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ABSTRACT

Plasmonic signal transmission via nanoscale plasmonic
waveguides is a new technique with the potential to
increase the information transfer capacity in silicon
integrated circuits (ICs). During propagation, surface
plasmon polaritons (SPPs) exhibit characteristics of a
lightwave whose transmission loss is mainly determined
by the collective oscillation of electrons. Using this
lightwave aspect of SPPs, information can be transmitted
using plasmonic signals and optical transmission circuits
and networks can be built at the micro/nanoscale. This
size scale correlates well with that of electronic circuits
comprising metal-oxide-semiconductor  field-effect
transistors (MOSFETS). In this article, the feasibility of
on-chip interconnects and other circuits were discussed
and confirmed on the basis of previously developed
plasmonic components.

The first example examined herein was a wavelength-
division-multiplexing circuit comprising a multiplexer
and demultiplexer (in 1310 and 1550 nm-wavelength
bands), discussed based on the experimental results for
each component. Multiplexed signals at the multiplexer
were guided into a single-mode waveguide, divided at the
demultiplexer and then passed to the electronic circuits.
The transmitted plasmonic signals were converted to
electric signals at the slits etched on the gate electrode,
thereby driving the MOSFET without photodetectors,
whereupon the MOSFET-amplified signals were
outputted to the electronic circuits. The second example
was coherent signal transmission via plasmonic circuits.
The signal transmission was performed using
micro/nanoscale plasmonic circuits in a manner similar to
those of optical fiber transmission systems. These
coherent signal transmissions via plasmonic signals were
experimentally confirmed, being detected and converted
to electric signals at the slits etched on the gate electrode
of the MOSFET and then outputted therefrom. These
experimental examples confirmed the feasibility of
plasmonic circuits integrated with MOSFETS.

In plasmonic circuits, signal transmission loss is generally
high compared to that of electric and lightwave signals.
Herein, it was numerically confirmed again that the
plasmonic signal transmission losses were lower than
those of electric signals transmitted in electric circuits for

plasmonic circuits not exceeding an area of a few hundred
square micrometers. The loss of lightwave signals (e.g.,
transmitted in silicon waveguides) was much lower than
those of plasmonic signals. However, as the waveguide
width approached the cut-off wavelength, the loss quickly
increased to be greater than that of plasmonic signals.
This work indicates that plasmonic circuits have an
advantage in nanoscale circuits. The circuits presented
herein are currently too primitive for actual silicon IC
applications, but are adequate to indicate the feasibility of
merging plasmonic circuits with silicon ICs.
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INTRODUCTION

Recently, high-speed on-chip interconnects have been
increasingly required to improve silicon integrated circuit
(IC) performances and to match the potentially enormous
information processing requirements. Optical techniques
offer solutions to improve IC performance, and optical
on-chip interconnects are being introduced into silicon
ICs, while silicon waveguides for lightwave signal
propagation are actively being developed to deal with the
huge amounts of information needed to be processed.
Among the possible optical techniques, a plasmonic
circuit using surface plasmon polaritons (SPPs) as the
signal is attractive because the resulting optical circuit can
be on a smaller scale than that of lightwave circuits [1]-
[5]. However, SPP signals are still comparatively
primitive and their transmission losses are normally
considered to be much higher than that of lightwaves.

Regarding transmission losses, we have previously
reported that plasmonic circuits via waveguides composed
of SiO stripes on a metal film (i.e., dielectric-loaded
surface plasmon (DLSP) waveguides)) exhibit relatively
low losses compared with electrical circuits if the
plasmonic circuits are less than a few hundred square
micrometers in area [6]. For plasmonic circuits merged
with silicon ICs, we have previously developed some
plasmonic waveguides and components such as a
plasmonic waveguide-integrated metal-oxide-
semiconductor field-effect transistor (MOSFET) [7], [8],
multiplexer [9], demultiplexer [10], crossing waveguide
[11], propagation speed controller [12], and half adder
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[13]. The propagation characteristics of plasmonic signals
along plasmonic waveguides have also been studied [6],
[14]. Based on these previously-developed plasmonic
components, this article reviews and discusses the
feasibility of plasmonic circuits merged with silicon ICs.
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Figure 1. Schematic diagram of SPPs and their
propagation.

