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Abstract—We propose a silicon-compatible plasmonic electro-
optic modulator employing a silicon racetrack ring resonator cou-
pled to a bus waveguide. A silicon-plasmonic hybrid phase shifter
clad with electro-optic polymer is introduced to achieve high-speed
performance and low energy consumption. Simulations show that
the proposed modulator can achieve an extinction ratio of more
than 15 dB at 1550-nm wavelength under a 1.2-V bias voltage.
The misalignment tolerance and fabrication feasibility of the mod-
ulator are also discussed.

Index Terms—Electro-optic modulators, plasmonics, racetrack
ring resonators, silicon photonics.

I. INTRODUCTION

H IGH speed modulation is an essential requirement in
optical communication systems and short-reach optical

interconnects. Due to its low cost and compatibility with the
state-of-the-art complementary metal-oxide-semiconductor
(CMOS) fabrication processes, silicon has already shown its
potential in optical modulators with bandwidths of more than
30 GHz [1], relying on free carrier plasma dispersion (FCPD)
effect induced by carrier accumulation, carrier injection, or
carrier depletion [2].
However, the achievable bandwidths of FCPD based silicon

modulators are limited by the time constants related to the free
carrier injection and extraction [3], [4]. To overcome this limi-
tation, hybrid silicon platforms have been suggested. By com-
bining silicon strips with nonlinear electro-optic (EO) organic
materials or high-absorptionmultilayer III–V quantumwell ma-
terials, the modulation bandwidths can be increased to more
than 40 GHz [3], [5]. Although the ultrafast nonlinear pro-
cesses in organic materials show the prospect in realizing ex-
tremely high speed modulators, the bandwidths of the hybrid
silicon modulators are still narrower than expected due to elec-
trical properties, such as large resistance induced by doped sil-
icon strips or contacts [6], and weak mode confinement that
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causes a considerable proportion of light localized in the silicon
region.
Moreover, the effective index changes induced by FCPD are

typically on the order of to , thus requiring large
footprints with long plate electrodes for Mach-Zehnder silicon
modulators. There are three issues to address in designing sil-
icon modulators with long parallel-plate electrodes. Firstly, the
phase velocities of the electrical and optical waves ought to be
matched. Secondly, the characteristic impedance of the phase
shifter should be equal to that of the termination resistor in
order to eliminate the back reflection on the transmission line.
Thirdly, the transmission loss of both the electrodes and the op-
tical waveguides should be small enough to maintain the ex-
tinction ratio under dynamic modulation. However, it is diffi-
cult to optimize all the three aspects simultaneously, thus im-
posing a limit on the bandwidths of silicon modulators [7]. On
the other hand, although silicon ring or diskmodulators havemi-
cron-sized footprints eliminating the need for travelling-wave
design, the photon life times of the ring resonators set an addi-
tional fundamental limit to the modulation speed [8].
Recent progresses in plasmonic photonics lead to a great

improvement in the optical-waveguide confinement capability
and may provide a solution to the design of electro-optic
modulator without using doped silicon to conduct electrical
signals [9], [10]. However, the propagation length of the
plasmonic mode is limited by the material loss in metal [11],
which prevents plasmonic devices from large-scale integration.
Plasmonic electro-absorption modulators have been fabri-
cated based on modulating carrier density within metal-oxide
and metal-oxide-semiconductor layered structures [12]–[15].
Several plasmonic electro-optic modulators have also been
theoretically proposed [9], [16], [17]. Although compact, the
modulators in [9], [16], and [17] suffer from high loss, low
modulation efficiency or challenges in coupling and manufac-
turing processes.
In this work, we propose a silicon-plasmonic hybrid race-

