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Abstract: We propose a miniature optical intensity modulator based on a silicon-polymer-
metal hybrid plasmonic waveguide. Benefiting from the high mode confinement of hybrid
plasmonic waveguide and the high linear electro-optic effect of polymer material, the inten-
sity modulator is ultra-compact with a length of only ~13 pm. The device is optimized using
numerical simulations based on the finite element method (FEM). The modulator exhibits a
large modulation bandwidth of 90 GHz, a modulation depth of 12 dB at 6 V, and low power
consumption of 24.3 fJ/bit.

Index Terms: Plasmonics, waveguide devices, silicon nanophotonics.

1. Introduction

Optical technology is able to revolutionize short-reach interconnects, ranging from high-
performance computing and data centers down to mobile-to-server interconnects and desktop
computers [1]. Optical interconnects could bring several major advantages over their electrical
counterparts, such as higher bandwidth, fewer physical layers, less transmission loss and power
consumption, weaker electromagnetic interference, shorter cable length and smaller cable weight.
The leading candidate technology in optical interconnects is silicon photonics, of which one of the
most important building blocks is the optical modulator. Optical modulators can be categorized into
amplitude, phase, and polarization modulators. Modulation speed, modulation depth, power con-
sumption, operation spectral window, insertion loss, and device footprint are the key device
parameters to measure the modulation performance.

Many materials can be used for optical modulators, such as llI-V compounds, lithium niobate
(LINbO3), silicon, germanium or silicon-germanium (Ge/SiGe) quantum well, and polymer. Strained
Ge/SiGe quantum well with relatively strong electro-optic absorption due to quantum-confined Stark
effect is an excellent candidate for optical modulators [2]. However, critical strain engineering is
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Fig. 1. (a) Schematic perspective view of the proposed optical intensity modulator. Ly, Ly, and L3 are
taper, SSHW, and DSHW lengths, respectively. (b) Cross-sectional view of the DSHW.

needed. Silicon is a well-understood semiconductor material and silicon-based modulators are
complementary metal-oxide-semiconductor (CMOS) compatible, which makes them quite attrac-
tive. Various mechanisms can be utilized to implement silicon modulators, including free-carrier
plasma dispersion effect [3]-[5], Kerr and Franz-Keldysh effects [6], and thermo-optic effect [7], [8].
However, refractive index change induced by the free-carrier plasma dispersion effect is relatively
weak, typically on the order of 10~2, which is challenging to make the modulator very compact. The
Kerr and Franz-Keldysh effects are nonlinear electro-optic effects, even weaker than the free-carrier
plasma dispersion effect. The thermo-optic effect is quite strong in silicon (thermo-optic coefficient
~1.86 x 107%4), but it has slow response. Polymer-based modulators possess fast modulation
speed and large modulation bandwidth, but they have large device dimensions due to the low
optical confinement of polymer waveguides [9], [10].

To improve the modulator performance, scaling down the modulator dimension is one feasible
way. However, due to the diffraction limit, the conventional dielectric waveguides cannot be smaller
than a half wavelength. In order to break the diffraction limit and confine light into a smaller volume,
surface plasmon polaritons (SPPs) have recently been employed to build various integrated
plasmonic devices [11]-[21]. SPP based devices, featured with high optical field confinement at the
interface, are one of the most promising candidates for high-density integration.

Here, we propose an optical intensity modulator based on a silicon-polymer-metal hybrid plas-
monic waveguide to realize high-speed and low-power optical modulation. The hybrid plasmonic
waveguide combines the merits of both plasmonic and photonic waveguides, namely, high optical
confinement, low propagation loss, and easy integration with photonic devices. Intensity
modulation in the proposed modulator is achieved by mode beating between symmetric (quasi-
even) and asymmetric (quasi-odd) hybrid plasmonic modes. The effective refractive indices of the
hybrid plasmonic modes can be tuned by an external voltage due to the linear electro-optic effect of
polymer. As the two modes experience unequal phase delays, the change in beating period results
in the variation in output power. Since the modulator is based on a single hybrid plasmonic
waveguide, it is more compact than a Mach-Zehnder Interferometer (MZl) modulator where two
separate waveguides are necessary to enable the optical interference. It should be noted that the
proposed modulator is essentially an interference structure rather than a resonance one, therefore
allowing for broadband operation [22], [23].

