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We analyzed two types of Mach–Zehnder plasmonic modulators on a silicon-on-insulator platform with a different furan–thiophene chromophore electro-optic polymer to compare to other reports. The metal-taper coupling
structure and the metal-insulator-metal cross section in our design have been optimized based on the new material
parameters. According to the simulation result, a modulator with a slot width of 50 nm and an on–off voltage of
V π  20 V can be 21 μm long, leading to a total modulator loss of 15 dB, which is comparable to previously
reported devices. © 2017 Optical Society of America
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1. INTRODUCTION
In accordance with the expected Internet traffic explosion in the
future, photonic integrated circuits (PICs) play an increasing
role in information systems owing to their potential in boosting
the data transmission speed at lower power and cost. InP-based
passive optical components, such as modulators, switches, or
photodetectors, are well known to be commonly used in
PICs considering their integration with III–V compound laser
sources [1,2]. As a next-generation technology, Si photonics has
been proven to be a promising solution for lower-cost and
higher-performance PICs in recent years to possibly provide
low loss and high-density integration, in addition to their compatibility with the complementary metal–oxide–semiconductor
(CMOS) process [3,4]. Although InP still maintains the lead
role in the race for material dominant in optical components,
worldwide researchers have become increasingly interested in
the revolution of PICs based on other types of materials.
In the past few years, surface plasmon polariton (SPP),
which involves both the charge motion in metals and electromagnetic waves in air or a dielectric, has come into prominence
among all the research fields toward the realization of further
downscaled high-performance PICs [5,6]. This type of surface
waveguide along the interface between the metal and dielectric
can be expected to provide subwavelength-scale optical confinement [7–9], hence making great contribution to the performance
1559-128X/17/082053-07 Journal © 2017 Optical Society of America

development of key components in PICs, such as a low-powerconsumption laser source [10–13], high-density integration of
downscaled optical waveguides [14–16], or high-speed photodetector with ultra-small capacitance [17–20], among others.
Similar to the abovementioned components, miniaturization of optical modulators (∼10 μm) can also be achieved
by utilizing the SPP phenomenon that could provide extremely
strong optical confinement. Recently, the electro-absorption
modulation realized by controlling the carrier concentration of
a transparent conductive material layer such as indium–tin–
oxide [21–23] and the electro-optic (EO) phase modulation
based on the refractive index variation of the EO polymer
[24–28] have been considered as the two most promising solutions to the mechanism of the so-called plasmonic modulator.
Both processes have been vigorously studied worldwide, whereas
the propagation loss caused by metal absorption in these two
designs still tends to be the biggest barrier in the practical use,
which far outweighs the advantage of providing smaller value of
voltage-length product (V π L) (i.e., larger extinction ratio with
the same device length and the same applied voltage) than the
conventional optical modulators.
Here, we considered two approaches for plasmonic modulators, namely, silicon-plasmonic [27] and all-plasmonic [29]
approaches (some simulative investigations and experimental
results of these two approaches can be found in [30] for the
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silicon-plasmonic one and in [31] for the all-plasmonic one).
In this paper, through detailed electromagnetic analysis, we
investigated these approaches for a plasmonic modulator with
a metal-taper structure embedded by a furan–thiophene
chromophore EO polymer (FTC-EO polymer).
2. MODULATOR CONCEPT
In plasmonic modulators, optical modulation is normally realized by controlling the properties of certain types of functional
materials where ultra-high-intensity light is confined based on
the SPP effect. Therefore, effective excitations of SPPs in a welldesigned waveguide structure and larger change in the optical
properties of the functional materials have become the two
most important factors in the current study.
In this work, we analyze two types of plasmonic push–pull
modulators, i.e., a partial plasmonic modulator [Fig. 1(a)] and a
whole plasmonic modulator [Fig. 1(b)], which can be monolithically integrated with conventional Si photonic waveguides.
They both consist of Mach–Zehnder (MZ) interferometers
with metal–insulator–metal (MIM) slot waveguides embedded
by a specific EO polymer.
The partial plasmonic modulator introduces the MIM slot
waveguide only in the phase-shifting region of the device [20].
This type, which was first demonstrated by Melikyan et al.
[27], is quite simple and more reliable to fabricate. A more
advanced experiment demonstrated the applicability in compact transmitters for optical interconnect [32,33].
On the other hand, the whole plasmonic modulator proposed by Zhu et al. [34] uses the MIM slot waveguide to construct an entire MZ interferometer, including a 1 × 2 splitter
and combiner. This type has also been demonstrated applicability in more complex optical integrated circuits, such as the IQ
modulator [29,31].
Although the above results are highly valuable, they are still
in the experimental stage and suffer from various problems.
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Typically, shorter devices allow for smaller insertion loss; however, extinction ratio per driving voltage becomes smaller at the
same time. On the contrary, longer devices allow for higher
extinction ratio per voltage; however, this comes at the price
of insertion loss. Therefore, striking a balance between high
extinction ratio and low transmission loss must always be
considered.
In the devices shown in Fig. 1, the abovementioned problems can be solved by considering the following two points:
(i) A metal-taper structure [35,36] is introduced to enhance
coupling efficiency between the Si and plasmonic waveguides.
In this work, we optimized the taper structure for the materials
used in the device.
(ii) An EO polymer with higher EO coefficient and higher
voltage endurance is desirable to shorten devices (that is, reduce
insertion loss) maintaining extinction ratio. Here, we assumed
to use the FTC-EO polymer with improved optical properties
for the long π-conjugated nonlinear optical chromophores
having an amino-benzene donor with methoxy or benzyloxy
groups [37,38]. Such a material type can provide good performance balance with a relatively large EO coefficient (75 pm/V),
appropriate voltage endurance, and excellent thermal stability.
In the following sections, the feasibility of employing
Si-based plasmonic modulators combined with the FTC-EO
polymer is examined theoretically. In Section 3, we present the
mode analysis of an MZ arm region consisting of an MIM
waveguide embedded by the FTC-EO polymer. In Section 4,
the transmission characteristics of entire devices, including the
coupling regions between the Si and MIM waveguides, are then
confirmed with the aid of computer simulation based on the
finite-difference time-domain (FDTD) method. The simulation shows that the off-state insertion losses of the partial and
whole plasmonic modulators are 13.7 and 15 dB with total
device lengths of 19.3 and 21 μm, respectively, which features
both small insertion loss and short device size compared to the

