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Light-Driven Plasmonic Switches Based on Au Nanodisk
Arrays and Photoresponsive Liquid Crystals**
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Surface plasmons are electromagnetic waves that oscillate

collectively at a metal/dielectric interface.[1] Because of its

capability to localize and guide light in sub-wavelength metallic

structures, surface-plasmon-based photonics, or ‘‘plasmonics’’,

offers an opportunity to merge photonics and electronics at

nanoscale dimensions, and has generated intense interest in the

past decade.[2–6] Thus far, several plasmonic devices have been

demonstrated, including light sources, filters, waveguides,

lenses, and polarizers.[7–12] Before applications of plasmonics

can be realized, however, active plasmonic devices such as

switches and modulators must be devised.[13–18]

An effective method to achieve active plasmonics is to

surround metal nanostructures with materials that have

tunable optical properties (such as refractive index).[19] Leroux

et al. showed experimentally that by electrochemically

changing the refractive index of polyaniline thin films, the

shape and position of the localized surface plasmon resonance

(LSPR) of the embedded Au nanoparticles can be reversibly

tuned.[20] Wang et al. demonstrated the electrochemical tuning

of the LSPR of Ag nanoparticle arrays that were coated with

WO3 sol-gel.[21]

Liquid crystals (LCs) can serve as excellent materials for

active plasmonics, owing to their large and controllable

birefringence.[22–25] Thus far, LC-based active tuning of metal

nanostructures’ LSPR has been demonstrated by way of an

electro-optical mechanism, in which the phase transformation

of the LCs was controlled by an electric field.[22,23,26–28] In this

Communication, we present an all-optical plasmonic switch

that is based on photoresponsive LCs. Upon photoirradiation,

the LCs in the switch experience a phase transition and a

change in their refractive index.[29] This latter change

modulates the LSPR of the embedded Au nanodisk array,

because the LSPR depends on the refractive index of the

surroundings. Compared with the electrically driven plasmonic

switches demonstrated thus far,[22,23,26–28] the light-driven

plasmonic switches have several advantages: they could have
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faster operation speeds; light can be used for dual purposes:

inducing (writing) as well as detecting (reading) the behavior

of plasmonic switches; and they can be integral components of

future all-optical plasmonic circuits.

The switch consisted of photoresponsive LCs sandwiched

between a bare glass slide and an Au nanodisk array that was

immobilized on a glass substrate (Fig. 1a). The distance

between the two slides was controlled by depositing mono-

disperse glass microspheres between them (5mm in diameter,

in this case). The pump light source was a 420 nm violet laser

diode (Nichia Co.). The switching behavior was recorded by

measuring with a spectrometer (HR4000G-UV-NIR from

Ocean Optics). The mean diameter and period of the Au

nanodisks arranged in hexagonal array were (140� 14) nm and

(320� 32) nm, respectively, as seen from a representative

scanning electron microscopy (SEM) image (Fig. 1b). The

disks were weakly coupled, as revealed by extinction

measurements. To produce the Au nanodisk arrays on a glass

substrate, we used nanosphere lithography (NSL) combined

with two-step reactive ion etching (RIE) techniques that were

reported previously.[30]

The photoresponsive LCs were a homogeneous mixture of

70% nematic LCs (TL213, Merck), 20% 4-butyl-40-methyl-

azobenzene (BMAB, synthesized per Ref [16]), and 10% chiral

dopant (S811, Merck). The nematic LC changed its orientation

upon exposure to light, owing to the cis–trans photoisomeriza-

tion of the azobenzene guest molecules. Initially, the doped

LCs were thermally treated to be in an isotropic phase, with

their azobenzenes in the cis configuration. Upon photoirradia-

tion by the pump light, the azobenzenes transformed from

cis to trans, inducing the phase transition of the LCs from

isotropic to nematic (Fig. 1c). The phase transition changed the

refractive index of the LCs’ surroundings. The LSPR of the Au

nanodisks was thereby modulated, due to the aforementioned

dependence of the LSPR on the refractive index of the local

medium. The phase transition of photoactive LCs was the

underlying physical mechanism for driving the light-driven

plasmonic switch.

