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Abstract
We analyzed a Mach-Zehnder plasmonic modulator with
metal-insulator-metal structure embedded by the FuranThiophene Chromophore. π-phase shift between two MachZehnder arms can be obtained with a device length of 6.5 μm
and the figure of merit of 3.1.

INTRODUCTION

PROPERTIES OF MZ ARM REGION

The proposed plasmonic modulator is shown in Fig. 1.
The device consists of a MZ waveguide on a SOI substrate
with a metal slot embedded by the FTC polymer. Light is
introduced into the device from a Si waveguide. The
conversion into SPPs is initiated by tapering down a
silicon waveguide and transferring the plasmonic modes
onto a metallic 1×2 splitter.
In this structure, the gap-surface-plasmon-polariton
waves are excited in the metal slot (inset of Fig. 2(a)). This
produces strong optical confinement into the FTC
polymer which has enhanced nonlinear optical property
with large molecular hyperpolarizability [5]. Here a phase
shift of ± π/2 rad in both two MZ arms can be obtained by
applying a voltage signal to the metal-island (push-pull
operation).
First of all, we calculated the MZ arm length and
propagation loss for achieving π/2-phase shift by using
finite element method. In simulation, we changed slot
width W from 50 to 200 nm. Refractive indices of Si, SiO2
and FTC polymer were set to be 3.45, 1.45 and 1.529,
respectively. An EO coefficient of the FTC polymer was
set to be 75 pm/V. Metal thickness h was fixed to be 220
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Fig. 1. Si-based Plasmonic Phase Modulator using furan-thiophene
chromophore
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Surface plasmon polaritons (SPPs), which allow strong
light confinement beyond the fundamental diffraction
limit, provide downsizing of conventional waveguidebased optical modulators [1-3]. Recently, several
integrated plasmonic modulators have been reported [1, 2,
4]. However, the figure of merit (FoM) as a ratio of the
extinction ratio to the transmission loss still leaves much
to be improved (< 1).
In this paper, we estimate the theoretical possibility of
plasmonic Mach-Zehnder (MZ) modulators on Silicon-on
insulator (SOI) using the furan-thiophene chromophore
(FTC) polymer with additional donor units, which has
high electro-optic (EO) coefficient[5]. A double tapered
structure is also introduced for light coupling between the
modulator and Si waveguides. π-phase shift between two
MZ arms can be obtained with a device length of 6.5
μm and the FoM is calculated to be 3.1. This value is far
superior to that of other Si-based plasmonic modulators.
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Fig. 2. (a) Mode field in metal slot waveguide. (b) Required MZ
arm length to obtain π/2-phase shift and intrinsic propagation
loss as a function of applied voltage.

nm, which is the same value as that of Si input waveguide.
Figure 2(b) shows the results for light of 1.55 μm
wavelength, with slot width W as a parameter. Since the
EO effect of FTC polymer increased with an applied
voltage, the required MZ arm length to obtain π/2-phase
shift can be shortened. This leads to a reduction of the
intrinsic propagation loss of the MZ arm. If we set the slot
width W to be 50 nm, π-phase shift between two MZ arms
can be achieved with a device length of 6.5 μm for voltage
swing from 0 to 20 V.
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Fig. 3. Calculated conversion efficiency into SPPs initiated by
tapering down a silicon waveguide, with the gap width WAu-Si and
the Si taper length LSi-taper as parameters.
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Fig. 4. Calculated coupling loss between the input Si waveguide
and the plasmonic MZ waveguide, with the separation length Lsep
and the Au taper length LAu-taper as parameters.
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III. COUPLING LOSS BETWEEN INPUT SI WAVEGUIDE
AND PLASMONIC MZ WAVEGUIDE
We carried out to simulate total insertion loss of the
device considering coupling efficiency between the input
Si waveguide and the plasmonic MZ waveguide by using
finite-difference time-domain method. On the basis of the
simulation results in Section II, the slot width W was fixed
to be 50 nm.
First, we calculated conversion efficiency into SPPs
initiated by tapering down a silicon waveguide (see Fig.
3(a)). In simulation, important dimension parameters are
the gap width WAu-Si between the Si waveguide and the
metal, and the Si taper length LSi-taper. Figure 3(b) shows
the results measured by a power monitor placed at the tip
of the taper. With decrease of the gap width WAu-Si, the
distribution profile of the light becomes to be drawn
toward both sides of the metal, which leads to an efficient
conversion into SPPs. From this result, appropriate values
of WAu-Si and LSi-taper were obtained to be 150 nm and 5.0
μm, respectively.
Using these parameters, we finally calculated the
coupling loss between the input Si waveguide and the
plasmonic MZ waveguide, with the metal taper length LAutaper and the separation length Lsep as parameters (see Fig.
4a). As a result, minimum coupling loss of 3.3dB could be
achieved when LAu-taper and Lsep were set to be 2.0 μm and
200 nm, respectively. Figure 5 shows an example of mode
field distribution in the designed plasmonic phase
modulator. We can see that appropriate π-phase shift
between two MZ arms can be achieved with an applied
voltage.
The above has led to the conclusion that a total insertion
loss of the device is 12.8dB, and the figure of merit, which
is defined as a ratio of extinction ratio to transmission loss,
of the whole modulator is 3.1. These values are superior
to those of other Si-based plasmonic modulators [1, 2, 4].
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Fig. 5. Mode field distribution in the plasmonic MZ waveguide
embedded by the FTC. (a) ON-state mode field distribution. A voltage
of +/- Vπ/2 is applied on the Au island. (b) OFF-state mode field
distribution.
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