Fig. 1. Schematic of two types of plasmonic push–pull modulators. (a) Partial plasmonic modulator that introduces the MIM slot waveguide only
in a phase-shifting region of the device. (b) Whole plasmonic modulator that uses the MIM slot waveguide to construct an entire MZ interferometer.
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conventional plasmonic modulators [28–30]. Finally, Section 5
concludes this paper.
3. MODE ANALYSIS AND MODULATION
CHARACTERISTIC OF THE MIM SLOT
WAVEGUIDE
We first optimized the cross-sectional structure of the MIM
waveguide used for the MZ arms in both devices shown in
Fig. 1. Figure 2(a) shows a cross section of the device. In this
structure, the gap-SPP (GSPP) waves are excited inside a metal
slot, which produces strong optical confinement in the waveguide beyond the limit of diffraction, as shown in Fig. 2(b).
The confined mode field induced by the GSPPs is substantially
covered by the cross section of the FTC-EO polymer. Therefore,
the light transmission can be effectively modulated when the optical properties of the FTC-EO polymer are varied by applying
an external voltage.
To discuss the performance of a plasmonic modulator with a
large metal absorption, we introduce two important figures of
merit (FOMs). One is V π LV · cm, which is a commonly
used parameter for performance evaluation of phase modulators. The other is the propagation loss per unit length of the
MIM slot waveguide. Applied voltage together with the V π L
product determines the device length and therefore the
insertion loss of the modulator.
We simulated V π L and the propagation loss per unit length
of the MIM slot waveguide. To achieve this, we first calculated