track ring modulator having a compact size, a large modulation
bandwidth, and relatively low power consumption. As shown
in Fig. 1(a), the proposed modulator is based on a silicon race-
track ring resonator coupled to a bus waveguide. A metal-di-
electric-metal (MDM) waveguide is positioned above one of
the straight-waveguide sections of the racetrack ring with an
insulating layer of silicon di-oxide. The slot of the MDM plas-
monic waveguide is filled with EO polymer. The straight-wave-
guide section and the MDM plasmonic waveguide together act
as a hybrid phase shifter where the signal voltage across the
two parallel metal plates changes the refractive index of the
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Fig. 1. (Color online) Structure of the silicon-compatible racetrack ring modu-
lator. (a) Perspective view of the racetrack ring resonator with the MDM wave-
guide situated on top. (b) Perspective view of the silicon-plasmonic hybrid phase
shifter. : length of the silicon-plasmonic hybrid phase shifter. : radius of the
racetrack ring. : height of the silica space between the silicon waveguide
and the metal plates. and : width and height of the silicon waveguide,
respectively. and : width and height of the slot, respectively.

polymer filled in the slot through the Pockels effect, hence mod-
ulating the phase of the plasmonic wave guided in the MDM
waveguide. Ignoring the electrical and structural limitations,
the intrinsic modulation speed of EO polymer can be ultrafast
[18]. By introducing the ring structure, the length of the silicon-
plasmonic hybrid phase shifter can be shortened in comparison
with that of a Mach-Zehnder interferometer or a single wave-
guide phase shifter. The proposed modulator can be directly in-
tegrated with the state-of-the-art silicon-on-insulator (SOI) pho-
tonic structures through the bus waveguide to form a compact
electro-optical link.

II. SILICON-COMPATIBLE HIGH-SPEED MODULATOR
INTEGRATED WITH A SILICON-PLASMONIC

HYBRID PHASE SHIFTER

A. Structure of the Silicon-Plasmonic Hybrid Phase Shifter

The silicon-plasmonic hybrid phase shifter of the proposed
modulator consists of two layers as shown in Fig. 1(b). The
bottom layer comprises one single-mode silicon waveguide em-
bedded in silicon di-oxide. The upper layer comprises two par-
allel symmetric metal (e.g. Ag) plates isolated by a 30-nm to

Fig. 2. (Color online) Electric field distributions of (a) quasi-even mode
and (b) quasi-odd mode supported by the silicon-plasmonic hybrid waveguide;
(c) plasmonic mode supported by the MDM slotline; (d) photonic mode sup-
ported by the silicon strip waveguide; and (e) silicon slot-waveguide mode. All
waveguides in (a), (b), (c), and (e) have 50-nm-wide slots filled with polymer

. The height of the MDM waveguide is 100 nm. The width and
height of the silicon strip in (d) are 370 nm and 220 nm, respectively. The sil-
icon slot-waveguide in (e) is composed of two 220-nm-high and 150-nm-wide
silicon strips with 50-nm-thick silicon slabs extending to both sides.

80-nm wide gap and upper-clad with EO polymer to form an
MDM structure. The metal plates are 100-nm-thick and extend
to both sides for electrode contacts. The length of the phase
shifter is determined by the coupling length between the fun-
damental modes of the MDM waveguide and the silicon wave-
guide.
The phase shifter uses the Pockels effect of EO polymer to

achieve phase modulation. Under an appropriate synthesis and
poling process, EO polymer shows great potential for high EO
coefficient [19] and it is not soluble in chemicals commonly
used in micro-fabrication processes [20]. As in most EO
polymer based silicon-organic hybrid (SOH) modulators, the
confinement capability of the dielectric waveguides is restricted
by diffraction limit, and modulation efficiency is reduced due
to partial distribution of mode energy in the silicon strips. In
contrast, EO polymer based plasmonic modulators can obtain
much better confinement and thus higher modulation efficiency.
Fig. 2(c) and (e) depict electric-field distributions of an MDM
waveguide and a silicon slot-waveguide, respectively. The
results are obtained by finite-difference time-domain (FDTD)
simulations. The refractive indices of Si, and Ag are
obtained from [21]–[23], respectively. The refractive index
of the polymer, , is assumed to be 1.63 in the simulations.
As shown in Fig. 2(c), in the MDM waveguide, 51.7% of
the optical power is confined within the slot. However, in the
silicon-slot waveguide, shown in Fig. 2(e), 16.9% of the optical
power is localized inside the slot.
The modulation bandwidth of an SOHmodulator is inversely

proportional to the time constant, where is the resis-
tance of the conductive silicon strips and is the capacitance
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Fig. 3. (Color online) (a)–(c) Real parts of the effective indices and (d)–(f) losses of the quasi-even, quasi-odd, plasmonic, and photonic modes as a function of
silicon waveguide width, for various MDM slot widths and silica-space heights. : silicon waveguide width. : MDM slot width. : height of the silica space
between the silicon waveguide and the metal plates.

