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Passive Plasmonic waveguides

Tunability by thermo-optic effect

Tunability by absorption 

Tunability by electro-optic optic in LiNbO3

Tunability by electro-optics optic in Liquid Crystals

Liquid Crystals optical switches

Liquid Crystals directional coupler switches 
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In all cases, we need to change, by some means, either the real or imaginary part of the 
index of either the metal or some of the surrounding dielectrics

Outline
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Surface Plasmon Polaritons (SPPs): EM surface waves coherently 
coupled to free electron oscillations on a metal/dielectric interface.
Metal at NIR ! Drude model: Re{!2}<0 " SPP waves propagate along 
the interface. " Fields decay exponentially away from it.
Trade-off!losses vs. lateral confinement # Suffer ohmic propagation 
losses (metal). $ Confinement surpasses Diffraction Limit.

SPP at single metal/dielectric interface: An elementary plasmonic waveguide

Plasmonics for Optical 
Communications
Integrated photonic 
components with...
 $ Lateral dimensions ! 
far-below diffraction limit ("/2) 
$ Control & Information 
signals collocated @ metal/
dielectric interface ...leading to 
Nanoscale Opto-Electronic 
Devices.

Metal Stripe Plasmonic Waveguides
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Long-Range Surface Plasmon Polariton (LR-SPP) Waveguides

Long-Range Surface Plasmon Polariton Metal Stripe Waveguides:

Long-Range: attenuation 100-1000 times lower than single metal/dielectric polariton wave -> 
propagation distance few cm

Surface Plasmon Polariton: light is coupled to oscillations of free electron plasma and 
propagates as a surface wave on the metal/dielectric interface

Metal stripe: a thin metal stripe, gold or silver, is employed with typical dimensions in the µm 
x nm range (width x thickness)

Modal confinement comparable to single-mode fibers
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Long-Range Metal Stripe Plasmonic Waveguides

Long-Range Surface Plasmon Polariton Metal Stripe Waveguides:

Fabrication: polymer spin-coating and a single metal formation cycle (lithography, metal deposition, liftoff). 
Features can be defined down to the critical dimensions of litho process

Low losses: lowest losses reported down to 1 dB/cm

Single-mode: the stripe supports a fundamental TM-polarized mode, no interference with cross-polarized light

Electrical access: the underlying metal network allows for the transmission of electrical control signals -> 
thermo-/electro-optic components LR-SPP fabrication process chain

Chip-to-chip interconnects

Kim et al., Opt. Express 16, 13133 (2008)
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Dielectric Loaded Plasmonic Waveguides
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Channel Plasmon Polariton (CPP) Waveguides

Very lossy but really sub-wavelength 

@ 632.8 nm
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Now let us try to provide some tuning to the waveguides....

9
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Tunability by thermo-optic effect LRSPP Waveguides & Components

Nikolajsen et al., 
APL 85, 5833 (2004)

Nikolajsen et al., 
Opt. Comm. 244, 455 (2005)

Heating a symmetrical structure 
tunes the modal index and phase 

difference: MZIs, DCSs...
 
Heating an asymmetrical structure 
leads to excessive light leakage: 

VOAs… 
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• Plasmon is guided by a highly 
conductive metal-oxide 
(N#1018cm3)

• Ag electrodes far apart and play 
little role

• Voltage  changes the charge 
density in the highly conductive 
semiconductor, hence n=nr+jnj, 
hence absorption, hence power 
transmitted at the output

11

Tunability by absorption in the “metal” stripe

Optics Express 19, 8855 (2011)
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Tunability of LR-SPP by electro-optic optic in LiNbO3

Δn ≈10-4only

 4 mm long
12
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CN

cyano-biphenyl 5CB
2 nm long, 0.5 nm large

Anisotropy 
(electric and 

optical)

From the rod-like 
form of molecules

-+

Tunability by electro-effect optic in Liquid Crystals

13
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cyano-biphenyl 5CB
2 nm long, 0.5 nm large

Anisotropy 
(electric and 

optical)