Fig. 2. (a) Cross-sectional view of the MIM slot waveguide.
(b) Calculated mode distribution profile in a 100-nm MIM slot waveguide. (c) Calculated V π L and the propagation loss per unit length w/o
applied voltage of the MIM slot waveguide with different slot widths.
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lines of electric force around the device when applying a specific
driving voltage, using COMSOL Multiphysics simulation software. From the calculated lines of electric force and an EO
coefficient of the FTC-EO polymer, we determined the profile
of the optical constant around the MIM slot waveguide. We
then calculated the distribution of the SPP waves in the device,
using the finite element method with a perfectly matched layer
boundary condition. V π L and propagation loss per unit length
can be obtained from the complex refractive index of the MIM
slot waveguide for each SPP wave state.
In the above simulation, we varied slot width W slot from 50
to 500 nm. The refractive indices of Si, SiO2 , and FTC were set
to 3.45, 1.45, and 1.529, respectively. In addition, the complex
refractive index of the gold was assumed to be 0.469-9.32i. The
EO constant of the FTC was set to 75 pm/V. Metal thickness
h was designed to be 220 nm by considering the mode coupling
efficiency between the MIM slot waveguide and the 220-nmhigh Si input/output waveguide.
Figure 2(c) shows the calculated V π L and propagation loss
per unit length w/o applied voltage of the MIM slot waveguide
as a function of the slot width. We can see that smaller V π L can
be obtained with narrower W slot because the mode confinement is enhanced by stronger gap plasmon effect, which leads
to a lower required external voltage. However, the propagation

Fig. 3. (a) Required MZ arm length to obtain a π∕2 phase shift
with different applied voltages and plasmon slot widths. (b) Corresponding insertion loss.
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Fig. 4. (a) Required MZ arm length to obtain a π∕2 phase shift and
(b) insertion loss as a function of the applied voltage. The red, green, and
blue lines correspond to x-x 0 , y-y 0 , and z-z 0 lines in Fig. 3, respectively.

loss per unit length would also drastically increase due to the
intense excitation of the GSPP mode in a waveguide with a
narrower slot.
Figure 3 shows (a) the required MZ arm length to obtain
π∕2 phase shift and (b) the insertion loss as a function of slot
width W slot and the external applied voltage. Clearly, a larger
electric field inside the slot will provide a stronger EO effect in
the FTC-EO polymer, which reduces the required MZ arm
length and the related propagation loss.
Figure 4 shows the required MZ arm length and the insertion loss as a function of the applied voltage. The red, green,
and blue lines shown in Fig. 4 correspond to the x-x 0 , y-y 0 , and
z-z 0 lines shown in Fig. 3, respectively. For conclusion, we considered an arm length of 6.5 μm with a metal slot width of
50 nm as an appropriate structure, which is capable of providing π∕2 phase modulation with an 8.1-dB propagation loss
under an applied voltage of 20 V (20 V applied to a 50 nm
slot waveguide is the withstand voltage limit for the FTC-EO
polymer). Comparing our results with those reported in
[28–30], the insertion loss in our design is relatively small,
and our results present comparable modulation characteristics.
On the basis of the above discussion, in the next sections, we
present the setting of metal slot width W slot and thickness h of
the MIM waveguide to 220 and 50 nm, respectively.
4. MODE COUPLING BETWEEN THE SI AND
PLASMON WAVEGUIDES
In addition to the cross-sectional design of the MIM waveguide, the coupling efficiency between the input/output Si
waveguides and the MIM waveguide is also an important
element. Therefore, we calculated the transmission characteristic between the Si and MIM waveguides using the FDTD
method. In the following, a detailed analysis of each device,
namely, the partial and the whole plasmonic modulators, is
described.
A. Partial Plasmonic Modulator

Figure 5(a) shows a plan view of the coupling region between
the Si and plasmon waveguides in a partial plasmonic modulator. A metal-taper structure is introduced to enhance the
coupling efficiency between the Si and MIM slot waveguides.
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Fig. 5. (a) Schematic plan view of a coupling region between Si and
plasmon waveguides in a partial plasmonic modulator. (b) Calculated
conversion efficiency into SPPs initiated by tapering down a silicon
waveguide, with the gap width and the Si taper length as parameters.