2. Device Structure and Working Mechanism

Fig. 1(a) shows the schematic perspective view of the proposed modulator. The two silver (Ag)
strips have an unequal length which is critical to realize intensity modulation. Fig. 1(b) is the
cross-sectional view of the hybrid plasmonic waveguide in the central part. The device is upper-
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Fig. 2. Transverse electric field mode patterns for various waveguide modes: (a) Input/output silicon
waveguide mode, (b) SSHW mode, (c) DSHW quasi-even mode, and (d) DSHW quasi-odd mode.
Ws; = 450 nm, Hg; = 250 nm, and Wpoymer = 50 nm.

clad with a silicon oxide layer (not shown in the graph). For the transverse electric (TE) polariza-
tion, the field in the polymer nano-slots is greatly enhanced due to the SPP excitation at the
Ag-polymer interface and the electric field discontinuity at the Si-polymer interface [19], [20].
Nonlinear polymers are good insulating materials with a very high resistivity of 10" ohm - cm [24].
The silver, polymer, and silicon layers form a lateral capacitor. The silicon core is intentionally n-type
doped with a concentration of 3 x 10" ¢cm~2 in order to reduce its resistivity and improve the
modulation speed. The doping induced free carrier absorption loss is still much smaller than the loss
from the metal.

Coupling light into the hybrid plasmonic waveguide is achieved via a silicon waveguide. When
light is launched at the input port, optical power is well-confined in the silicon core, as shown in
Fig. 2(a). When it meets the first metal block, the optical power is gradually attracted to the slot
(polymer) region of the single-slot hybrid plasmonic waveguide (SSHW), exciting the single-slot
plasmonic mode as shown in Fig. 2(b). In order to reduce the mode transform loss from the
dielectric to the hybrid plasmonic modes, the silicon waveguide is adiabatically tapered. At the
central part where a second metal block is positioned along the other side of the silicon waveguide
to form the dual-slot hybrid plasmonic waveguide (DSHW), the optical power is transferred from one
slot to the other, resulting in a periodic coupling. At the end of the DSHW, light couples back to the
single slot, with its coupling efficiency determined by the power distribution in the DSHW. As the
optical power is strongly confined in the slots, it has a large overlap with the polymer infiltrated in
the slots. Hence, the coupling length and thus the transmitted power are very sensitive to the
refractive index variation in the slots. The periodic oscillation of the optical power in the DSHW is
similar to that in a conventional directional coupler, except that here the slot mode coupling is
radioactive rather than evanescent, leading to a much shorter coupling length.

The coupling in the DSHW can also be regarded as mode-beating between the symmetric (quasi-
even) and asymmetric (quasi-odd) super-modes of the hybrid plasmonic waveguide. Fig. 2(c) and
(d) show the electric field patterns of the quasi-even and quasi-odd modes in the DSHW. With a
refractive index change of the polymer, the plasmonic super-modes experience different phase
shifts, and therefore the interference varies at the end of the DSHW.

3. Theoretical Modeling
At the entrance of the DSHW, the input electric field ?1 is expressed as

E1(X7y):ES(X7y) (1)
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where ES is the electric field of the SSHW mode. The electric field Ed in the DSHW can be
decomposed into two orthogonal eigenmodes [25], and thus we have

E4(x,.2) = CsoE o(X, )" + Cso E o(X, y)€1%? @)

where Ee and EO are the electric fields of the quasi-even and quasi-odd modes, 3. and 3,
are their complex propagation constants, and Cs;c and Cg, are the coupling coefficients.
According to the orthogonal relationship, the mode coupling coefficient C; from the i-mode to
the j-mode can be calculated from the overlap integral between the SSHW and DSHW mode
fields [26]

1 =
C,'jZE//E,'XHj~ZdS (3)
S

where S is the infinite cross-section, Z is the unit vector in the propagation direction. The fields are
all normalized, After the beating section, light is partially coupled back to the SSHW with the
electric field Eo expressed as

Es(X,y) = (CosCse€%t + CosCso ) Eq(X, y). (4)

The beating between the quasi-even and quasi-odd eigenmodes results in optical power
oscillation between the two slots. The coupling length is given by L. = 7/|8e — Bo|. After even
numbers of coupling lengths, the power is coupled back to the single slot leading to the maximum
transmission.

