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Abstract An electro-optic modulator based on hybrid

plasmonic micro-ring-disks with submicron radii is

designed and rigorously investigated via the finite-element

method. The device is based on the conductor-gap-silicon

hybrid plasmonic platform and utilizes an embedded

electro-optical polymer to control the resonant wavelengths

of micro-ring-disk resonators. Such elements combine the

easier fabrication of microdisks with the lower capacitance

of microring resonators and provide high modulation

depths, low insertion losses, and energy consumption

around 1 fJ/bit. Finally, an add-drop filter configured in a

2� 2 switching matrix is presented and its performance is

preliminary assessed.

1 Introduction

Not limited by the diffraction limit inherent to integrated

photonic platforms based on purely dielectric waveguides,

plasmonic circuits offer the possibility for dense integra-

tion by guiding light at sub-wavelength scales, in the form

of surface light waves at the interface between metals and

dielectrics. The miniaturization of the overall footprint of

plasmonic architectures is the key element toward the

merging between electronics and photonics in new gener-

ation integrated chips that benefit from the best features of

both worlds, namely dense integration with high bandwidth

and low latency [1].

Indispensable components in integrated chips are

optical modulators, which convert the electrical informa-

tion signal into optical pulses, and switches that control

the flow of information through the circuit channels.

When it comes to plasmonic-based devices, the employ-

ment of electro-optically responsive materials provides

promising solutions toward the implementation of effi-

cient modulators, by utilizing the same metallic parts as

both light waveguides and electrical contacts and by

maximizing light-matter interaction between the electro-

optic material and the propagating optical signal [2, 3].

Various physical phenomena have been thus far exploited,

such as the carrier concentration change effect thin

transparent oxide layers [4], the Pockels effect in vð2Þ

nonlinear polymers [5, 6], or the electro-optic tuning of

liquid crystalline materials [7–9].

In particular, the Pockels effect in electro-optic poly-

mers (EOP) offers a powerful alternative for the imple-

mentation of tunable integrated components. The field-

effect actuation of EOP devices ensures high modulation

bandwidths, stemming from the ultrafast molecular polar-

izability, and low power requirements. Such favorable

properties have been extensively demonstrated in EOP-

tunable components in the silicon-organic hybrid (SOH)

platform [10, 11]. As far as integrated plasmonics are

concerned, EOP have been shown promising in various

configurations, e.g., dielectric-loaded ring resonators [12],
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metal-insulator-metal (MIM) amplitude [6, 13] or phase

modulators [5], MIM filters [14–16], hybrid waveguides

and resonators [17, 18], and conductor-gap-silicon (CGS)

plasmonic in directional coupler [19] or resonant configu-

rations [20–22]. Among these plasmonic approaches, the

CGS hybrid plasmonic platform [23–28] overall offers a

series of important advantages: (1) interfacing with Si

photonic waveguides with very high coupling efficiencies,

as demonstrated in [23], (2) potential for CMOS-compati-

bility, (3) lower propagation/insertion losses and much

higher resonator quality factors with respect to purely

plasmonic, e.g., MIM, approaches, and (4) significantly

tighter light confinement and hence reduced device foot-

print with respect to all-dielectric platforms, e.g., Si or III/

V-photonics.

In this work, we present the design of a plasmonic

modulator implemented in the CGS platform and based on

resonating micro-ring-disks, namely the combination of

sub-micron silicon microdisks with plasmonic rings.

Compared to microring resonators, this approach relaxes

the fabrication complexity and eliminates any scattering

losses in the interior surface of Si microrings. In the same

time, it features much lower overall system capacitance

and thus energy consumption than microdisk resonators

[21], without compromising the modulation performance.

Moreover, an n-doped Si rib is introduced in the design,

which offers a natural option for the electrical connector-

ization of the device, and its effect is rigorously taken into

account.

Initially, the properties of the single resonating elements

are investigated via the finite-element method, leading to

an optimal selection of geometrical parameters that yields

favorable performance. Then, by side coupling the micro-

ring-disk to a CGS bus waveguide, an electro-optic mod-

ulator is demonstrated, which features small footprint, high

modulation depth, low insertion losses, high operation

speeds and very low capacitance, leading to femtojoule/bit

switching energies. Finally, the modulator’s performance is

also preliminarily assessed in a four-port switching matrix

configuration.

2 Electro-optic integrated hybrid plasmonic
modulator

2.1 Properties of the single micro-ring-disk hybrid

plasmonic resonator

The proposed plasmonic modulator is based on the micro-

ring-disk resonating element schematically depicted in

Fig. 1. Starting from a SOI wafer, which is typically flat to

the atomic scale, a Si microdisk with radius Ro is patterned.

