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Abstract: A liquid-crystal tunable plasmonic optical switch based on a
long-range metal stripe directional coupler is proposed and theoretically
investigated. Extensive electro-optic tuning of the coupler’s characteristics
is demonstrated by introducing a nematic liquid crystal layer above two
coplanar plasmonic waveguides. The switching properties of the proposed
plasmonic structure are investigated through rigorous liquid-crystal studies
coupled with a finite-element based analysis of light propagation. A
directional coupler optical switch is demonstrated, which combines very
low power consumption, low operation voltages, adjustable crosstalk and
coupling lengths, along with sufficiently reduced insertion losses.
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1. Introduction

Plasmonics, the scientific field dealing with the properties of plasmons, i.e., oscillating optical
fields of free electron gases present in metallic structures, has become one of the most active
research topics in the last years. The exploitation of unique properties of plasmons, such as light
localization beyond the diffraction limit, offers a broad spectrum of unprecedented capabilities,
which has already led to the demonstration of numerous applications. These span over a broad
range of disciplines, with nano-scaled integrated photonics platforms [1], nano-antennas, su-
perlenses and ultrafast nanoplasmonics [2], as well as advanced chemical detection techniques
like surface-enhanced Raman spectroscopy (SERS) [3], biomedical sensoristic and treatment
techniques [4] and solar energy conversion being key, yet not exclusive, examples.

Focusing on the context of integrated photonics circuitry, plasmons manifest as localized
light waves that propagate along metal/dielectric interfaces, termed as surface plasmon polari-
tons (SPPs). The manipulation and routing of such optical waves has allowed for the demonstra-
tion of numerous plasmonic waveguides of different light confinement scales, which constitute
promising solutions in view of future integrated photonics platforms for broadband optical sig-
nal processing as both intra- [5–8] and inter-chip optical interconnects [9–12].

The latter, in particular, are based on plasmonic long-range waveguides consisting in thin
metal stripes [13] that are characterized by single-mode low propagation losses, measured down
to sub-dB/cm levels for thin silver stripes in telecom wavelength [10]. Furthermore, they offer
excellent mode matching to single-mode fibers (SMFs) with coupling values down to 0.1 dB
measured for gold stripes butt-coupled to polarization-maintaining SMFs [11]. Their fabrication
involves standard planar processing techniques, such as lithographic definition, metal vapor de-
position, and lift-off, thus eliminating the need for deep etching techniques frequently required
in the case of dielectric stripe/rib waveguides. Moreover, they are compatible with flexible
polymer claddings, providing very good mechanical stability, a prerequisite, for instance, in
the design of flexible printed circuit boards. Finally, LRSPP plasmonic waveguides provide the
capability of dynamically controlling the optical signal by directly addressing the metal waveg-
uides. Based on such properties, a variety of devices has been thus far demonstrated, such as
modulators and switches, relying on the thermo-optic control of the background polymer re-
fractive index, which is controlled via current injection through the metal waveguide [14–17].

Instead of thermo-optically controlling the optical properties of photonic waveguides, an
alternative route towards dynamically tunable photonic devices involves the use of nematic liq-
uid crystals (NLCs), inherently anisotropic materials whose properties can be extensively con-
trolled via the application of external fields. Already established in the design and fabrication
of dielectric-based photonic guided-wave components [18] or sensors [19], NLCs are currently
being explored also as a tuning mechanism of the properties of plasmonic structures [20], for
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instance to dynamically control the localized plasmon resonances of metallic nanostructures,
such as nanodot [21], nanodisk [22], or nanoparticle [23, 24] arrays. In such structures, the
electro-optic control of the LC molecular orientation has been successfully employed to tune
the plasmon resonances in the surface of metallic nanoparticles dispersed in LC or nanostruc-
tures patterned on thin metal films. As far as guided-wave plasmonics is concerned, in view
of integrated photonic circuitry, functional LC-based plasmonic components, such as variable
attenuators, phase-shifters, switches, and modulators have been theoretically demonstrated in
a variety of waveguide platforms [25–29], by exploiting the electro-optical control of nematic
LCs in order to tune the modal properties of surface-propagating light waves. Based on capac-
itive operation, LC-plasmonic devices are not only free from current injection issues, such as
electromigration or thermal diffusion crosstalk, but, more importantly, they allow for extremely
low-power consumption, which may reach several orders of magnitude lower than their thermo-
optic counterparts, in the nW range [30].