In this structure, the conversion into SPPs is initiated by tapering down the Si waveguide and transferring the plasmonic
modes onto the MIM waveguide.
We calculated the conversion efficiency of the SPPs initiated
by tapering down the Si waveguide. Here, the width and thickness of the input/output Si waveguides were fixed at 500 and
220 nm, respectively. The metal slot width and thickness of the
MIM waveguide were also set to 220 and 50 nm based on the
simulation results presented in Section 3. In this simulation, we
varied two dimension parameters, namely, LSi-taper and W Au-Si .
Here, LSi-taper and W Au-Si are the length of the tapered Si waveguide and the gap width between the tapered Si waveguide and
a side metal, respectively. Figure 5(b) shows the calculated
power ratio at the inlet of the MIM waveguide [denoted as
the monitor line in Fig. 5(a)]. With the decrease in gap width
W Au-Si , the distribution profile of the light started to be drawn
toward both sides of the metal, which led to an efficient conversion into SPPs. In addition, a shorter taper length (or a
steeper inclination angle) would make the propagation mode
unstable and scatter into the cladding layer, which will also
reduce the coupling efficiency to some extent. For the same
reason, we also chose a flat end of the Si waveguide instead
of tapering it down to a tip. As a result, appropriate coupling
efficiency of 2.8 dB was obtained when W Au-Si and LSi-taper
were set to 150 and 2.5 μm, respectively. It should be noticed
that the loss induced by the Y splitter/combiner has also been
taken into account in the coupling loss, which is less than 1 dB
according to the calculation result based on the finite-difference
method.
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Fig. 6. (a) Schematic plan view of the first part of a coupling region between Si and plasmon waveguides in a whole plasmonic modulator.
(b) Calculated conversion efficiency into SPPs initiated by tapering down a silicon waveguide, with the gap width and the Si taper length as
parameters. (c) Schematic plan view of the second part of a coupling region between Si and plasmon waveguides in a whole plasmonic modulator.
(d) Calculated coupling loss between the input Si waveguide and the plasmonic MZ waveguide, with the separation length and the Au taper length as
parameters.

The abovementioned result has led to the conclusion that
the total off-state insertion loss of the partial plasmonic modulator was 13.7 dB8.1 dB  2.8 dB × 2 with a total device
length of 19.3 μm6.5 μm  6.4 μm × 2.
B. Whole Plasmonic Modulator

In the whole plasmonic modulator, an efficient mode conversion between an input light and the SPP mode can be realized
by introducing tapered Si waveguides and Y -branch tapered
metal slots at the front of the MIM MZ arms. To analyze
the coupling efficiency, we divided the simulation area into
the following two parts:
(A) An area from the Si waveguide to the MIM waveguide,
i.e., the first half of the coupling region [see Fig. 6(a)].
(B) An area from the MIM waveguide to the MIM MZ arms
equally divided by the Y -branch tapered metal slots, i.e., the
second half of the coupling region [see Fig. 6(b)].
First, we calculated the conversion efficiency of the SPPs
initiated by tapering down a Si waveguide. In the simulation,

Fig. 7. Calculated mode field distribution of the whole plasmonic
modulator embedded by the FTC. (a) on-state mode field distribution.
A voltage of ∕ − V π∕2 is applied on the Au Island. (b) off-state mode
field distribution.
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Comparison of Plasmon Modulators in Main Academic Institutions

Device

Main
Propagation
Research V π L
Loss of
Group (V · mm) MZ Arm

Total
Insertion
Loss

Size

Driving Dimensions (nm)
Voltage (W slot ;hAu ;hSi )

Ref.

Plasmon converter
Plasmon converter

KTH
NTT

–
–

–
–

5.5 dB/coupler
1.7 dB/coupler

∼3 pm∕coupler
∼300 pm∕coupler

–
–

(100-200, 200, 250)
(50, 20, 200)

[35]
[36]

Partial plasmonic mod.
(w/M3)
Partial plasmonic mod.
(w/YLD124/PSLD41)
Whole plasmonic mod.
(w/DLD164)
Partial plasmonic IQ mod.
(w/DLD164)
Partial plasmonic mod.
(w/DLD164)

KIT

1.3

∼0.3 (dB/μm)

12 (dB)

34 (μm)a

7.5 (V)

(140, 150, 220)

[28]

KIT

0.45

0.4 (dB/μm)

29 (μm)a

5 (V)

(150, 150, 220)

[27]

ETH

0.06

10 (μm)b

1.5 (V)