of the slot [3]. Due to a higher than expected resistance possibly
caused by metal-semiconductor contacts or surface states of the
silicon strips [4], [6], the time constant is usually large, lim-
iting the modulation bandwidth. However, in our structure, the
electrical signals are directly applied to the capacitor without
transmission in the doped silicon strips, thus greatly reducing
the time constant and also overcoming the limitation from
free carrier effects in silicon.

B. Mode Analysis of the Silicon-Plasmonic Hybrid Phase
Shifter

The operation principle of the proposed hybrid phase shifter
is similar to that in a conventional directional coupler [24].
When light is launched into the silicon-plasmonic hybrid
phase shifter, the original photonic mode in Fig. 2(d), with
propagation constant , excites two eigenmodes shown in
Fig. 2(a) and (b). The quasi-even mode is of even symmetry
with complex propagation constant and the
quasi-odd mode is of odd symmetry with .
Radiation modes are not considered here since they account for
less than 0.5% of the total optical power, as calculated using
modal decomposition method in [25]. With ,

, , and as the complex effective
indices of the quasi-even, quasi-odd, silicon waveguide, and

MDM plasmonic mode respectively, one can obtain ,
, , and , where

is the vacuum propagation constant and is
the propagation constant of the MDM plasmonic mode. Since

, the optical power periodically transfers between
the silicon and plasmonic waveguides, which is caused by the
beating between the quasi-even and quasi-odd modes.
We use the coupled mode theory to estimate the transfer

function of the silicon-plasmonic hybrid phase shifter [26],
[27]. Let and denote the coupling constant
and phase velocity mismatch between the silicon-waveguide
photonic mode and MDM plasmonic mode respectively. Given
lossy waveguides with and ,
the transfer matrix of the hybrid phase shifter can be derived as
follows [27]:

(1)

(2)

(3)
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where or is the electric field concentrated on the
silicon waveguide or MDM slotline consisting the hybrid phase
shifter respectively, , and is the
mean attenuation length of the hybrid waveguide, which is de-
fined as the distance that the amplitude of the field attenuates to
1/e. From (1) to (3), given , the fraction of optical
power coupled from the silicon waveguide to the MDM wave-
guide can be expressed as

(4)
where is the maximum fraction of coupled optical
power, is the coupling length. Under the strong
coupling conditions that and , can be simpli-
fied as [24], then

(5)

and , which improves the modulation efficiency of the
hybrid phase shifter by increasing the fraction of optical power
periodically coupled into the MDM slotline filled with EO
polymer.
Several factors should be considered in choosing the dimen-

sions of the silicon-plasmonic hybrid phase shifter. Fig. 3 shows
the real parts of the effective indices and the losses for the quasi-
even, quasi-odd, plasmonic, and photonic modes as the silicon
waveguide width decreases from 600 nm to 300 nm. From
(4), in order to get a high coupling efficiency, the phase veloci-
ties of silicon-waveguide photonic mode and MDM plasmonic
mode should be matched, which requires as marked by
the points A to C in Fig. 3(a) to (c), respectively. Propagation
loss is also an important factor for the design of a plasmonic de-
vice. As shown in Fig. 3(d) to (f), when silicon waveguide width
is reduced, the propagation loss of the quasi-even mode and
quasi-odd mode increases and decreases, respectively. Mean-
while, with a larger slot width, the loss of the MDM plasmonic
mode becomes smaller, which, on the other hand, could re-
duce the modulation efficiency of the phase shifter by weak-
ening the applied electric field inside the slot. Integrating the
factors including phase match, propagation loss, modulation ef-
ficiency, and fabrication feasibility, the dimensions of the silicon
waveguide are set to 370 nm (width) and 220 nm (height). The
MDMwaveguide is 120 nm above the silicon waveguide with a
50-nm-wide and 100-nm-high slot. These device geometric pa-
rameters will be used in the following discussions.
Fig. 4 depicts the distributions of optical energy density