In this work, we present the design and theoretical analysis of a plasmonic optical switch
based on the electro-optic control of a NLC-enhanced directional coupler composed of two
long-range Au stripe waveguides. By proper application of a control voltage, the optical prop-
erties of the two waveguides are tuned individually, allowing for switching between the two
operation states of the coupler, cross and bar. The LC molecular orientation profiles are cal-
culated by solving for the coupled elastic and electrostatic underlying problems. The voltage-
dependent modal properties of the structure are investigated via the finite-element method and
light propagation through the switch is modelled by expanding the excitation field in the eigen-
vector basis of the supported photonic modes. Low switching voltages are predicted, approx-
imately 2 V, while other key properties of the switch, namely crosstalk, coupling length, and
insertion losses, can be adjusted by proper selection of the structural parameters. The proposed
components are envisaged as ultra-low power consumption light routing elements in integrated
photonic platforms for optical inter-connects.

2. Liquid-crystal switching in side-coupled metal stripe plasmonic waveguides

The cross-section layout of the proposed plasmonic coupler switch is shown in Fig. 1(a). Two
grounded Au stripes of dimensions w× t are embedded in a polymer background of total thick-
ness hsub + hbuf, where hsub and hbuf are the thicknesses of the substrate and buffer layers, re-
spectively. Above the buffer layer, a planar cell is infiltrated with a nematic liquid-crystalline
material. A thin PMMA layer isolates the LC-layer from two ITO electrodes of width w placed
directly above the Au stripes. The structure is backed by a low-index material, silica in this
case. This configuration allows for the individual addressing of each plasmonic waveguide,
by properly applying a voltage VLC on either ITO electrode, and minimizes the required ap-
plied voltage, since this is directly applied between the waveguiding Au stripes and the control
electrodes. The application of the control voltage reorientates the LC molecules mainly in the
region above a single Au stripe and thus tunes its optical properties, as it will be shown in this
study. The local LC molecular orientation is described by the unit vector of the nematic director
n, which is defined via the tilt and twist angles, as in Fig. 1(b). The total length of the LC-cell,
which also defines the interaction length, is LC, as shown in the three-dimensional perspective
of Fig. 1(c). Finally, the separation between the two Au stripes is equal to dC.

The operational principle of the 2× 2 optical switch is based on the voltage-controlled de-
tuning of either one of the adjacent Au stripes. The LC and polymer materials are selected such
that the polymer index np is higher than the ordinary index no of the nematic material. In the
rest case (VLC = 0), the LC is oriented along the z−axis of the structure by applying proper
strong anchoring conditions via, e.g., rubbed alignment layers or photo-alignment techniques.
Typically used alignment layers, such as Nylon-6, have thicknesses in the order of tens of nm
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Fig. 1. (a) Cross-sectional view of the proposed LC-based plasmonic directional cou-
pler and definition of material and structural parameters. Alignments layers (not shown)
promote strong anchoring of the LC molecules along the z−axis at the LC/PMMA and
LC/polymer interfaces. (b) Definition of tilt and twist angles that describe the nematic di-
rector local orientation. (c) Three-dimensional view of the proposed coupler. The coupling
length is equal to LC and the separation between the two metal stripes is dC.

and optical properties similar to the polymers here used [31, 32]. It has been numerically ver-
ified that their presence has a negligible impact on the electrical and optical properties of the
proposed coupler. TM-polarized light of the fundamental LRSPP mode launched in the input
waveguide senses a low-index LC-layer (no < np) and remains confined in the polymer region,
where it is coupled to the output port (cross-state) after a propagation distance z= LC, as in typ-
ical LRSPP directional couplers. By applying a voltage in the cross ITO, the modal properties
of the cross-waveguide are modified and for an optimum value VLC = VC the coupled optical
power at z = LC is minimized (bar-state), as it will be demonstrated.

The rigorous study of LC reorientation when the control voltage is applied is a multiphysics
problem, as it involves the elastic problem associated with LC deformations in the LC-layer
bulk, inherently coupled to the electrostatic problem of the electric potential distribution in
both LC and the surrounding dielectrics. This is achieved by solving for the set of three partial
differential equations (PDEs) composed of two Euler-Lagrange equations that minimize the
total energy stored in the LC region, along with Gauss’ law, with independent variables the
electric potential V and the tilt and twist angles. The PDEs are solved on the nodes of a finite-
element mesh, that descritizes the cross-section of the structure, as described in detail in [29,
33]. An alternative approach involves the minimization of the total energy employing a weak
formulation [34].