From the rod-like 
form of molecules

Re-orientation 
(electric and optical)

E

C
N

-
+

Tunability by electro-effect optic in Liquid Crystals
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Free space Liquid Crystal On Silicon (LCOS) $displays and Spatial 
Light Modulator
Free space Fabry-Perot Tunable Filter and Tunable Lasers
LC as a tunable cladding for a SOI slab and rib waveguides 
LC waveguide embedded in micromachined silicon as an integrated 
optics polarizer
LC waveguide embedded in micromachined silicon as an 
electrically controlled optical waveguide
LC waveguide embedded in micromachined silicon as an optically 
controlled optical waveguide
LC as tunable index medium in photonic crystals
LC as tunable medium in composite holographic gratings
LC as tunable cladding for Ring Resonators

15

Tunability by electro-effect optic in Liquid Crystals
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Tunability by electro-effect optic in Liquid Crystals

Power consumption in µWcm-2, typical devices area 10-7 - 10-3 cm2

15
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Free space Liquid Crystal On Silicon (LCOS) $displays and Spatial 
Light Modulator
Free space Fabry-Perot Tunable Filter
LC as a tunable cladding for a SOI slab and rib waveguides 
LC waveguide embedded in micromachined silicon as an integrated 
optics polarizer
LC waveguide embedded in micromachined silicon as an 
electrically controlled optical waveguide
LC waveguide embedded in micromachined silicon as an optically 
controlled optical waveguide
LC as tunable index medium in photonic crystals
LC as tunable medium in composite holographic gratings
LC as tunable cladding for Ring Resonators
High Q whispering gallery mode spherical resonators

16
What about tuning plasmonic waveguides with liquid crystals?

Tunability by electro-effect optic in Liquid Crystals

16
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Liquid-Crystal Modeling to determine the dielectric tensor profile

Nematic director: describes local 
orientation of LC molecules

Elastic deformations

Minimization: two Euler-Lagrange PD equations…

[for z-invariant structures:
optical waveguides]

Solving for tilt (%), twist (&), and 
electrostatic potential (V)

Total energy in the LC bulk: elastic + electrostatic

Splay          Twist Bend

17
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LC-LRSPP: Liquid-Crystal Modeling 

The set of Euler-Lagrange PDEs is solved on the nodes 
of a finite-element mesh via a commercial solver

(www.pdesolutions.com)

ITO

ITO

Au

V

PMMA

PMMA

Polymer

LC
Boundary Conditions:

%,&: hard anchoring
V: Neumann (away from region 
of interest)

Alternatively, you can minimise Ftot by using a weak formulation (e.g. in COMSOL www.comsol.com)

18

http://www.comsol.se
http://www.comsol.se
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LC-LRSPP: Optical Studies

Au

ITO

PMMA

Polymer

LC
PMMA

ITO

Glass

Glass

PML

PML

key-element for TM-polarized 
LC-LRSPP modes

Optical studies conducted via a fully-anisotropic, 
vectorial finite-element eigensolver

(www.comsol.com)

Solving for modal effective indices, 
propagation losses, modal effective area, 

optical profiles etc…

19
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LC-LRSPP Variable Optical Attenuator (LR0)

20
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LC-LRSPP Variable Optical Attenuator (LR0)

Above an LC switching voltage threshold light escapes into the high-tilt LC-zone

 Further increase of voltage increases the LC-slab waveguide modal area and propagation losses

Light is initially confined in the bottom cladding

21
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LC-LRSPP Variable Optical Attenuator (LR0)

%  Variable optical attenuation
%  ON-OFF switching

Total losses = coupling losses (owing to modal mismatch, 
calculated for a PM-SMF fiber) + propagation losses 
(ohmic resistance of ITO layers)

ne=1.5024 no=1.687 Δn=0.1687

ne=1.4678 no=1.519 

22
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LC-LRSPP plasmon-LC waveguide conversion (LR0)

Optical studies

The fundamental LRSPP mode is progressively 
converted into a LC-dielectric one, as higher voltage 
values lead to increased tilt above the metal stripe

Above the LC switching threshold 
light escapes into the high-tilt LC-
zone. Further increase of voltage 
raises the LC-waveguide index and 
reduces modal area, enhancing field 
confinement.

