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Merging of electronics and photonics at subwavelength dimensions could potentially allow

development of ultracompact electro-optic modulators and active optical interconnects. Here, we

introduce a field-effect active plasmonic modulator where the metallic ring serves as both a

photonic resonator and a field electrode. By exploiting the simultaneous electronic and photonic

functionalities of our plasmonic device, we show devices offering significantly improved

modulation depths (as high as �10.85 dB) compared to active dielectric micro-ring resonators.

Device concepts introduced in this work are applicable in realization of various integrated

components and could play an important role in development of active plasmonic circuits. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4754139]

Recent advancements in nanofabrication capabilities

enabling integration of electronic and photonic components

have opened up a wide range of opportunities in creation of

systems with multiple functionalities. In particular, on-chip

optical interconnects offering extremely large bandwidths

and reduced power consumptions have taken much interest

due to their potential to circumvent the RC signal delay bot-

tleneck in electronic circuits.1–4 However, after four decades

of miniaturization efforts, convergence of these two comple-

mentary technologies seems to be hindered. A fundamental

constraint is the size-compatibility problem. Minimum fea-

ture sizes in the photonic devices are restricted to micron

dimensions by light’s diffraction limit, making them bulkier

than the nano-electronic components. Innovative approaches

are needed to overcome this size compatibility issue. By con-

fining electromagnetic fields to sub-wavelength dimensions

as small as few tens of nanometers, surface plasmonics offers

a route to bridge the dimension gap between electronics and

photonics.5–12 Within the last decade, preliminary demon-

strations of active plasmonic devices exploiting the propaga-

tion characteristics of the surface plasmon and nonlinear

materials have been shown.3,13,14 Possibility of such

plasmonic devices that can act as actively controlled inter-

connects is extremely promising. However, plasmonic mod-

ulators and switches that are considered so far require

dimensions at micron-scales due to the weak nonlinear opti-

cal effects.3,13 Furthermore, practically large modulation

depths have yet to be demonstrated.15

In this letter, we introduce an ultra-compact metallic

ring device utilizing actively controlled plasmonic resonan-

ces by field effects for strong electro-optic modulation of

electromagnetic signals at subwavelength dimensions. A

schematic diagram of the proposed field effect active plas-

monic ring modulator is shown in Fig. 1(a). Unlike widely

adapted photonic micro-ring modulators (shown in Fig.

1(b)), our device takes advantage of the metallic nature of

the optical resonator, where the ring serves both as a pho-

tonic resonator and an electrode.11 This unique capability

enables three major advancements over standard micro-ring

resonators: (i) Dual use of metallic ring both as a resonator

and as an electrode allows creation of large modulation fields

right at the device surfaces where the electro-magnetic sig-

nals are confined. (ii) The radial symmetry of the central

electrodes in our modulator configuration offers stronger

dynamic tuning of the ring resonances by creating larger on/

off effective refractive index differences than that of stand-

ard double-electrode configuration used in micro-ring

FIG. 1. Schematic diagrams of (a) plasmonic ring modulator where the elec-

trode is located in the center of the system and (b) dielectric ring modulator

where the electrodes are located in the right and left sides of the ring.
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resonators.16 (iii) The nano-scale dimensions of our ring-

resonator lead to much larger electric fields for stronger

electro-optic modulation than conventional micro-ring coun-

terparts.16 As we show in the following, these capabilities

enabled by our unique electrode-resonator configuration

could open doors to devices with large modulation depths at

low voltages compatible with silicon electronics.

The plasmonic ring modulator studied in this letter con-

sists of a metallic core with a radius of r¼ 720 nm and a sili-

con dielectric ring with a thickness of w¼ 280 nm around it.

The resonator is located between two dielectric waveguides at

a gap distance d¼ 40 nm. The dielectric ring around the me-

tallic core is critical for suppression of the radiative losses

leading to high quality factor resonances as large as Q¼ 76

even at subwavelength dimensions.17 This dielectric ring also

allows efficient in-coupling of the electromagnetic field from

the silicon dielectric waveguide at the top (width, h¼ 290 nm)

to the plasmonic ring resonator and out-coupling of the sur-

face plasmon excitations from the metallic resonator to the

plasmonic waveguide. A silicon dielectric waveguide at the

bottom with identical width (w) is also incorporated for effi-

cient coupling of plasmons from the metallic core to the out-

put port that can interface with nano-electronic components.