In this work the widely studied, commercially available, nematic mixture E7 is selected as
the target LC material, characterized by low-frequency (measured at 1 KHz) dielectric con-
stants perpendicular and parallel to the molecular director εo = 5.3 and εe = 18.6, respectively,
and elastic constants K11, K22, K33 equal to 10.3, 7.4, and 16.48 pN, respectively [35]. The
relative dielectric constants of the polymer, PMMA and SiO2 are set to 4, 3.6 [36] and 3.9 [37],
respectively. The LC and PMMA layers are correspondigly 5 µm and 1 µm thick, and the buffer
and substrate thickness is, respectively, 2 µm and 10 µm. The ITO electrode’s thickness is 100
nm and the Au stripe’s dimensions are 5 µm × 15 nm.

Figure 2 shows the tilt and twist profiles in the LC layer plotted for dC = 3 and 7 µm, as well
as the potential distribution for the first case, when a 2 V voltage is applied at the cross ITO
electrode. As both Au stripes and the bar ITO electrode are grounded, the electric field profile
is highly asymmetric, with significant voltage drop only in the region of the cross waveguide,
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considering the gold stripe on the right as the reference input waveguide. On the contrary, both
angles are practically zero above the bar port, which is placed between grounded Au and ITO
stripes. When the two waveguides approach each other, the electrostatic field shows a stronger
horizontal component, which leads to significantly higher values for the twist angles. This is
observed in the results of Fig. 3, which shows the maximum tilt and twist values calculated for
an applied voltage between 1.5 and 2.5 V, as a function of the stripe separation dC. Calculations
have been performed for a pretilt angle of 1◦. It is demonstrated that twist is more sensitive
than tilt to the variation of the distance dC. Nevertheless, in terms of the electro-optic tuning of
the structure’s optical properties, it is the tilt angle that plays the most significant role, since it
directly determines the effective refractive index along the y−axis, which is the one primarily
sensed by TM-polarized light.

3. Optical properties of side-coupled metal stripe liquid-crystal plasmonic switches:
CROSS state

In the absence of an applied voltage, the structure is symmetric with respect to the x = 0 plane,
and the LRSPP mode senses a low index uniform LC overlayer. When launched in the input
waveguide, optical power is progressively transferred to the cross port via evanascent cou-
pling. Complete transfer is achieved after a propagation distance equal to the coupling length
LC, which can be calculated by the modal analysis of the coupler configuration. In particular,
the structure supports two guided supermodes, characterized by symmetric (even) and anti-
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symmetric (odd) profiles, respectively. At a given wavelength, the coupling length is given by
LC = 0.5λ/Δn, where Δn= nsym−nasym the modal effective indices of the two supermodes [38].
In the proposed design, we opt for a polymer, such as the optical adhesive NOA-74 [39], char-
acterized by np = 1.51 at the target wavelength of λ0 = 1.55 µm [40]. Refractive indices of the
other materials involved at λ0 are equal to nPMMA = 1.493 [41], nE7

o = 1.5024, nE7
e = 1.697 [42],

nSiO2 = 1.444 [43], nAu = 0.5− j11.5 [44], and nITO = 1.27− j0.12 [45].
Figure 4 shows the modal indices of the two supermodes as a function of the separation

dC and the equivalent coupling lengths, which span in the millimeter range [46]. Figure 5(a-
b) shows the supermodal electric field profiles calculated for dC = 7 µm. The modal profiles
demonstrate that the optical field is confined in the polymer region, as in LRSPP waveguide
multilayer designs [47], without the optical field penetrating deep into the anisotropic LC layer.
Unlike when metal films are directly in contact with an anisotropic dielectric material [48, 49],
in the case under study the plasmonic modes retain the TM-polarization of typical LRSPP
modes guided by thin metal stripes embedded in isotropic materials. The profile of the symmet-
ric supermode indicates that the two waveguides are significantly coupled. Since this coupling
is more intense as dC decreases, the reduced coupling lengths of Fig. 4 are expected to be asso-
ciated with moderate crosstalk values. In order to study the key optical properties of the coupler,
apart from LC, such as insertion losses and crosstalk, the eigenvalue expansion method is imple-
mented. First, the tilt and twist angles derived by the LC-swithcing analysis, which determine
the exact form of the optical dielectric tensor, are fed into a fully-anisotropic finite-element
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Fig. 6. Crosstalk evolution along a total propagation distance equal to 2LC for three excita-
tion scenarios: launching the polymer-input LRSPP mode (Fig. 5(a)), the LC-input LRSPP
mode (Fig. 5(b)), or a superposition of the two coupler supermodes (Fig. 5(c-d)). The sep-
aration dC is equal to 7 µm.

eigensolver [50], which yields the modal indices and field distributions of the supported super-
modes with respect to the applied voltage VLC. Subsequently, the switch is excited at one Au
stripe by the equivalent single-waveguide LRSPP modes. Two excitation scenarios are consid-
ered, corresponding to the modal profiles shown in Fig. 5(c-d). In the first one, the excitation
profile matches the LRSPP modes of a single Au stripe fully-embedded in polymer, i.e., in the
absence of the LC layer, as schematically depicted in Fig. 1(c). The second scenario assumes
excitation of the single-waveguide LRSPP mode of the LC-structure as in Fig. 1(a), calculated
at the rest case.