We recorded the extinction spectra before and after we

embedded the nanodisks in the LCs. The data were recorded

under normal incidence of the probe light (Fig. 2a). The solid

curve is the extinction spectrum of the Au nanodisk array in

air, and the dashed curve is the extinction spectrum when the

array was embedded in the photoresponsive LCs. Upon

embedding the LCs, their extinction peak red-shifted (from

680 to 748 nm) and the intensity of the peak decreased.
H & Co. KGaA, Weinheim Adv. Mater. 2008, 20, 3528–3532
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Figure 1. a) Schematic of the plasmonic switch cell. b) Scanning electron microscopy image of Au disk
arrays arranged hexagonally on a glass substrate. c) Schematic of the phase transition process in
photoresponsive LCs.
To understand the effects of LCs on the peak shift and

intensity change, discrete-dipole approximation (DDA) cal-

culations were carried out. We used a multilayer model in the

open program DDSCAT by Draine and Flatau (version 6.1)[27]

to calculate the extinction spectra of the arrays, both before

and after the Au disk array was embedded in the LCs. The

model was established as follows: an isolated Au nanodisk

(17 nm in thickness, 140 nm in diameter) was constructed on a

glass substrate (45 nm in thickness, 140 nm in diameter,

n¼ 1.52), and a Cr layer (3 nm in thickness and 140 nm in

diameter) was sandwiched between the Au and the glass. The
Figure 2. a) Experimental extinction spectra of a bare Au nanodisk array (solid curve) and an Au
nanodisk array coated with photoresponsive LCs (dashed curve). b) Calculated extinction spectra of a
bare Au nanodisk array (solid curve) and Au nanodisk array coated with photoresponsive LCs (dashed
curve).
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wavelength-dependent dielectric con-

stants for Au and Cr were obtained

from Palik.[31] LCs were modeled as a

layer of dielectric material (45 nm

thickness, 140 nm diameter, n¼ 1.63).

Linearly polarized incident light was

modeled as normal to the array.

Before the LC layer was added, the

calculated spectrum had a peak posi-

tion at 685 nm (Fig. 2b), as compared

with 680 nm for the experimental

results (Fig. 2a). The spectral width,

intensity, and peak position of the

LSPR depended on the dipoles that

were coupled between particles in the

array.[32–35] Therefore, our DDA

results on isolated particles are in

good agreement with the experimental

results, especially considering the

expected blue-shift arising from the

interparticle coupling and the geo-

metric deviations between the perfect

disk used in the calculation and the

actual Au disks. Based on the calcula-

tion results, we identified the mea-

sured LSPR as in-plane dipole reso-

nance. Upon addition of the LC layer,
the peak red-shifted to 751 nm in the calculated spectrum (as

compared with 748 nm for the experimental results). The red-

shifts of the LSPR peak in both experiments (Fig. 2a) and

calculations (Fig. 2b), when air was replaced by the LCs, were

caused by the increased refractive index of the surrounding

media.[36,37] The decrease in the intensity of extinction

efficiency was due to the reduced scattering of the incident

light by the LCs.

Extinction spectra of the Au nanodisk arrays were measured

for different incident angles of the probe light (Fig. 3). When

the beam was incident normal to the substrate, both the bare
Au nanodisk array (Fig. 3a) and the

nanodisk array embedded in the LCs

(Fig. 3b) exhibited a single extinction

band (which was indicative of in-plane

dipole resonance). When the samples

were tilted at 508 with respect to the

normally incident light, an extra

extinction band from the out-of-plane

dipole resonance appeared at a shorter

wavelength. At this angle, the out-of-

plane mode was induced by the electric

field normal to the substrate. When the

incident angle was increased, red-shifts

in the peak position of the in-plane

dipole resonance were observed for

both the bare and embedded Au

nanodisks. The shifts could be attrib-

uted to the phase difference induced
im www.advmat.de 3529
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Figure 3. Extinction spectra recorded at different incident angles of probe light from a) the Au nanodisk
array on glass substrate, and b) the photoresponsive LC/Au nanodisk array.

Figure 4. a) Extinction spectra of a photoresponsive LC/Au nanodisk array cell before (solid curve) and
after (dashed curve) the application of an optical field from a 20mW, 420 nm laser diode. A blue-shift
(Dl¼ 30 nm) of the extinction peak was observed. b) Similar setup, but with incident angle of probe light
changed from 08 to 508. A blue-shift of Dl¼ 10 nm was observed.