Electrical modulation of the effective refractive index of the

plasmonic ring resonator is needed for dynamic tuning of

resonances. This is achieved by using liquid crystals filling the

medium between the waveguides and the metallic core consti-

tuting the resonator/electrode.18,19 Liquid crystals have very

high contrast between extraordinary and ordinary refractive

indices even though their electro-optic response is not fast.

We used a commercially available liquid crystal, E63, as the

dynamic tuning medium. Ordinary (no) and extraordinary (ne)

refractive indices of E63 are 1.517 and 1.744, respectively. In

the absence of electrode voltage, it is assumed that the local

directors of liquid crystal are completely random resulting in a

cladding refractive index, nclad¼ 1.596.16 Reversible effective

refractive index modulation is achieved by preferential orien-

tation of the local directors along the direction of the applied

electric field. For comparison purposes, a dielectric ring reso-

nator with identical dimensions and similar free spectral range

is also included in our analysis (Fig. 1(b)).16 In this configura-

tion, the electro-optic modulation is achieved by using two

metallic electrodes located on the either side of the resonator

with a gap distance of s¼ 200 nm.

Fig. 2 compares the modulation capability of the radial

electrode configuration offered by plasmonic ring modulator

to that of the conventional dielectric one with double elec-

trode arrangement. Calculations are performed using finite-

element method (FEM). At sufficiently strong electric fields

above the saturation field (Esat¼ 0.52 V/lm for E63 (Ref.

16)), liquid crystal local directors are oriented along the

direction of the static electric field lines to minimize their

electrostatic energy. As we show in the following, this satu-

ration condition is in fact readily met at low voltages com-

patible with silicon electronics for the metallic ring

resonators. In Figs. 2(a) and 2(b), arrows indicate the direc-

tion of the static electric field due to the applied electrode

voltages. In the case of cylindrically symmetric ring resona-

tors, the oscillating electric field component of the surface

plasmonic excitations or the photonic waveguide modes are

polarized in the radial direction. Accordingly, color-scale

shows the angular difference (u) between the local directors

of the liquid crystals (parallel to the static electric field lines)

and the radial axis of the ring resonators (corresponding to

electromagnetic field polarization). In plasmonic ring devi-

ces (Fig. 2(a)), the applied electric field orienting the local

directors along the direction of radial axis (u� 0 throughout

the ring structure) yields a strong modulation of the effective

refractive index from that of the completely random distribu-

tion of local directors. On the other hand, in the conventional

dielectric ring modulators with double electrode arrange-

ment, tuning is only due to the partial alignment of liquid

crystal directors and the polarization of the electromagnetic

excitations (in radial direction). As shown in color scale

(Fig. 2(b)), the angular difference in between changes from

u� 0 (blue in color-scale) to u� 90 (red in color-scale)

throughout the ring depending on the angular position rela-

tive to the axis of the electrodes.16 Accordingly, much

weaker refractive index modulations for the devices incorpo-

rating conventional double electrodes configuration are

expected. Furthermore, the conventional double electrode

configuration suffers from extreme sensitivity to the spatial

arrangement of the fabricated electrodes as shown in previ-

ous experiments, where much weaker modulations of clad-

ding refractive index with respect to analytical predictions

were observed.16 Another crucial advantage of plasmonic

ring modulator is its capability to create large modulation

fields right at the ring surfaces where the electromagnetic

signals are confined. As a result, sufficiently strong electric

fields saturating the local director orientations can be

achieved at the close vicinity of the ring surface. Therefore,

our plasmonic ring modulator is tolerant to the arrangement

of the electrodes due to its radial symmetry. Fig. 2(c) shows

FIG. 2. Angular difference between the directors of the liquid crystal mole-

cules and the radial axis for (a) plasmonic ring modulator with central elec-

trode and (b) conventional dielectric ring modulator with double electrodes.

In figures, arrows indicate the direction of the electric field generated by the

electrodes. (c) Potential distribution of the plasmonic ring modulator system

where the applied voltage from the electrode is 0.7 V. (d) E-field distribution

generated by the electrode along the x-axis. The data is taken along the black

dashed line indicated in (c). In (d), saturation field for E63 is indicated by a

red dashed line. The corresponding geometrical parameters are r¼ 720 nm,

w¼ 280 nm, h¼ 290 nm, d¼ 40 nm, and s¼ 200 nm.
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the potential distribution of the plasmonic ring modulator

where the applied potential at the central electrode is 0.7 V.