4. Numerical Analysis

We use a commercial finite-element simulation package COMSOL to analyze the performances of
the proposed optical intensity modulator [18], [27], [28]. In our simulation, silver is assumed to have
a permittivity e4g = —133.75 4 3.337/ around 1550 nm wavelength [29]. Refractive indices for SiOy,
Si, and polymer are nsjo» = 1.46, ns; = 3.48, and Npoymer = 1.6, respectively. We use molecular
glasses based on the reversible self-assembly of aromatic/perfluoroaromatic (Ar-ArF) dendron-
substituted nonlinear optical (NLO) chromophores as the electro-optic polymer to actively tune the
hybrid plasmonic mode. The polymer has an electro-optic coefficient r33>200 pm/V with good
alignment stability [30]. The polymer refractive index change An to an external electric field E is
given by [10]

An=—r. 33 ngolymer V/ 2 Wpolymer (5)

where V is the voltage applied on the polymer layer.

4.1. Hybrid Plasmonic Mode

For dielectric waveguides, light is confined in the high-index dielectric layers due to total internal
reflection. However, for the hybrid plasmonic waveguides, the intensity maxima are located in the
low-index sidewall polymer layers for TE polarization. When the core width Ws; is small (< 200 nm),
the DSHW can only support one mode, with its major electric field evenly distributed in the two
nano-slots (quasi-even mode). When Wg; increases, the mode with its major electric field opposite
in the two nano-slots (quasi-odd mode) shows up, which means Ws; = 200 nm is the cutoff width
for the odd mode. The DSHW can be regarded as a coupled hybrid SPP system with its mutual
coupling enabled through the central silicon core. The mutual coupling results in mode splitting into
even and odd polarities. The complex effective refractive index of the hybrid plasmonic waveguide
mode can be expressed as ng = Nre + iNim, Where n,. and n;,, are associated with light propagation
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Fig. 3. (a) and (c) Real part of the quasi-even and quasi-odd modes as a function of Wg;. (b) and (d)
Propagation loss of the quasi-even and quasi-odd modes as a function of Ws;.

constant and loss, respectively. The propagation loss is given by 20Ig(e)konim [19], where kg is the
free space propagation constant.

Fig. 3(a) and (c) show ny of the quasi-even and quasi-odd modes as a function of silicon width
Ws;. It can be seen that for the quasi-even mode, n,, decreases with Ws; when the polymer layer is
thin (e.g., 5 nm), but increases with Ws; when the polymer layer is thick. For the quasi-odd mode,
nye always increases with Ws;. n. of the quasi-even mode is larger than that of the quasi-odd mode,
because it has more power distributed in the silicon core. For a given Wg;, n,, becomes larger for a
thinner polymer layer. Note that when the polymer layer is very thin and less than a critical value,
the field in the slots is greatly enhanced and the metal-polymer-silicon stack at each side can
independently support a hybrid SPP mode with n,, > ng; (for example, n, can reach 3.9 when the
polymer and silicon layers are 2 and 50 nm thick, respectively) [31]. When Ws; increases, optical
power of the quasi-even mode is gradually pushed to the silicon core from the low-index sidewall
polymer. Fig. 3(b) and (d) show the associated propagation loss as a function of Ws;. For a given
Ws;, the propagation loss is higher for a narrower polymer layer due to the high optical field at the
Ag-polymer interface.