propagating along the silicon waveguide and MDM waveguide
of the hybrid phase shifter with a length of , which are
achieved by three-dimensional FDTD method. The interference
pattern is induced by the beating between the quasi-even and
quasi-odd modes. When the strong coupling conditions are sat-
isfied as shown in Fig. 4(a), a nearly complete periodic power
transfer between the photonic mode and plasmonic mode takes
place. Simulations show that the coupling length is 2.4 and
68% of the incident power is transmitted to the output silicon
waveguide. However, as shown in Fig. 4(b), when the silicon

Fig. 4. (Color online) Electromagnetic energy density distributions simulated
by three-dimensional FDTD method for the proposed silicon-plasmonic hy-
brid phase shifter with (a) 370-nm silicon waveguide width and 9.7- hy-
brid waveguide length, and (b) 420-nm silicon waveguide width and 8.5-
hybrid waveguide length. Other geometrical dimensions are: ,

, , and .

waveguide width increases to 420 nm with other simulation
parameters unchanged, is reduced to 2.1 . Due to a larger
phase mismatch between the photonic mode and plasmonic
mode, strong coupling conditions are not satisfied and only part
of the optical power can be coupled from the silicon waveguide
to the MDM waveguide.

C. Design of the Silicon Racetrack Ring Modulator

After the light is launched into the hybrid phase shifter, using
(1) and given , one can obtain the transmission func-
tion of the hybrid phase shifter as

(6)

After the hybrid phase shifter is integrated with the racetrack
ring structure as shown in Fig. 1(a), the transmission function
of the ring modulator can be derived by the multiple round-trip
approach [28]:

(7)

where is the input/output electric field of the bus
waveguide respectively, is the transmission coefficient be-
tween the ring and the bus waveguide, is the circumference
of the ring resonator, and is the round-trip loss factor of the
silicon waveguide section in the racetrack resonator including
bending loss and waveguide loss [29]. Based on (6), the optical
energy should completely transfer to the silicon waveguide at
the end of the hybrid phase shifter, which requires:

(8)

where is a positive integer. The on-resonance condition of
the racetrack ring can be derived from (7):

(9)

where is a positive integer.
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Fig. 5. (Color online) (a) Transmission spectra of the proposed modulator
under 0-V and 2.3-V DC bias voltages across the MDM slot. Maximum
extinction ratio, corresponding insertion loss and operation wavelength are
shown. (b) Extinction ratio and insertion loss under various applied voltages
from 2.3 V to 2.3 V.

The transmission coefficient can be adjusted to obtain a
quasi-critical coupling in order to achieve a high resonance ex-
tinction ratio. Fig. 5(a) provides the spectra of the proposed
modulator with the resonances around 1550 nm. The spectra are
obtained from (7) and the corresponding parameters of the mod-
ulator are: , , ,

, , , ,
, , and . The effective re-

fractive indices at 0-V bias are: , ,
, and , which are obtained from FDTD

simulations.

D. Modulation Analysis, High-Speed Characteristic, and Low
Energy Consumption

After the deposition of EO polymer over the MDM wave-
guide and an efficient poling process, the EO polymer may
achieve a high EO coefficient, , of 50–300 pm/V at the
wavelength of 1550 nm [30]. For the proposed modulator,
is assumed to be 80 pm/V. Considering that the EO polymer
typically has a very high resistivity of more than
[17], the two parallel metal plates of the MDM waveguide
are electrically isolated and can be used as the modulator
electrodes. The refractive index variation of the polymer inside
the slot under an applied voltage, , can be expressed as

(10)