The thickness of the silicon layer is hSi ¼ 300 nm.

However, Si is not fully etched, such that the remaining

layer of thickness hr ¼ 30 nm may serve as one of the two

electrical connections to the micro-ring-disk, via which the

modulating voltage is applied to the resonator, as it will be

explained in the end of this Section. On top of the micro-

disk, a silver microring of thickness hAg ¼ 100 nm and

internal radius Ri is defined, separated from the Si micro-

disk via a thin layer of electro-optic polymer (EOP), whose

thickness is equal to hg ¼ 30 nm. The deposition of the

EOP layer can be performed by spin-coating, which is

widely employed in the fabrication of silicon- or plas-

monic-based EO modulators [29]. The etching of the final

features is possible via, e.g., e-beam lithography, as in the

EO plasmonic modulators based on the dielectric-loaded

platform demonstrated in [12]. Once the final structure is

fabricated, a poling field is applied in order to align the

chromophores in the host polymer and induce the neces-

sary nonlinear response. The poling process, which takes

place at an elevated temperature close to the glass-transi-

tion point of the host polymer, is preferably done in an

oxygen-free environment, e.g., nitrogen, in order to avoid

oxidization of the silver layers and oxygen diffusion that

can damage the electro-optic chromophores [30].

The combination of a Si microdisk with a plasmonic

microring eliminates the scattering in the interior walls of

Si microrings, while keeping low the overall capacitance of

the structure, which is mainly defined by the dimensions of

the Ag microring, thus reducing the required modulating

switching energy, as it will be demonstrated. The substrate

is silica, considered to be thick enough in order to optically

isolate the plasmonic circuit from the bulk of the Si wafer.

The resonant wavelengths kr of the micro-disk-ring

depend mainly on its external dimension, i.e., the external

radius Ro, which can be adjusted such that the structure

resonates close to the technologically relevant wavelength

of 1.55 lm [20, 21]. In order to calculate the resonant

wavelengths, we employ an eigenmode analysis imple-

mented in the finite-element method [31]. The permittivity

of Ag is equal to eAg ¼ �126� j2:86, the refractive index

of silica is nsil ¼ 1:444, while that of the EOP is np ¼ 1:83,

which corresponds to DLD-164, a material with high

Fig. 1 Schematic layout of the proposed electro-optic micro-ring-

disk plasmonic resonator. A silicon microdisk is patterned on a

silicon-on-insulator wafer, not fully etched in order to provide for a

native electrode for the RF connectorization of the modulator. On top,

a silver micro-ring is defined, separated by the silicon disk via a thin

layer of an electro-optic polymer
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electro-optic coefficient r33 ¼ 180 pm/V (measured in the

device), recently employed in state-of-the-art EOP-based

plasmonic modulators [13]. The Si refractive index is

nSi ¼ 3:48þ Dnfc, where Dnfc is the index modulation,

considering that Si is doped in order to lower its resistivity

and thus increase the bandwidth of the modulator, a

technique which is typically employed in silicon photonics

modulators based on the field effect. Here, we assume that

Si is As-doped at a concentration Ne ¼ 1019 cm�3, which

lowers its resistivity to q ¼ 0:006X/cm, thus yielding a

sheet resistance of 2 KX/sq for the considered thickness hr.

The resulting free-carrier (FC) modulation is Dnfc ’
�0:01� j0:001 and it has been taken into account in the

analysis. It is stressed that although the introduction of

free-carrier-induced losses may have a detrimental effect in

purely dielectric silicon photonics modulators, in the

investigated structure it does not have a notable effect,

since the losses of the structure are governed almost

exclusively by damping at the Ag/EOP interface.

Figure 2 shows the resonant wavelength for Ro ranging

from 500 to 900 nm and considering three cases for the

internal radius Ri. The wavelength kr is associated with a

mode with radial number equal to 1 and an azimuthal

number l that varies from 4 to 8 as the dimensions of the

resonator become larger. This mode has the largest quality

factor, and it is the only one in the wavelength window

under study, which can efficiently couple to a bus waveg-

uide, as it will be demonstrated in Sect. 2.2. At certain

discrete values of Ro, the kr equals the target wavelength of

1.55 lm. The influence of the internal radius value Ri on kr
is rather limited, as shown also in Fig. 2b, which is a

zoomed graph referring to the l = 6 resonant mode around

1.55 lm. More specifically, the results are identical for

Ri ¼ 0:25Ro and Ri ¼ 0:5Ro, while there is a few-nm shift

of kr for Ri ¼ 0:75Ro.