4.2. Coupling Length

Fig. 4(a) shows the effective refractive index difference Anye = Nre(even) — Nre(oda) between the
quasi-even and quasi-odd modes as a function of Wg;. It can be seen that for a thick polymer layer,
Any first increases and then decreases with Wg;. For a thin polymer layer, An,, always decreases
with Wg;. Interestingly, Anye is almost independent of Wpeojymer when Wg; =~350 nm, which means
the refractive indices of both modes have a comparable change with the varying polymer width.
Fig. 4(b) shows the corresponding coupling length L, given by L, = 7/|8e — 80| = A/ (2Any), which
is inversely proportional to Any. As shown in Fig. 4(b), the coupling length is very short, making it
possible to realize an ultra-compact optical modulator.
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Fig. 4. (a) Effective refractive index difference An,, between the quasi-even and quasi-odd modes as a
function of We;. (b) Coupling length L, as a function of Wg;.
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Fig. 5. Increment of the effective refractive index difference (dAn,) between the quasi-even and quasi-
odd modes as a function of Ws; and Wpyoymer When (a) the polymer refractive index change is fixed at
dnpoy = —0.005 and (b) the applied voltage is fixed at Vg =1 V.

4.3. Sensitivity

Sensitivity of the refractive index difference to the polymer index variation is the key parameter
that determines the modulation depth and power consumption. With a voltage applied onto the
hybrid plasmonic waveguide, the refractive indices of both modes are changed due to the linear
EO effect of polymer. Because of their distinct mode profile, their index change is different. As a
result, the quasi-even and quasi-odd modes experience different phase delays, leading to an
intensity modulation at the output waveguide. Here, we define the sensitivity as

S= dAnNe _ dnre(even) . dnre(odd) (6)
o dnpo,y dnpo,y dnpo,y '

Fig. 5(a) shows the contour plot of dAn, as a function of Wg; and Wyoymer. The polymer
refractive index change is assumed to be dnp,, = —0.005 in both slots. In our study, we assume
that the modulator works in the synchronous mode, which can be guaranteed in practice by
properly poling the polymer in the two slots. It can be seen that a wide silicon core and a thick
polymer layer help to improve the sensitivity. However, it should be noted that a higher voltage is
needed for a thicker polymer layer to reach the same index change. Fig. 5(b) shows the contour
plot of dAn, when the applied voltage is fixed at V; =1 V. As we can see, the polymer layer
should be thin and the silicon core should be wide in order to improve the sensitivity.

4.4. Modulation Depth

The silicon core gradually narrows down at the input and output ends to reduce the mode
transform loss from the silicon waveguide to the SSHW. The SSHW mode then excites the two
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Fig. 6. (a) Optical power flow under various bias voltages. (b) Modulation depth changes as a function of
voltage. The wavelength is set at 1550 nm.

super-modes of the DSHW. The two super-modes need to be nearly equally excited in order to
achieve a high modulation depth. Here, we define the modulation depth as the ratio between the
maximum and minimum output powers in response to a voltage

P
MD(dB) = 10lg ( P"“tt((”‘"j“;) . @)
out(min

Sensitivity, coupling length, and DSHW length all have significant influences on the modulation
depth. A higher sensitivity S and a smaller coupling length L. are favorable in improving the
modulation depth and making the device compact. Considering the fabrication feasibility, we choose
Wsi and Wooymer to be 450 nm and 50 nm, respectively. A long DSHW is beneficial to achieve a high
modulation depth, but it suffers more propagation loss. The DSHW length Lj is optimized to be
10.6 um, allowing for a relatively high modulation depth and an acceptable insertion loss.

The SSHW silicon core width W, and length L, are the other two key parameters that affect the
modulation depth. If the quasi-even and quasi-odd modes are excited equally, the optical power can
be totally transferred from one slot to another, leading to a high modulation depth. In order to
balance the excitation, the SSHW is designed to have dimensions of L, =510 nm and
Wso = 220 nm where we get Cse =~ Csp.

In order to reduce the coupling loss between the silicon waveguide and the SSHW, the input/
output taper length also needs to be optimized. There exists an optimal taper length where the back
reflection loss and the metal absorption loss are compromised [32]. A longer taper has low back-
reflection but suffers more metal absorption loss. The taper length L; is optimized to be 700 nm,
giving rise to ~1 dB coupling loss.