The input excitation (ei) is then projected onto the set of the voltage-dependent eigenmodes
(em) and is expanded to this vector-basis. This allows for the calculation of the output field
distribution (eo) at any propagation length according to the superposition of the analytically
propagated eigenmodes

eo(x,y,z) = ∑
m

γmem(x,y)exp(− jneff(m)k0z), (1)

where each eigenmode m is excited with a relative weight given by the complex-valued vector
overlap integral [51]

γm =

∫∫
A∞

ei ×h∗
m · ẑdS

∫∫
A∞

em ×h∗
m · ẑdS

. (2)

Power transfer along the device for a given input is monitored by the output-port crosstalk
XT, defined as the ratio of the guided-power XT = 10log(PB/PC), where PB, PC is the per-
centage of optical power propagating in the semi-space defined by x = 0 and the bar and cross
ports, respectively. Apart from the set of the two guided supermodes, radiation modes are also
included in the eigenmode-expansion analysis given that, in general, the input fields are not
linear superpositions of the guided supermodes only. Figure 6 shows the crosstalk evolution
along propagation for dC = 7 µm and for the two excitation scenarios, namely polymer- and
LC-input. A reference case is also included, corresponding to launching a 1 : 1 superposition of
the two supermodes of the coupler. In this case, a minimum crosstalk value of near −15 dB is
found at a propagation distance z = LC = 2.275 mm. Contrarily, crosstalk for the two realistic
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Fig. 7. Crosstalk values and insertion losses for the cross-state of the coupler as a function
of stripe separation dC for the two realistic excitation scenarios under study.

input scenarios is approximately −10 dB, since their modal profile does not excite equally the
two supermodes, as it has been verified by the corresponding modal analysis.

Figure 7 investigates into the crosstalk and insertion losses of the switch, as a function of
the separation dC, asssuming a propagation length equal to the corresponding coupling lengths
LC(dC), as calculated in Fig. 4. Owing to close coupling between the two stripes, crosstalk for
low values of dC obtains very high values, up to −2 dB for dC = 1 µm. It is thus verified that
the reduction of the coupling length leads also to less efficient power transfer in terms of out-
put crosstalk. The insertion losses are larger for the polymer-input case, as a part of the modal
power is lost in the mismatch at the interface between polymer and LC-layer. However, for
both input scenarios insertion losses are minimized at a separation of approximately 4.5 µm.
Higher dC values imply a longer component length and, subsequently, increased losses owing
to dumping at the Au stripes. Structures with lower dC values, although benefitting from re-
duced propagation losses, suffer from higher coupling losses at the input/output of the coupler,
leading to overall higher insertion losses. Crosstalk values can be arbitrarily reduced, at the
expense of larger component length, higher losses, and less dense integration of the adjacent
waveguides. The selection of the optimal dC value implies therefore a tradeoff between the tar-
get crosstalk and the acceptable losses and footprint of the switch. In the context of the present
study, the value dC = 7 µm, which provides a crosstalk lower than −10 dB is chosen in order
to demonstrate the salient features of the switch’s operation.

4. Optical properties of side-coupled metal stripe liquid-crystal plasmonic switches:
BAR state

The analysis thus far focused in the rest case, which corresponds to the cross operation state
of the switch. When the voltage VLC is applied on a single stripe, as in Fig. 2, the structure
is no longer symmetric, since a high-tilt zone is formed above the cross stripe waveguide,
which translates in higher refractive index sensed by TM-polarized light. The modulation of
the effective refractive index profile desynchronizes the coupled waveguides and progressively
inhibits power coupling to the cross port. In our study, the optimal value VLC = VC, which
minimizes coupling at a length equal to LC was found equal to 1.954 V. At this voltage value,
the modal index difference for the LC-switched and the LC-off single Au stripe waveguide
was found equal to Δn = 5.979× 10−4, which deviates by ∼ 1.5% with respect to the critical
value predicted by the coupled mode theory given by Δncr =

√
3λ0/2LC [38]. Figure 8 shows
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Fig. 8. Crosstalk evolution for the two excitation scenarios at VLC = 0 and VLC = VC =
1.954 V, which correspond to operation in the CROSS and BAR state, respectively, for a
propagation distance equal to the coupling length LC = 2.275 mm. Inset shows the insertion
losses of the component for both operation states and excitation profiles.

crosstalk evolution for a propagation distance equal to LC for both excitation scenarios and both
operation states. It is demonstrated that the crosstalk at the output of the switch is ±10 dB for
the bar and cross-states, respectively.