This behavior can be easily understood by inspecting the

profile of the y-component of the electric field of the res-

onant eigenmodes of the system, which is plotted in Fig. 3

for kr � 1:55 lm and for various combinations of Ro and Ri.

The profiles were calculated at the mid-plane of the EOP

Fig. 3 Profile of the y-component of the electric field at the mid-

plane of the EOP layer, for the resonant eigenmodes calculated at

k ¼ 1:55lm in Fig. 2. The field profile remains practically undis-

turbed for Ri ¼ 0:25Ro and Ri ¼ 0:5Ro
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Fig. 4 Quality factors of the single resonator eigenmodes at k ¼
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Fig. 2 a Resonant wavelengths of the micro-disk-ring resonator as a

function of the external ring radius Ro for three values of the internal

ring radius Ri and for an azimuth number l ranging from 4 to 8. b
Zoomed graph for the l = 6 mode around the telecom important

wavelength of 1.55 lm
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layer. As the resonator becomes bigger, the azimuthal

number of the resonant mode increases, up to l = 8 for

Ro ¼ 890 nm. More interesting, for a given Ro the profiles

for Ri ¼ 0:25Ro and 0:5Ro do not show any difference, as

the electric field is concentrated close to the circumference

of the EOP ring layer, indicating that Ri can be increased

up to a certain value without compromising the field con-

finement and, therefore, the quality of the resonator. This is

more clearly reflected in the results of Fig. 4, which reports

the quality factors Q of the resonant eigenmodes at

approximately 1.55 lm. There is no significant variation

when increasing Ri from 0:25Ro to 0:5Ro, although a fur-

ther increase to 0:75Ro leads to a reduction of Q as the

resonator becomes more leaky toward the interior of the

ring structure. Larger structures offer higher Q values,

albeit at the expense of larger device footprint and capac-

itance. Moreover, the slope of the increase of Q for l[ 8 is

reduced, meaning that it is not straightforward to increase

arbitrarily Q by simply scaling the device. On the other

hand, smaller resonators associated with lower l numbers

are more compact, however also more leaky and therefore

are expected to be less efficient in tuning. As a balanced

solution, here we focus on four configurations corre-

sponding to Ro ¼ 695 nm (l = 6) and 795 nm (l = 7),

while Ri takes the values 0:5Ro and 0:75Ro.

In order to assess the tunability of the resonating

structures, we modify the polymer index by Dnp and cal-

culate the corresponding shift of the resonant wavelength.

The EOP index modulation stems from the electro-optic

effect and equals Dnp ¼ 0:5n3pr33Es, where Es is the

intensity of the applied RF modulating field in the polymer.

For a breakdown intensity limit of 100 V/lm, typical of

EOP used in the SOH platform, the maximum index

modulation is � 0:055. Figure 5 investigates into the

tunability of the four resonators under study, revealing a

linear dependence with a Dkr=Dnp ’ 220 nm/RIU, almost

equal in all four cases. Nevertheless, the overall tuning

efficiency of the resonator also depends on the quality

factor, which is directly associated with the linewidth of

the resonances. A relevant figure of merit can be defined as

FoM ¼ ðQ=krÞ � ðDkr=DnpÞ [20], that takes into account

both the sharpness of the resonance and the relative shift

for a given Dnp.
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Fig. 7 Schematic layout of the hybrid plasmonic modulator consist-

ing of a conductor-gap-silicon bus waveguide side-coupled with a

micro-ring-disk resonator
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Fig. 8 a Cross section of the employed CGS bus waveguide and

electric field profile of the TM excitation mode at k ¼ 1:55 lm
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Before proceeding with further investigating the pro-

posed hybrid plasmonic modulators, we employ the defi-

nition of the FoM to justify the selection of one important

geometrical parameter, namely the thickness of the EOP

layer hg, which has been selected equal to 30 nm. Focusing

on the case where Ri ¼ 0:75Ro, we calculate the FoM of

the resonator for different values of hg by properly

adjusting Ro such that kr ’ 1:55 lm. Figure 6 shows the

dependence of the FoM on hg. Clearly, in the extreme cases

of hg ! 0 or hg ! 1 the structure degenerates in a single

Si/Ag plasmonic interface and a Si resonant microdisk,

respectively, i.e., poorer resonators, characterized by low

FoM values. At hg � 30 nm the FoM is maximized, thus

demonstrating that this particular selection is not arbitrary,

but leads to the optimization of the resonator’s

performance.