From the above analyses, the optimal structure is designed for relatively high modulation depth
and bandwidth, acceptable propagation loss, and feasible fabrication. The optimal device geometric
parameters are chosen as: W =450 nm, Wpoymer = 50 nm, W, =220 nm, Ly =700 nm, L, =
510 nm, and L3 = 10.6 um. Fig. 6(a) shows the simulated optical power flow in the modulator under
various applied voltages using the three-dimensional (3D) finite element method (FEM) simulation.
The optical power coupled from the input silicon waveguide to the hybrid plasmonic waveguide
travels in a zigzag path. It is finally coupled back to the silicon waveguide with the transmittance
controlled by the applied voltage. There is no significant back reflection emanating from the open-
end of the DSHW. Fig. 6(b) shows that the modulation depth changes with the applied voltage. The
modulation depth reaches 12 dB with 6 V voltage (assuming rzz = 200 pm/V). The modulation
efficiency of a Mach-Zehnder modulator is usually measured by the product V. - L. In our device,
optical modulation is realized based on the coupling of hybrid plasmonic modes and V, can be
defined as the voltage swing to achieve the maximum modulation depth. The modulation depth
approaches the maximum at 6 V, and therefore we have V, =~ 6 V and V- L~ 0.0078 V - cm.
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Fig. 8. Circuit model of the modulator.

Fig. 7 shows the transmission spectra under various voltages. At 1543 nm, the modulation depth
is 10 dB at 6 V and the insertion loss is around 7 dB. The insertion loss is made up of ~1 dB
propagation loss, ~1 dB photonic to SSHW mode transform loss per end, and ~2 dB SSHW to
DSHW mode transform loss per end. At 1550 nm, the insertion loss is slightly increased to 7.7 dB,
while the modulation depth reaches the maximum of 12 dB.

4.5. Modulation Speed and Power Consumption

Given that the inherent response time of the polymer is on the order of femtoseconds [33], the
modulation speed of the device is mainly limited by the charging and discharging time (RC time) of
the capacitor. Fig. 8 shows the equivalent circuit model of the device. The 3 x 10'® cm~3 n-type
doping in the silicon strip lowers the silicon resistance to 2 x 10~ ohm - cm. A radio frequency (RF)
signal is applied between the metal and the silicon strip with a peak-to-peak voltage swing of Vp,
and a bias of V,, /2. As the modulator is relatively short, the electrode can be regarded as a lumped
element, and the impedance matching is not taken into consideration. The total capacitance is
C =Cy +Cy =27 fF and the resistance is R = R{/2 = 660 ohm. Note that Ry is formed by the

Vol. 6, No. 3, June 2014 4801110



IEEE Photonics Journal Design and Analysis of Intensity Modulator

doped silicon strip with a half-length of the modulator. It is overestimated in this rough estimation
since the current density increases toward the ends of the modulator. The RC delay time is about
1.78 ps, corresponding to a modulation bandwidth of f, yg = 1/(27RC) ~ 90 GHz. The power
consumption per bit is 1/4CV,,. = 24.3 fJ/bit (Vp, =6 V) [34], [35].

5. Conclusion

We proposed a novel optical intensity modulator based on a hybrid plasmonic waveguide consisting
of Si-polymer-Ag layers. The optical field with TE polarization is strongly confined in the nanometer
thin polymer layer. Due to the mode beating in the DSHW, the output power is dependent on the
phase difference between the quasi-even and quasi-odd modes of the DSHW. Intensity modulation
is realized by applying a voltage on the polymer layer, making use of its high linear EO effect.
Several key parameters that determine the modulator performances were analyzed in detail. At
1550 nm, the modulation depth can reach 12 dB with a 6 V peak-to-peak voltage. Due to its
compact size, the response time is about 1.78 ps, corresponding to a modulation bandwidth of
90 GHz. The power consumption is 24.3 fJ/bit. The high performance of the modulator can
serve as a basic building block for future micro- and nano-scale plasmonic integrated circuits for
optical signal processing and interconnect applications.
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