The phase-modulation speed is intrinsically very high due to
the fast response of the Pockels effect. With the ring resonator,

the phase modulation is converted into intensity modulation
by shifting the transmission curve. Supposing that the refrac-
tive index of the EO polymer can increase and decrease under
positive and negative biases, then the resonance experiences a
red-shift and a blue-shift, respectively [31]. Fig. 5(a) defines the
extinction ratio and insertion loss of the modulator with opera-
tion wavelength fixed at 1550 nm. As shown in Fig. 5(b), an
increased bias voltage results in a larger resonance shift thus
leading to an increased extinction ratio and a decreased inser-
tion loss. An extinction ratio of more than 30 dB is achieved
when and the polymer refractive index change is
within when the bias voltage across the MDM slot
varies from 2.3 V to 2.3 V.
The modulation bandwidth of a ring modulator is limited

by factors including time constant, photon life time, and
driver electronics. One of the attractive features for the pro-
posed modulator is the potential for high modulation speed due
to its small time constant and short photon life time. The
two parallel metal plates with the EO polymer sandwiched in
between form a capacitor. The capacitance can be estimated
by , where is the permittivity of
vacuum, is the dielectric constant of EO polymer,
and is the sidewall area of the metal plates. Due to its compact
size, the modulator can be regarded as a lumped element with
no need for travelling-wave electrode design. The -limited
3-dB bandwidth of the modulator is proportional to ,
where is the loading resistance depending on the electrode
layout and fabrication processes. A typical value of is 50
[10] and thus is calculated on the order of terahertz,
which is not considered as a major limitation on the modulation
speed. As the metal plates can be used as electrodes to conduct
electrical signals directly to the active polymer, the time
constant is reasonably much smaller than that induced by free
carrier transit in silicon, thus leading to an increased modulation
bandwidth.
On the other hand, in the optical regime, the photon life time

in the ring resonator sets a fundamental limit to the modu-
lation speed. can be obtained from the quality factor of the
ring, , as [8]

(11)

(12)

where and are the central wavelength and the 3-dB band-
width of the resonance respectively. Due to the intrinsic loss in-
duced by the MDM plasmonic waveguide, a decreased quality
factor can be obtained for the racetrack ring with the hybrid
phase shifter. As shown in Fig. 5(a), of the proposed mod-
ulator at 1550 nm is 3.6 nm corresponding to .
Thus, from (11), the photon life time in the proposed modulator
is 0.35 ps, corresponding to a bandwidth larger than 300 GHz,
exceeding the performance of existing silicon ring modulators.
The power consumption can be estimated by

[10], where is the voltage amplitude and is the modulation
frequency. Given of 2.3 V, is on the order of
at a modulation frequency up to 100 GHz. Thus, without fun-
damental limitation on bandwidth from electro-optic response,
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Fig. 6. (Color online) Modulator performances including extinction ratio, insertion loss, and resonance shift of the proposed modulator when fabrication errors
and structural mismatches in geometrical dimensions labeled in (a) are taken into consideration. These geometrical dimensions include (b) silicon waveguide
width, , varying from 362 nm to 378 nm, (c) MDM slot width, , varying from 45 nm to 55 nm, and (d) height of the silica space, , varying from 112 nm
to 128 nm. is defined as the distance between the silicon and the MDM waveguide centers. A positive or negative corresponds to a red or blue shift of the
resonance, respectively.

time constant, and optical resonance, such an energy-effi-
cient modulator can be used in future SOI photonic circuits to
build high-speed low-power-consumption inter-chip optical in-
terconnects and also terabit per channel optical communication
links.

III. TOLERANCE TO FABRICATION ERRORS AND MISMATCHES

Since the silicon-plasmonic hybrid modulator operation is
based on a resonator system under the phase matching condi-
tions described in (8) and (9), it is essential to consider the per-
formance tolerance to fabrication errors and mismatches, espe-
cially those induced by the hybrid phase shifter which plays a
key role in mode confinement and phase modulation process.
Fabrication errors and mismatches in silicon-waveguide width,
MDM slot width, silica-space height, and lateral alignment are
considered here as shown in Fig. 6(a). Their influences on ex-
tinction ratio, insertion loss, and resonant wavelength are de-
picted in Fig. 6(b) to (d). The extinction ratio and insertion
loss are achieved when the bias voltage across the MDM slot
changes from 0 V to 2.3 V. The proposed racetrack resonator
initially satisfies critical coupling condition defined as