2.2 Electro-optic modulation in micro-disk-ring

resonators coupled with a conductor-gap-silicon

plasmonic bus waveguide

In this subsection, we investigate the resonator’s properties

in the context of the integrated hybrid plasmonic electro-

optic modulator shown schematically in Fig. 7. The micro-

ring-disk resonator is side-coupled to a CGS bus waveg-

uide at a separation distance s. The total length of the

device is equal to L ¼ 4Ro. The RF voltage is applied

between the silver cup of the microring and the grounded

Si microdisk. The CGS waveguide with wSi ¼ 200 nm is

excited by the plasmonic TM-mode whose electric field

components are depicted in Fig. 8. The modal effective

index at 1.55 lm equals 2:36� j0:0023, which corresponds

to a propagation length Lp ¼ 53:4 lm, characteristic of

CGS waveguides, as also experimentally verified [23]. The

modal profile is typical of this type of waveguides; most of

the electric field is confined in the thin EOP layer while a

smaller part associated with the Ez component leaks toward

the basis of the Si stripe.

The application of the RF voltage leads to a voltage drop

and thus RF field intensity mainly in the EOP layer, owing

to its small thickness hg. Away from the edges of the

microring, this electric field intensity can be fairly con-

sidered constant and equal to Es ¼ V=hg. Nevertheless, in

order to fully take into account the local spatial variations

of the modulating field, we first rigorously calculate the

electrostatic potential distribution, as in the example shown

in Fig. 9, calculated for V = 3 V and plotted at the cross-

section plane z = L/2. The Ag cup of the CGS waveguide

is left at a floating potential, while the Si parts are groun-

ded. The RF permittivities for silica and EOP are, respec-

tively, equal to 3.9 and 2.6. The application of the bias

voltage is also expected to induce an nm-thick free-carrier

exponentially varying accumulation/depletion layer at the

Si/EOP interface under the Ag cups, depending on the

polarity of the driving field. In the case of FC accumula-

tion, the local Si refractive index modulation would lead to

a maximum increase in the imaginary index by approxi-

mately one order of magnitude at the Si/EOP interface

[32]. This effect can be safely neglected, as simulations

have shown that less than 0.1% of the optical energy of the

resonant modes resides in the 5-nm-thick Si ring-shaped

volume below the Si/EOP interface. Moreover, by properly

selecting the dopant type and/or polarity of the poling field,

a depletion layer can be instead induced, which would

eliminate any relevant issues of extra optical losses in Si.

Fig. 9 Profile of the electro-static potential at the z = L/2 plane for a

voltage V = 3 V applied between the microring silver cup and the

grounded silicon as shown in Fig. 7
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biased (V = 3 V) case for the four configurations under study
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Once the RF field profile has been calculated, the local

modulation of the EOP index DnpðrÞ is obtained and fed

into the finite-element electromagnetic solver that studies

the lightwave response of the system. The dispersion of

silica, silicon, and Ag has been taken into account via the

corresponding Sellmeier [33] and Drude [34] models. The

modulator is excited by the hybrid plasmonic mode dis-

cussed in Fig. 8 and the power transmittance at the exit

port is recorded for the rest and the biased case, assuming a

maximum applied voltage V = 3 V. The separation dis-

tance has been selected such that critical coupling is

achieved in the rest case, which is the condition that leads

to minimum transmittance. For the l = 6 (l = 7) case, the

optimal value of s was found equal to 100 nm (110 nm), by

tuning it in steps of 5 nm. Theoretically, at the critical

coupling regime the transmittance at kr is zero (infinite

extinction ratio); however, due to fabrication issues and

material constraints it is impossible to achieve in practice.

Figure 10 summarizes the spectral response of the

modulator for all four cases under consideration. In the

wavelength window of interest, namely between 1.5 and

1.6 nm, there is only one mode that can couple to the bus

waveguide, whose properties have been discussed in

Sect. 2.1. The quality factors of the resonances at the rest

case are also reported. Higher Q values are obtained for

larger external and smaller internal radii, at the expense of

higher capacitance. In each scenario, there are two working

wavelengths, corresponding to minimum transmittance at

either the rest or the biased case. In order to provide a

comprehensive comparison, we summarize in Table 1 the

performance characteristics of the modulator. The insertion

losses (IL) and extinction ratio (ER) are reported for the

first (rest) and second (biased) kr and the switching energy

per bit has been calculated as 0:25CV2, which corresponds

to a non-return-to-zero random bit sequence modulation.

As expected, there is a trade-off between insertion losses

and capacitance or, equivalently, energy consumption.

