of 1.55 µm,
30% of the tested devices exhibit a silicon-slotline-silicon
transmission above 40%. We assume that statistical disper-
sion is mainly due to the variation in the two waveguides
spacing as defined by chemical mechanical polishing. The
thickness of the silica spacer can vary from almost 0 to 50
nm over the entire 200 mm wafer.

To confirm the results of macroscopic characterisations,
we analyzed the operation of the couplers/guides combina-
tions at a wavelength scale using transmission-based near-
field scanning optical microscope operating at 1.55 µm.

The intensity of the optical near-field reported in the
Figure 4b clearly shows the surface plasmon polariton
supported by the metal-dielectric-metal interfaces inside
the slotline. Modulation of the intensity occurs with a period
of 420 nm, suggesting the reflection of the uncoupled light
at the ends of the slot in agreement with an effective index
of the surface plasmon of about 1.85. This very interesting

result underlines the low loss of the copper waveguide.
Optical and material properties of the high quality copper
film are currently further investigated. The signal related to
the photonic mode of the Si waveguide is weaker than that
of the Cu waveguide, as the silicon waveguide is embedded
much deeper into the silica. Our simulations of the tested
device (Figure 4c) predict that almost 60% of incident power
is transmitted to the output waveguide with monochromatic
source at 1.55 µm in agreement with experimental data
(Figure 3b, Supporting Information Figure S1a).

In conclusion, we have demonstrated highly efficient
plasmonic devices technologically compatible with both Si
photonics and Si electronics. The two most essential bricks
of plasmonic integrated optics (waveguide and coupler) were
integrated with traditional silicon photonic waveguides and
operated at the optical telecommunications wavelengths.
Slotline waveguides and couplers do potentially convey
both the light and the electrical current and can therefore
bridge the size gap between the nanodevices and the
macroscopic world represented by single-mode optical
fiber. The present demonstration enables more complex
integrated plasmonic devices as the already suggested
plasmonic based modulators14,27,29-32 and sources.7,28
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tions were made in the clean rooms of CEA LETI. This work

FIGURE 3. Coupler-slotline-coupler transmissions. (a) Schematic
view of the hybrid structure showing the device setup. (b) Normal-
ized transmission as function of the overlapping length and for
several silicon widths (400, 300, 200 nm). Experimental data
(squares) are normalized with respect to the transmission of a
continuous 400 nm wide silicon waveguide and the transmission
of structure identical with the studied one but without the copper
slotline (typ. 2%). The solid lines are guides to the eye corresponding
to the predictions of the coupled mode model added with potential
losses from the 6 µm copper slotline connecting the couplers (see
Supporting Information). On the top is reported a schematic cross
section of the photonic mode as function of the silicon waveguide
width. Laser source is λ0 ) 1.55 µm. The targeted slotline width is
100 nm.

FIGURE 4. Near-field characterization. (a) Scanning electron micro-
graph of a copper slotline showing the two coplanar copper strips
spaced by the silica slot. (b) Scanning atomic force micrograph of a
copper slotline coupled to the buried silicon (typ. 200 × 400 nm2)
waveguide. Coupling length is 0.9 µm. Metal-silicon gap is 30 nm
(Figure 1c). (c) Optical near-field micrograph clearly shows the
plasmonic mode confined in the slot. The two brightest regions
correspondtotheinputandoutputcouplingtothesiliconwaveguides.
Magnitude of the field oscillates along the propagation direction with
a period of 420 nm. The silicon waveguides are buried so their signal
is lower. (d) Numerical simulation (FDTD) of the tested device
showing the steady state of the energy density of the electrical field.
For both measurement and simulation a monochromatic source of
λ0 ) 1.55 µm was used. Scale bars are 1 µm.
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