CONCEPT OF PLASMONIC CIRCUITS

As shown in Figure 1, SPPs include electromagnetic
waves that propagate along the surface of a conductor
(i.e., metal and heavily doped semiconductor), where the
collective oscillation of electrons couples with the optical
field at the nanoscale beyond the diffraction limit of
propagating lightwaves. The SPPs have lightwave
characteristics, thus making available various techniques
developed in optical fiber transmission systems such as
wavelength-division-multiplexing and coherent detection
[15], [16]. To merge these plasmonic circuits with silicon
ICs, the following items are defined:

(1) The materials used were limited to silicon, silicon
oxide, and metals typically used in silicon ICs. For the
latter, though Al is typically used in silicon ICs, Au was
chosen here to exploit the stability of Au in the laboratory
atmosphere and because Al and Au circuit performances
are almost identical [6]. We note that Cu is also used in
silicon ICs but the transmission loss was excessive in Cu
waveguides because the SPP optical field deeply
penetrates the Cu surface in the 1300 and 1550 nm-
wavelength bands.

(2) The plasmonic waveguide and component structures
were simplified as much as possible. Thus, the
components were formed by combining only single- and
multi-mode waveguides. The circuits comprising these
components were fabricated simultaneously by patterning
a mesa structure into an SiO; film deposited on a metal
film, where the patterning was done using focused-ion-
beam etching. (Here, nanoimprint lithography will be
possible.) The waveguide formation process is shown in
Figure 2.

(3) The used wavelengths were set at 1300 and 1550 nm-
wavelength bands. These bands are transparent to silicon,
thus suppressing noise induced by plasmonic signal
absorption at any silicon parts. Further, these wavelength
bands are used commercially in public optical fiber
communication systems.
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Figure 2. Fabrication procedure of plasmonic waveguides
and components.

PLASMONIC WAVEGUIDES AND COMPONENTS
Single-mode waveguides were used as plasmonic
waveguides, and thus their widths were in a range
between 400 and 600 nm to facilitate low transmission
loss and ease of fabrication. The width can be further
reduced to a few tens of nanometers and plasmonic
signals can still propagate on such narrow waveguides.
The multimode waveguides acted as multimode
interferometers (MMIs) and generated a spatial intensity
distribution of the plasmonic signals via interference. The
intensity distribution can be changed by varying the
lengths and widths of the MMIs, and only plasmonic
signals were guided to the output port set at the position
corresponding to the high signal intensity domain. By
combining these MMIs, multiplexing, demultiplexing,
logic, and other performances could be obtained at light
speed. The schematic diagrams and SEM images of the
components fabricated are shown in Figures 3-7, and a
brief description of each will be given in the following.
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Figure 3. Schematic diagram of a plasmonic detector (left
image) and the corresponding band diagram (right image).

(1) Detector (Figure 3) [17], [18]

Plasmonic signals can be easily detected with the
photodetectors used in ordinary optical systems after the
SPPs are converted to a propagating lightwave. Here,
plasmonic signals were directly detected using slits etched
in a metal film deposited on a silicon substrate, at whose
interface a Schottky-type diode was formed. The detected
light wavelength was determined by the Shcottky barrier
height ¢g [19]-[22], where plasmonic signals in the 1300
and 1550 nm wavelength bands were detected herein. In
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plasmonic detectors, detection efficiency is enhanced by
optimizing the pitch, width, and number of slits.
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Figure 4. Detector-integrated MOSFET SEM image (top

view) (upper image) and its circuit diagram (lower image).
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Figure 5. Multiplexer schematic (upper left) and SEM
image (lower left) and its optical field distribution
simulated by the finite-difference time-domain (FDTD)
method (upper right) and experimentally obtained via
scanning near-field microscope (SNOM) (lower right).
The grating is set for only the 1300 nm-wavelength band
in this sample.

(2) Detector-integrated MOSFET (Figure 4) [7], [8]
Owing to the simplicity of its structure and fabrication
procedure, a plasmonic detector employing slits etched in

a metal film was easily integrated with MOSFETs by
forming slits on the gate electrode. The plasmonic
waveguides were also integrated between the slit area and
the gate electrode. Using these structures, the silicon
MOSFETs were driven with plasmonic signals in the
1300 and 1550 nm-wavelength bands.