Owing to a slightly asymmetric shape of the transmittance

spectrum, the second (longer) working wavelength exhibits

somewhat lower insertion losses. In the l = 6, Ri ¼ 0:75Ro

case, the switching energy is only 1.26 fJ/bit and by

allowing for slightly higher IL, although still below 1 dB,

the switching energy can drop below 1 fJ/bit by lowering

the operating voltage correspondingly. These values are of

the same order of magnitude compared to state-of-the-art

SOH electro-optic [3] or silicon photonics modulators [35],

while keeping the overall footprint of the device in the few

square micron scale.

2.3 A 2� 2 add-drop switching matrix

In this subsection, we preliminarily investigate the per-

formance of the proposed modulator configured in a 2� 2

Table 1 Performance characteristics of the proposed hybrid plas-

monic modulator

IL1

(dB)

ER1

(dB)

IL2

(dB)

ER2

(dB)

C

(fF)

E/bit

(fJ)

l ¼ 6, 0:5Ro 0.82 40.3 0.6 30.6 0.96 2.16

l ¼ 6, 0:75Ro 0.92 23.3 0.71 19.3 0.56 1.26

l ¼ 7, 0:5Ro 0.68 24.4 0.48 30 1.26 2.82

l ¼ 7, 0:75Ro 0.84 27.7 0.67 20.8 0.73 1.65

Fig. 11 Schematic layout of the 2� 2 switch consisting of a micro-

ring-disk resonator symmetrically placed between two CGS bus

waveguides
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biased (V = 3 V) case for Ro ¼ 695 nm and Ri ¼ 0:75Ro and for two

values of the separation s (100 and 40 nm)
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switching matrix, as depicted in Fig. 11. By side coupling

the micro-ring-disk resonator with two CGS bus waveg-

uides, a four-port device is formed. Following the notation

of Fig. 11, the device is excited at Port #1 and Ports #2 and

#3 are the through and drop ports, respectively. At the

resonant wavelength, the transmittance of the through

(drop) port is minimized (maximized) and the device can

operate as a symmetric 2� 2 switching matrix, provided

that the separation gap is equal for both bus waveguides.

Figure 12 shows the transmittance spectra for the

through and drop ports at both the rest and biased state for

two values of the separation gap, namely 100 and 40 nm,

calculated for the l = 6, Ri ¼ 0:75Ro scenario. The per-

formance of the switch is summarized in Table 2, for both

ports and separation values. The presence of the second bus

waveguide introduces an additional channel for outcou-

pling the energy from the resonator, thus canceling the

critical coupling condition for s = 100 nm, which was

valid for the single-bus modulator. The extinction ratios

obtained for both ports are moderate, around 7 dB, and the

drop port suffers from higher insertion losses, which is a

common feature in lossy resonating four-port devices. The

extinction ratio for the through port can be improved by

reducing the separation; however, this comes at the

expense of poor ER for the drop port. Further investigation

of this structure is in progress in order to find a favorable

trade-off between the performance of the two ports.

In the results presented thus far we have considered that

the silicon pad layer of thickness hr is infinite, although this

in general deteriorates the performance of the modulator by

enabling some part of the energy to leak out of the silicon

microdisk. In a realistic configuration, one might need to

properly pattern only some parts in order to provide the

necessary contacts for the RF connectorization of the res-

onator. One such configuration is schematically shown in

Fig. 13. As discussed in [21], the modulation bandwidth of

EOP hybrid plasmonic modulators is not limited by the

almost instantaneous response of the polymer molecular

polarizability, nor the photon lifetime in the optical resonant

cavity, owing to the moderate quality factors, but rather by

the RC time constant s of the electrical connection circuit. In
that context, the use of silicon/metallic pads and bridges,

which have been employed in relevant experimental

demonstrations [13], can lower the overall resistance of the

RF circuit to a few KX, given also the low resistivity of the

considered doped Si. It is stressed that in this work we have

considered a Si-doping level of 1019 cm�3, in order to induce

a negligible FC dispersion effect. By optimizing the optical

and electrical circuit design, higher doping concentrations

could in principle reduce further the Si resistivity without

severely compromising the performance of the device.

Indicatively, by keeping the total resistance below 10 KX
and given the very low capacitance of the proposed device,

which is in the range of 1 fF, very high modulation speeds,

above 100 GHz, are enabled.

3 Conclusions

In brief, we have studied a hybrid plasmonic modulator

based on a silicon microdisk, plasmonic microring res-

onator enhanced with an electro-optic polymer, based on

the conductor-gap-silicon platform. The proposed modu-

lator features micron-scale footprints, operating voltages of

a few Volt and provides large modulation depths with less

than 1 dB insertion losses. More important, the per-bit

energy needed to modulate the optical carrier is in the order

of one femtojoule, thus rendering the modulator a

promising solution in view of integrated plasmonic circuits

for intrachip signal processing and communication.
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