%  Hybrid plasmonic-LC coupling
%  Phase control elements
%  Building blocks for more 
complex components: 
modulators, interferometers, 
directional couplers/switches

23
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LC-LRSPP plasmon-LC waveguide (LR2)

"  Here, the metal stripe is grounded
"  Here, a PMMA Polymer layer isolate the optical 
field from the conductive ITOs, for lower losses
"  The application of voltage creates a high-tilt 
zone above the stripe and consequently a high-
index zone sensed by TM-polarization

24
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LC dielectric loaded SPP optical switches (DL0)
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Liquid crystal-based dielectric loaded SPP optical switches (DL1)

26
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LC dielectric loaded SPP optical switches (DL2)
Photonics and Nanostructures (2012) at press

27
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LC Channel Plasmon Polariton optical switches (DL2)

28
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Liquid crystal-based dielectric loaded SPP directional coupler 
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Liquid crystal-based dielectric loaded SPP directional coupler 
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LC-LRSPP: Directional coupler switch (1)

Two LC-LRSPP waveguides are side-coupled: 
individually addressed by voltages V1 and V2
 
When V1=V2=0, the coupling length is adjusted by 
the separation dC between the two gold stripes

D. C. Zografopoulos, R. Beccherelli, (unpublished)
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LC-LRSPP: Directional coupler switch (2)

When V1=V2=V, the LC molecules are symmetrically switched above both 
waveguides

Two identical LC-dielectric  waveguides are formed in the two high-tilt zones

By raising the applied voltage V the supermodes of the directional coupler are 
no longer  LR-SPP modes, but hybrid LRSPP-LC ones.

D. C. Zografopoulos, R. Beccherelli, (unpublished)
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LC-LRSPP: Directional coupler switch (3)

When V1=V2=V, the coupling length 
above voltage threshold depends on V

Switching operation is achieved when 
operating between Va=0 and Vc such 
that Lc,0 = 2Lc,Vc

Coupled Mode Theory*

!=!(V): coupling coefficient

* Losses neglected (~ 4 dB/cm)D. C. Zografopoulos, R. Beccherelli, (unpublished)
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LC-LRSPP: Directional coupler switch (4)

A second approach towards a 
directional coupler switch: control of 
the output state via de-synchronization 
of a single waveguide

Voltage is applied only to one of the 
two waveguides, V1=V, V2=0

Coupled Mode Theory

"#=(2$/%)*"n: desynchronization 
parameter owing to different modal 

indices in adjacent waveguides
D. C. Zografopoulos, R. Beccherelli, (unpublished)
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LC-LRSPP: Directional coupler switch (5)

When the applied voltage Vds introduces the 
critical phase mismatch… 

… switching of the cross-bar states is achieved 
at a distance L=Lc,sync of the coupler

D. C. Zografopoulos, R. Beccherelli, (unpublished)
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Conclusions

Plasmon Polariton based waveguides require tradeoff between cm long 
propagation suitable for inter-chip and inter-board optical interconnects and sub-
wavelength suitable for intra-chip communications

Data level switching may be promising, but there is still a lot of work ahead 
(absorption) or the mechanisms are incompatible with CMOS process

Various switching mechanisms may be used for circuit level reconfigurations

Power budget may be the ruling factor for dense parallel data buses. Tradeoffs 
between compactness and propagation losses

Thermal tuning appears limited by power requirements (10s mW per line), which 
also affects line density

Liquid crystals can tune  LR-SPP, DL-SPP and CPP, typically with a transverse 
duty cycle of &50%, CMOS compatible low voltage and negligible power

Voltage controlled LC attenuators or ON-OFF switches depending on LC choice

Voltage controlled LC directional couplers for LR-SPP DL-SPP 
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Thank you for your attention 
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