Figure 9 monitors optical power propagation at the plane 100 nm above the Au stripes, for the
LC-input scenario studied in Fig. 8 at both operation states of the switch, clearly demonstrating
maximum/minimum power transfer in the cross/bar-state of the switch. An isolation of ∼ 10 dB
is observed in both cases owing to the proximity of the two waveguides, as discussed in the
context of the results shown in Fig. 7. The corresponding multimedia files show optical power
coupling along the propagation, monitored at the cross-section of the coupler. In the cross state,
power transfer takes place between the identical plasmonic waveguides, without entering into
the low-index LC layer. On the contrary, in the bar state, the cross waveguide is desynchronized,
forming a hybrid plasmonic/LC-dielectric guide, whose modal index detuning leads to minimal
power coupling at a propagation distance equal to LC.

The inset in Fig. 8 shows the insertion losses of the component, which are by 0.07 dB higher
in the bar-state, owing to a slightly better coupling efficiency of the excitation modes to the
guided supermodes of the coupler in the cross-state. In this analysis, the LC material was
considered to be lossless. Absorption losses are likely below 1 dB/cm, as measured for the
pure compound 5CB, one of the components of E7 [52]. In practice, however, LC photonic
waveguiding structures exhibit scattering losses, which may range typically in the range from
few [31, 32] to tens of dB/cm [30]. We have repeated the study of the coupler as in Fig. 8 by
introducing different levels of losses via the imaginary part of the LC indices, such that the in-
dividual LC-waveguide formed in the switched LC-layer, i.e., in the absence of the plasmonic
waveguides at V =VLC, exhibits propagation losses of 5 and 20 dB/cm. The insertion losses of
the device were practically unaffected in all cases examined with reference to the cross-state,
since the amount of optical power that enters the LC layer was found less than 3%. In the bar-
state, a part of the propagating optical field enters in the high-index LC-zone formed under the
control ITO electrode, as shown in the multimedia file associated with Fig. 9(b). In that case,
the insertion losses for both excitation scenarios were found to increase by 0.1 and 0.7 dB,
respectively, for the two levels of losses considered.

The switching speed of the device is expected in the millisecond range, as in typical nematic
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Fig. 9. Optical power propagation at 100 nm above the metal stripes for the (a) cross and
(b) bar operation states calculated for the LC-excitation scenario, with parameters as in Fig.
8. The associated multimedia files monitor power coupling at the coupler’s cross-section
for the (a) cross (Media 1) and (b) bar (Media 2) state.

LC photonic components [53], which is sufficient for light reconfiguration and routing appli-
cations. The power consumption of the device can be estimated as P �C fV 2

LC, where C is the
device capacitance and f = 1÷ 10 KHz the LC-switching frequency. By denoting as C∗ the
capacitance per unit length, an upper limit C∗

max could be given by considering the in-series ca-
pacitance combination of the three layers between the control electrodes, i.e., PMMA, LC, and
polymer buffer. For relative permittivity and layer thickness values as in Section 2, this upper
limit is approximately 40 pF/m. Assuming a device length of 2.5 mm, a driving voltage of 2
V, and a driving frequency of 1 KHz, the estimated power consumption is 0.4 nW, orders of
magnitude lower than in thermo-optic plasmonic switching devices [8, 14, 17].

5. Conclusions

In brief, we have presented the design and analysis of a liquid-crystal long-range plasmonic di-
rectional coupler switch and investigated into its performance characteristics, namely coupling
length, crosstalk and insertion losses. It has been demonstrated that coupling lengths in the few
millimeter range allow for crosstalk values better than −10 dB with insertion losses lower than
2 dB and a switching voltage below 2 V. The material and structural parameters involved are
compatible with standard fabrication processes, namely polymer spin-coating and metal pat-
terning, deposition and lift-off, as demonstrated in numerous Au/polymer LRSPP fabricated
components [13]. The LC-cell thickness and alignment techniques are also typical of planar
cells infiltrated with nematic materials. These components are proposed as an ultra-low power
solution, free from issues of their thermo-optic analogues, such as thermal crosstalk, diffusion
and electromigration, in integrated photonic architectures for optical inter-chip interconnects.
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