(3) Multiplexer (Figure 5) [9]

The multiplexer component multiplexes a few plasmonic
signals possessing different wavelengths and outputs them
to a single-mode plasmonic waveguide. This function can
be obtained using the multimode waveguide as a MMI.
The inputted signals are individually interfered and
changed to a spatial intensity distribution so that each
position of the peak intensity coincides with that of the
output single-mode waveguide. The performance is
similar to that of a coupler excepting the function of
multiplexing different wavelength signals. The insertion
loss was experimentally estimated to be less than 5.0 dB
in both 1300 and 1550 nm-wavelength bands.
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Figure 6. Demultiplexer schematic (upper left) and SEM
image (lower left) and its optical field distribution

simulated by FDTD method (upper right) and
experimentally obtained via SNOM (lower right).
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Figure 7. Crossing waveguide SEM image (left image)
and optical intensity distribution obtained via SNOM (left
image). Two MM Is are set at the crossing point.

(4) Demultiplexer (Figure 6) [10]
The demultiplexer component demultiplexes a few
plasmonic signals possessing different wavelengths and
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outputs them to separate plasmonic waveguides. This
function is the reverse of that of the multiplexer described
in (3) above. The insertion loss was experimentally
estimated to be approximately 4.3 and 8.9 dB in the 1300
and 1550 nm-wavelength bands, respectively.

(5) Crossing waveguide (Figure 7) [11]

The crossing waveguide in optical circuits for signal
transmission has no meaningful corollary in electric
circuits (i.e.,, wiring). In optical circuits, including
plasmonic circuits, the propagation direction of plural
signals can be controlled using a crossing waveguide [23],
[24], although cross-talk can become a problem. The
crossing waveguide typically exhibited a large loss and
was not flexible for the crossing structure. However, these
issues were solved to some extent by introducing two
MMIs at the crossing point of two single-mode
waveguides.

(6) Signal speed controller (slow light generator) [12]
Although its operation was experimentally confirmed, the
signal speed control component remains in a primitive
stage in our laboratory. When a waveguide is gradually
narrowed, the SPP confinement within the waveguide is
gradually enhanced during propagation. The SPPs can
propagate along this type of narrowed waveguide without
emission to the outside of the waveguide in a process
called adiabatic nanofocusing or super focusing [25], [26].
At the narrow part of the waveguide the refractive index is
high, and thus slow light is generated because the speed is
inversely proportional to the refractive index. Using this
slow light, the signal pulse width and transmission speed
can be changed.
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Figure 8. Schematic of part of a wavelength-division-
multiplexing circuit in a plasmonic circuit, comprising a
multiplexer, a crossing waveguide, a demultiplexer, and
two detector-integrated MOSFETS.

(7) Logic circuit (half adder) [13]

The signal-phase information can be converted to an
intensity distribution in waveguides, as described above.
Using plasmonic signal interference, plasmonic logic
circuits can be fabricated, although it remains primitive.

These logic circuits were fabricated by combining only
single- and multimode waveguides, and were linear
systems operated as Boolean logic circuits. The
performance of a half adder was experimentally
confirmed.

PLASMONIC CIRCUITS
TRANSMISSION TECHNIQUES
By combining the components described in the previous
section, we can fabricate several functional plasmonic
circuits. In this section, two plasmonic circuits are
discussed.