As shown in Fig. 2(d), for small applied voltages (0.7 V)

compatible with silicon electronics, complete alignment of

the liquid crystal directors is expected for distances about

550 nm from the dielectric ring surrounding the metallic

core. Accordingly, this saturation region readily covers the

extent of the surface plasmons confined to the resonators and

enables strong modulation of the resonance wavelengths. In

comparison, large voltages as high as 20 V were not suffi-

cient for complete alignment of the liquid crystal directors in

dielectric micro-ring resonators utilizing two electrode con-

figurations, as shown in previous experimental studies.16

The on/off signal ratios are the core device characteris-

tics for optical modulators in information technology appli-

cations. Transmission spectra of the plasmonic ring

modulator under no (V¼ 0) and saturation voltage (V¼Vsat)

are compared in Fig. 3(a). In our FEM calculations, an illu-

mination source of TE-polarized Gaussian beam (electric

field is in the plane of the resonator) is used to excite the

waveguide modes through the input port as indicated in Fig.

1(a). The transmission characteristic of the system is deter-

mined by analyzing the intensity of the detected beam at the

output port (Fig. 1(a)). Input and output ports are located

1.8 lm away from the center of the ring resonators in hori-

zontal axis. The dielectric properties of the metal are incor-

porated using a Drude model: em¼ 1�xp
2/(x2þ iCx) with

parameters x¼ 9 eV and C¼ 0.1 eV following previous

studies.17 Spatially inhomogeneous permittivity tensor of the

liquid crystal molecules is determined by the electrostatic

field lines, assuming that the applied electrode field is strong

enough for the complete alignment of the local liquid crystal

directors. In Fig. 3(a), multiple resonances are observed in

the transmission spectra due to the resonance conditions cor-

responding to mth resonator mode (m¼ 1,2,3,.) defined by

the phase relationship: km¼ 2pRneff/m, where R is the radius

of the resonator and neff is the effective refractive index of

the waveguide mode. As the effective refractive index

increases by altering liquid crystal alignment from random

orientation to the electric field direction, red shifting of the

resonances is observed. In this letter, we focus on the trans-

mission resonance at kres¼ 1513 nm (indicated by a blue

arrow in Fig. 3(a)) within the telecommunication wavelength

regime. For sufficiently large applied electrode potential sat-

urating the local directors, the resonance wavelength shifts

to 1536 nm (indicated a by green arrow), corresponding to a

resonance wavelength modulation as large as 23 nm. Effec-

tive refractive index of the waveguide mode (neff) depends

on the refractive indices of the cladding medium (nclad) and

the dielectric ring (silicon). To calculate cladding refractive

index, we represent liquid crystal with a homogeneous

dielectric constant and obtain the values (blue and green

circles in Fig. 3(b)) which give the corresponding resonances

(blue and green arrows in Fig. 3(a)) in transmission spec-

trum. For our plasmonic device, an effective refractive index

variation as large as Dnclad¼ 0.102 is observed due to the

efficient reorientation of liquid crystal directors from random

(at V¼ 0, blue circle) to complete alignment (at V¼Vsat,

green circle). Fig. 3(c) shows the transmission spectra of the

dielectric ring modulator of identical geometry. The struc-

ture supports five modes within the given spectral window.

Here, we particularly focus on the transmission resonance

centered at 1566 nm as it gives the largest modulation depth

(modulation depth definition will be given in the next sec-

tion). This mode with applied saturation voltage only shifts

6 nm, corresponding to a smaller effective refractive index

variation of only Dnclad¼ 0.024, as shown in Fig. 3(d).

Accordingly, plasmonic ring modulator supports more than

four times larger modulation in effective refractive index of

the cladding medium under saturation conditions, which can

be readily achieved at low voltages compatible with silicon

electronics compared to the dielectric ring modulator. Inter-

estingly, we observe that for the plasmonic ring modulator,

the transmission resonance red-shifts with applied voltage

whereas for the dielectric ring modulator, it blue-shifts. This

blue-shift has been experimentally demonstrated in earlier

works.16 For the dielectric system, liquid crystal directors

are oriented azimuthally by the generated electric fields.