Figure 5. a) Schematic of the control experimental setup. The side with Au
nanodisk arrays was outside the cell and, thus, the disks were not in contact
with the sandwiched photoresponsive LCs. b) Extinction spectra of the
controlled cell under external optical field of a 20mW, 420 nm laser diode.

3530
among the coupled nanodisks when the incident light was

changed from normal to the direction of tilted angle.

To demonstrate the switching effects, the cell was irradiated

with a 20 mW pump light at an incident angle of 458. A 30 nm

blue-shift in the LSPR peak was observed (Fig. 4a) when the

extinction spectrum was measured with the light normally

incident upon the substrate. The blue-shift was reduced to

10 nm (Fig. 4b) when the probe light was 508 with respect to the

normal direction of the substrate. The blue-shift of the LSPR

peak was due to the decrease of the refractive index of the LCs.

The different values (30 nm and 10 nm) of the blue-shift

corresponding to different incident angles (08 and 508)
confirmed the preferred orientation in the LCs upon photo-

irradiation.

To establish the correlation between the peak shift of the

LSPR and the light-induced phase transition in the photo-

responsive LCs, control experiments were designed (Fig. 5a).

In these experiments, the Au nanodisk arrays were outside the

cell, and thus were not in contact with the photoresponsive

LCs. No peak shift of the LSPR was observed in the control

experiment under the same 20 mW pump light (Fig. 5b). The

intensity of the whole spectrum decreased. The decreased

intensity arose from the decreased light scattering by LCs,

because the molecules comprising the LCs were better-aligned

upon photoirradiation.
www.advmat.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Reversible tuning of the LSPR was

achieved by switching the pump light

off and on (Fig. 6). The response times

for the ‘‘off’’ and ‘‘on’’ photoswitching

processes were estimated to be 1.5 s

and 17.1 s, respectively. Because we

switched the light by blocking it

manually, the measured values for

the time constant do not reflect the

intrinsic speed of the photoswitching

processes. The response time of the

azobenzene-doped LCs can be deter-

mined by multiple factors, including

topology of substrate, the amount of

azobenzenes, working temperature,

and power of the pump light. Future

work will investigate the effects of

these factors on response time, and

optimize these factors to achieve the

intrinsic response time (on the order of

microseconds) of the photoresponsive

LCs.[37]

Finally, we studied the percentage

change in extinction efficiency as a

function of wavelength of the incident

light (Fig. 7a) and the shift of the LSPR

peak as a function of the power of the

pump light (Fig. 7b). The negative

value of extinction efficiency suggests
Adv. Mater. 2008, 20, 3528–3532
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Figure 6. a) Time dependence of extinction efficiency (at a track wavelength of 725 nm) for Au
nanodisks embedded in the photoresponsive LCs, when the pump light was turned on and off
alternatively. b,c) Close-ups of parts of the curve shown in (a).

Figure 7. a) Change in extinction efficiency as a function of wavelength of incident light; b) shift of
LSPR peak as a function of the power of the pump light.
a decrease in extinction after photoirradiation. The wavelength

corresponding to maximum change in extinction can be tuned

by choosing Au disks with different LSPR peaks. A threshold

power of 2.5 mW was observed. Above the threshold, the shift

increased linearly with the power, and saturated at a power of

15 mW.

In summary, we have demonstrated an all-optical plasmonic

switch that is driven by Au nanodisk arrays embedded in

photoresponsive LCs. As a light source incident upon the

arrays was turned on and off, reversible tuning of the LSPR of

the disks was achieved. By controlling the power of the

external light stimulus, the peak position of the LSPR was

continuously modulated. Both angle-dependence experiments
Adv. Mater. 2008, 20, 3528–3532 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, We
and theoretical analyses indicate that the

large birefringence of nematic LCs,

induced by the reversible cis–trans defor-

mation of azobenzene under external

light stimulus, is the underlying mechan-

ism for the modulation in the environ-

mental refractive index and the LSPR.

This demonstration contributes to the

emerging field of plasmonics, and it will

prove useful in applications such as high-

density optical storage devices, optical

filters, and plasmonic circuits.
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