AND SIGNAL

(1) Wavelength-division-multiplexing circuit employing
1300 and 1550 nm-wavelength bands

Figure 8 shows a schematic diagram of a circuit, where a
multiplexer and demultiplexer were connected with a
single mode waveguide. Two plasmonic signals in the
1300 and 1550 nm-wavelength bands (i.e., transparent to
silicon) were guided first to the multiplexer and then to
the demultiplexer through the single-mode waveguide.
The two signals separated at the demultiplexer were led to
each gate electrode of the MOSFET through the
waveguide and were then converted to electric signals at
the plasmonic detector. These electric signals drove the
MOSFETSs. The single-mode waveguide in Figure 8 was
formed with a 500 nm (width) x 500 nm (height) SiO-
mesa structure fabricated on an Au film, with an estimated
loss of 0.09 and 0.05 dB/um in the 1300 and 1550 nm-
wavelength bands [14], respectively. Circuits formed with
the waveguides whose transmission lengths were less than
150 and 350 um for the 1300 and 1550 nm-wavelength
bands, respectively, possessed a transmission loss lower
than those of electric signals in electronic circuits [6].
Using the experimental loss values for the primitive
multiplexer and demultiplexer shown in Figures 5 and 6,
the length of the single-mode waveguide between the
multiplexer and demultiplexer can be set at ~100 um and
exhibit a lower loss than electronic circuits. These
transmission losses will decrease as the plasmonic
component design and process techniques advance in a
manner similar to other electronic and photonic
components. For the circuits, a MOSFET can be used for
the detection of plasmonic signals, and the plasmonic
signals can also be directly inputted to the gate electrode
of a MOSFET [7], [8]. If electric isolation is required
between the two output ports, isolation techniques using
the native oxide will be applicable for the plasmonic
signal [27]. These plasmonic circuits, therefore, are easily
connected to electronic circuits.

(2) Coherent signal transmission through plasmonic
circuits
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We  experimentally  confirmed  coherent  signal
transmission through plasmonic signals by detection of
frequency-shift keying (FSK) combined with a self-
delayed homodyne technique using a plasmonic circuit
without a MOSFET [16]. In these experiments, the
plasmonic circuit was essentially the same as that for
intensity signal transmissions, though an additional light-
beam incident system for generating beat signals was
added. The schematic diagram of a circuit including a
detector-integrated MOSFET is shown in Figure 9. A
light beam outputted from the tunable laser was guided to
a single-mode optical fiber and then divided to two optical
paths. One was directly incident to the grating through the
polarization controller 1 and was converted to plasmonic
signals at the grating. The other was transmitted through a
7 km-long single-mode fiber and was incident to the
grating through the polarization controller 2. The two
plasmonic signals converted from the two light paths were
then transmitted along a 50 pum-long waveguide and
converted to electrical signals at the plasmonic detector.
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coupler —
Tunable Polarization [
laser controlleri -
4=1310 nm
Polarizell=—F—]
PD
\ Polarization RF spectrum
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PD: photodiode
SMEF: single-mode fiber

Figure 9. Block diagram of self-delayed homodyne
detection system.

Figure 10 shows experimental data for an electric
intensity spectrum and a beat spectrum as a function of
frequency, both of which were outputted from an
electronic circuit comprising MOSFETS. For the intensity
signal transmission, a tunable laser beam modulated at 1
kHz was made incident to the grating, which converted it
to plasmonic intensity signals. Here, the modulated light
beam was not divided and was directly incident on the
grating. The intensity modulation signal at 1 kHz was
clearly observed in the electric signals (see Fig. 4). A
homodyne beat signal with a peak at 0 Hz was also
detected and outputted from the electronic circuit.

These wavelength-division-multiplexing and coherent
detection circuits can be fabricated within an area a few
hundred micrometers square, and the plasmonic signal
losses are lower than those of electric signals within the
same range [6]. Further, the transmission speed of

plasmonic signals in plasmonic circuits are equal to the
velocity of light.

This experimental validation of a wavelength-division-
multiplexing circuit and a coherent system indicates the
feasibility of plasmonic signal transmission through
plasmonic circuits merged with silicon ICs.
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Figure 10. Output signals of a MOSFET of a plasmonic
intensity signal modulated at 100 KHz (left image) and of
a beat signal obtained from two plasmonic signals with
equal wavelengths (i.e., frequencies) (right image). These
spectra were observed with an rf spectrum analyzer.

SUMMARY

The feasibility of plasmonic circuits as applicable to silicon
ICs was discussed on the basis of experimental data
obtained for various previously-developed plasmonic
components. We conclude that the plasmonic circuit can
significantly increase the information processing speed of
the silicon IC, as experimentally shown from the viewpoint
of signal transmission speed and multiplex transmission.
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