Although, the refractive index is higher (close to ne) for the

regions close to electrodes (blue in color scale), azimuthal

alignment of local directors leads to a drop in effective re-

fractive index (towards no) at spatial locations away from the

electrodes (red in color scale). When numerically averaged

for an electromagnetic mode over the ring surface, the effec-

tive refractive index of the cladding medium (nclad) is rela-

tively lower than the isotropic refractive index of the liquid

crystal medium which causes the effective refractive index

of the waveguide mode (neff) to decrease. Consequently, the

transmission resonance shifts to shorter wavelengths. In con-

trast, for the plasmonic ring modulator, the liquid crystal

directors are well-aligned with the radial axis of the ring

FIG. 3. Power transmission as a function of wavelength for (a) plasmonic

and (c) dielectric ring modulators under no voltage (black curve) and satura-

tion voltage, Vsat (red curve). In the figure, blue and green arrows indicate

the center wavelength of analyzed resonant modes within the telecommuni-

cation window under no voltage and saturation voltage, respectively. In the

inset of (a), TON and TOFF location is schematically illustrated. Refractive

index of the isotropic cladding medium, nclad, that corresponds to the center

wavelength (kres) of the resonator mode for (b) plasmonic and (d) dielectric

ring modulators. The corresponding geometrical parameters are r¼ 720 nm,

w¼ 280 nm, h¼ 290 nm, d¼ 40 nm, and s¼ 200 nm.
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resonator (polarization direction of the electromagnetic

modes) as demonstrated by the blue color scale. Such reor-

ientation results in an increase of effective refractive index

of the cladding medium towards ne so that the applied volt-

age leads to a red-shift in the transmission resonance.

In order to compare the modulation capability of the two

ring modulator systems, we determine the modulation depth

achieved under saturation condition. Here, modulation depth

is calculated using MD(dB)¼ 10 log[1/(1�C)], where

C¼ (TON – TOFF)/TON and TON (TOFF) is the transmittance

between in/output-ports at the resonance wavelength corre-

sponding to complete (random) alignment of the liquid crystal

with the applied voltage. The location of TON and TOFF is

schematically illustrated in the inset of Fig. 3(a). For the plas-

monic ring modulator, the values of TON and TOFF are 0.1254

and 0.0103, corresponding to strong modulation depths as

large as 10.85 dB. However, the conventional dielectric con-

figuration of identical geometry supports a much smaller mod-

ulation depth, only 0.42 dB for the analyzed transmission

resonance centered at 1566 nm. Such an improvement in the

modulation depth observed for the plasmonic device is associ-

ated to large refractive index modulation capability enabled

by the simultaneous photonic functionalities and radial sym-

metry of the metallic electrode. Unlike the dielectric systems,

plasmonic devices suffer from radiative and nonradiative

losses, which result in broadening of the resonances.20,21 For

the plasmonic ring resonator system, numerically analyzed

transmission resonance has a line-width as large as 20 nm that

could negatively affect the modulation depth. However, this

broadening effect is compensated with larger resonance shifts

under saturation condition, which yields higher modulation

depths. In contrast, for the conventional dielectric configura-

tion, even though the transmission resonances are narrower,

the electrode configuration is not capable to effectively orient

the liquid crystal directors along the radial axis. Therefore,

they suffer from weak refractive index modulation of cladding

medium and have lower modulation depths. Performance of

plasmonic ring modulator could be further improved with the

use of alternative metallic materials promising good optical

properties and low-losses.22

In conclusion, we have introduced an active plasmonic

modulator merging plasmonic waveguide and field electrode

configuration into a single ring resonator structure. We have

shown that our device enables creation of large modulation

fields right at the metal surfaces where the signals are confined.

Radial symmetry of the central electrode and strong electric

fields create large on/off effective refractive index differences.

Therefore, the system enables stronger dynamic tuning of the

ring resonances for stronger electro-optic modulation at low

voltages compatible with silicon electronics. This unique

scheme of exploiting surface plasmons also results in ultracom-

pact device dimensions. Beyond the proposed ultracompact

electro optic modulator design, the concepts introduced in this

letter can lead to development of other integrated components

merging electronics and photonics at nanoscale dimensions.
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