(100, 220, 200)

[29,31]

ETH

0.06

14 (μm)a

3 (V)

(100, 150, 220)

[32]

ETH

0.085

25 (μm)a

3.4 (V)

(80, 200, 220)

[30,31]

Tokyo
Tech
Tokyo
Tech

0.13

1.2 (dB/μm) 13.7 (dB) (PS: 13.7)

19.3 (μm)a

20 (V)

(50, 220, 220)

[this work]

0.13

1.2 (dB/μm)

21 (μm)b

20 (V)

(50, 220, 220)

[this work]

Partial plasmonic mod.
(w/FTC-EO polymer)
Whole plasmonic mod.
(w/FTC-EO polymer)
a

27-34 (dB)
(PS: 13-20, GC: 14)
0.5 (dB/μm)
37 (dB)
(PS: 8, GC: 29)
0.9 (dB/μm)
28.6 (dB)
(PS: 12.6, GC: 16)
0.5 (dB/μm)
38.5 (dB)
(PS: 12.5, GC: 26)

15 (dB) (PS: 15)

MZ arm region.
Whole device, PS, phase shifter; GC, grating coupler.

b

the dimension parameters are the same as those used in the
analysis of the partial plasmonic modulators: taper length
LSi-taper and gap width W Au-Si . Figure 6(c) shows the calculated
power ratio at the end point of the Si waveguide [denoted as the
monitor line in Fig. 6(a)]. The trends shown in Fig. 6(c) are
consistent with the results of the previous simulation for the
partial plasmonic modulators. As a result, a maximum transmission ratio of 96% was obtained with 5.0-μm LSi-taper and
150-nm W Au-Si .
Using these parameters, we finally calculated the coupling
efficiency between the input Si waveguide and the entrance
of the MIM MZ waveguide with metal-taper length LAu-taper
and separation length Lsep as parameters (see Fig. 4).
Figure 6(d) shows the calculated transmission ratio at the entrance of the MIM MZ arm [denoted as the monitor line in
Fig. 6(b)]. Here, we also chose a flat end of the gold taper same
as the Si waveguide. Otherwise a steeper inclination angle
would increase the metal-induced reflection loss during the
coupling. A maximum coupling efficiency of 45% (or a minimum coupling loss of 3.45 dB) was obtained when LAu-taper and
Lsep were 2.0 μm and 200 nm, respectively.
Figure 7 shows the electric field distribution of the designed
whole plasmonic modulator with and without an applied voltage of 20 V. We can see that appropriate π phase shift between
the two MZ arms can be achieved with the applied voltage, and
the intensity of light from the two MZ arms would be canceled.
The abovementioned result has led to the conclusion that
the total insertion loss of the whole plasmonic modulator
was 15 dB8.1 dB  3.45 dB × 2 with a total device length
of 21 μm6.5 μm  7.25 μm × 2.
C. Comparison of the Plasmon Modulators in Main
Academic Institutions

Table 1 lists the comparison of the performance of our device with that of the plasmon modulators developed by other

research institutions. Our device can achieve a π phase shift
with a relatively small device size and a low insertion loss compared with the structures proposed by other research groups
[28–30,33], which is brought about the specific metal-taper
structure and the FTC-EO polymer with an extremely large
EO coefficient.
5. SUMMARY
In this paper, we have presented the analysis of two types of
plasmonic push–pull modulators (i.e., the partial and whole
plasmonic modulators) consisting of MZ interferometers with
MIM slot waveguides embedded by the FTC-EO polymer. A π
phase shift with a relatively small device size and a low insertion
loss was obtained in our design by taking advantage of the
strong optical confinement of the GSPP waveguide, enhanced
EO coefficient of the FTC-EO polymer, and introduction of
both tapered Si waveguides and Y-branch tapered metal slots.
As a result, the partial and whole plasmonic modulators with a
slot width of 50 nm and a driving voltage of 20 V can be 19.3
and 21 um long, leading to the off-state insertion losses of 13.7
and 15 dB.
Funding. Core Research for Evolutional Science and
Technology (CREST); Japan Society for the Promotion of
Science (JSPS), KAKENHI (14J02327, 15H05763,
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