(13)

Using (6) and (7), one can derive the intensity of and the
round-trip phase accumulated in the racetrack resonator, , as
follows:

(14)

(15)

When the widths of the silicon waveguide and MDM slot
change within a small range, e.g., 8 nm and 5 nm, respec-
tively, the coupling constant keeps almost the same, the
phase velocity mismatch increases, leading to a larger in
(14). Then the transmission, , is decreased. The resonator
will operate in under-coupling regime defined as .
Consequently, the resonance depth degrades, leading to a re-
duced extinction ratio as shown in Fig. 6(b) and (c). Similarly,
the uncertainty of silica-space height and the misalignment
between the silicon and plasmonic waveguides can also reduce

, thus leading to an under-coupled resonator with a de-
creased extinction ratio as shown in Fig. 6(b) to (d). However,
the resonance shift is relatively small in the inset of Fig. 6(d)
because, from FDTD simulation results, both and are
relatively insensitive to the change of silica-space height and
therefore leading to an insignificant phase shift in (15).
The extinction ratio is quite sensitive to fabrication errors, es-

pecially those of the silicon waveguide width and silica-space
height as shown in Fig. 6(b) and (d) respectively. Such errors
may be reduced with the state-of-the-art nano-fabrication tech-
nologies [32], [33] to control the dimension variance within a
reasonable range. The resonance shift can also be corrected to
some extent by thermal tuning the refractive index of the straight
waveguide section in the racetrack ring modulator. One possible
scheme to insert the thermal heater is provided in [34]. Com-
pared with the extinction ratio, the insertion loss that changes
around 9 dB to 10 dB is relatively insensitive to the fabrication
errors as shown in Fig. 6(b) to (d).



1176 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 31, NO. 8, APRIL 15, 2013

IV. FABRICATION FEASIBILITY

The proposed modulator could be realized by the following
nano-fabrication steps demonstrated in [4], [32], [35]. Firstly,
electron beam lithography (EBL) is used to pattern the photore-
sist on an SOI wafer, with a 220-nm silicon layer and 3-
buried oxide. The photoresist pattern then acts as a mask for the
following dry etching of the silicon to form the racetrack ring
and the bus waveguide with an etch depth of 220 nm. Secondly,
after the device is clad with 120-nm-thick silicon oxide, another
photoresist layer is spun and an EBL step is performed to open
the window for metal evaporation. A 100-nm-thick silver film
is evaporated onto the chip followed by a lift-off process. Fo-
cused-ion-beam (FIB) is used to obtain a 50-nm-wide slot inside
the silver layer. Silver is used here because it has a relatively
small absorption loss at the wavelength of 1550 nm. Thirdly,
the EO polymer cladding is prepared by spin-coating. Here, we
assume that the polymer can enter the 50-nm-wide slot, which
is confirmed by [36]. One may need to adjust the width of the
slot to guarantee the polymer filling in the gap and subsequently
change the dimensions of the hybrid phase shifter using the
aforementioned analytical method. In order to achieve a high
EO coefficient inside the slot, the polymer should be properly
poled before device operation, which requires a large electric
field applied to the two parallel metal plates.

V. CONCLUSION

In this paper, an electro-optic modulator based on a silicon-
plasmonic hybrid phase shifter is proposed. The modulator is
composed of two layers with the bottom one comprising a sil-
icon racetrack ring coupled to a bus waveguide, and the top layer
formed by an MDM plasmonic-slot waveguide, which aligns
with one of the straight waveguide sections of the ring resonator.
The slot is filled with EO polymer to enable electro-optic modu-
lation. Due to an ultrafast response speed of the Pockels effect,
a compact size, a reduced delay, and a decreased quality
factor of the ring, the proposed modulator shows the prospect
to achieve an ultrahigh modulation speed and a low energy con-
sumption. The effects of the fabrication errors and mismatches
on the performance of the proposed modulator are also inves-
tigated. Such an electro-optic modulator based on the silicon-
plasmonic hybrid phase shifter is promising for applications in
future silicon inter-chip interconnects or ultrahigh-speed optical
communication networks.
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