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A frequency-addressed plasmonic switch was demonstrated by embedding a uniform gold nanodisk
array into dual-frequency liquid crystals �DFLCs�. The optical properties of the hybrid system were
characterized by extinction spectra of localized surface plasmon resonances �LSPRs�. The LSPR
peak was tuned using a frequency-dependent electric field. A �4 nm blueshift was observed for
frequencies below 15 kHz, and a 23 nm redshift was observed for frequencies above 15 kHz.
The switching time for the system was �40 ms. This DFLC-based active plasmonic system
demonstrates an excellent, reversible, frequency-dependent switching behavior and could be used in
future integrated nanophotonic circuits. © 2010 American Institute of Physics.
�doi:10.1063/1.3483156�

Plasmonic resonances in metallic nanostructures have
been attracting great interest due to their wide applications,
including lasers,1,2 waveguides,3,4 microscopies,5 and light-
emitting diodes.6,7 The photon-electron excitations allow
one to confine the electromagnetic waves to nanoscale di-
mensions resulting in strong field confinement and
enhancement.8 To control the plasmonic resonances, various
approaches have been used to change the features, sizes, and
spacing of the metallic structures.9–14 In comparison to these
physical approaches, varying the surrounding’s dielectric
properties is a much more effective method.15–21 The use of
active materials as surroundings could provide a dynamic,
continuous, and reversible change in the plasmonic reso-
nances, coined as “active plasmonics.”22–24

In this letter, we demonstrate a frequency-addressed ac-
tive plasmonic system based on a uniform Au nanodisk array
covered by nematic dual-frequency liquid crystal �DFLCs�.
Such DFLCs can change the sign of dielectric anisotropy
either from positive to negative, or from negative to positive,
when the frequency of the applied field changes,25–28 thereby
changing the plasmonic resonances. Both blueshift and red-
shift in the plasmonic resonances can be conveniently
achieved.

In our experiments, a highly ordered gold nanodisk array
on an indium-tin-oxide �ITO� glass substrate was fabricated
according to the standard e-beam lithography procedures. In
brief, a 120-nm-thick e-beam resist was spin-coated on the
pretreated ITO glass substrate, followed by 3 min baking at
180 °C. Following that, a Au conductive film ��10 nm�
was thermally deposited on the substrate in vacuum before
exposure in the e-beam lithography system. After exposure,
the Au film was removed using the Au Etchant TFA
�Transene� for 30 s and the patterns were then developed in
n-amyl acetate at 20 °C for 3 min, followed by immersing

into methyl isobutyl ketone:isopropanol �IPA�=8:1 solvent
for 30 s and rinsing in IPA for 30 s. After O2 plasma descum,
a chromium adhesion layer �3 nm� and a Au layer �30 nm�
were subsequently deposited in vacuum over the pattern. Fi-
nally, a well patterned Au nanodisk array on the ITO glass
substrate was produced by removing the resist in N,N-
dimethylacetamide solution.

A monolayer of hexadecyl trimethyl ammonium bromide
was self-assembled on both the bare ITO glass and the sub-
strate with nanodisk array. These two substrates, serving as
electrodes, were assembled together to form a LC cell. The
cell thickness was controlled to be �2 �m using the poly-
styrene microbeads. After injection of LCs, the homeotropic
alignment of LCs was achieved. The DFLC material used
was MLC-2048 �Merck�, which has the positive sign of di-
electric anisotropy, ��=�� −���0, for frequencies f of the
applied electric field smaller than the crossover frequency
fc=12 kHz �at 20 °C� and has a negative sign, ���0, when
f � fc.

29 Here �� and �� are the dielectric permittivities of the
DFLCs in the directions parallel and perpendicular to the LC
director, respectively. For LCs with ���0, the director pre-
fers to align toward the electric field direction; while for
���0, it realigns perpendicularly to the field. DFLCs used
in this experiment have an ordinary refractive index no
=1.4978, and an optical birefringence of the material �n
=0.2214 at �=589 nm, namely, ne=1.7192.

A field emission scanning electron microscope �FE-
SEM� image of the fabricated nanodisk array is shown in
Fig. 1, from which it is determined that the array has an
average period of �290 nm and a disk diameter of
�100 nm. The whole working area of the Au nanodisk array
is 3.5�3.5 mm2. Atomic force microscopy �AFM� reveals
the height of each disk as �33 nm, as shown in the inset of
Fig. 1.

Extinction spectra under normal incidence of the probe
light were recorded before and after embedding nanodisks
into the DFLCs �Fig. 2� with an unpolarized white-light
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beam �HR4000CG-UV-NIR, Ocean Optics�. 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 DFLCs. Upon embedding of the
DFLCs, the extinction peak redshifted from 650 to 726 nm
and the intensity of the peak increased.

Figures 3�a� and 3�b� show the voltage-dependent ex-
tinction spectra when the frequency was fixed at 1 kHz and
18 kHz, respectively. When a low-frequency �f =1 kHz�
electric field is applied to the cell, the LC molecules with
���0 are aligned more orderly �perpendicular to the sub-
strates�. In this case, regardless of the polarization of the
probe light, it will only see the ordinary refractive index, no,
of the DFLCs. There is therefore very little changes in the
extinction �reduced transmission� caused mainly by more
ordered alignment of the positive anisotropic molecules
by the applied field �Fig. 3�a��. When a high-frequency
�f =18 kHz� voltage is applied, the DFLC exhibits a nega-
tive dielectric anisotropy ����0�. As the applied voltage
exceeds a threshold �V=10 V�, the LC molecules are
switched into horizontal alignment, as illustrated in Fig. 3�b�.
Here the threshold refers to the voltage that induces the re-
orientation of the LC molecular layer that is near �generally
�100 nm� to the Au nanodisk array.10 Since LCs do not
align perfectly in one direction on the substrate, the probe
light will see a combination of no and ne of the DFLCs. For
the unpolarized probe light used in our experiment, the ef-
fective refractive index at a high frequency can be written as
nhf�	�no

2+ne
2� /2=1.6123, which is larger than that of the

homeotropic alignment. Consequently, the extinction peak is
redshifted.

Figure 4 shows the variation in the extinction peak as a
function of frequency at a fixed voltage of 12 V. The ob-
served crossover frequency is close to 14 kHz. When the
frequency is less than 14 kHz, we can see that there is a
�4 nm blueshift for the extinction peak. At the initial state,
the LC molecules are not perfectly aligned, and the refractive
index experienced by the probe light will be slightly larger
than no. When an electric field with low frequency was ap-
plied, the LC molecules were aligned more orderly. As a
result, the refractive index seen by the probe light will de-
crease slightly, thereby inducing a small blueshift in the ex-
tinction peak. When the frequency of the applied voltage is
larger than 14 kHz, the LC molecules start to reorient paral-
lel to the substrates. The probe light will then see an in-
creased refractive index, and the extinction peak redshifts
accordingly. From Fig. 4, we observe that there is a �23 nm
redshift when the frequency increases from 15 to 21 kHz.
Previous studies have shown that the localized surface plas-
mon resonance �LSPR� peak shifts linearly as a function of
the surrounding refractive index.30,31 For our specific sample,
by comparing LSPR before and after injection of the LCs,
we estimate that the sensitivity factor is about 153 nm per
refractive index unit. For DFLCs used in this experiment,
nhf=1.6123, a �0.11 index increase compared with the per-
fect homeotropic state is supposed to induce about 17 nm
redshift. The larger observed shift, 23 nm, may be caused by
the scattering of DFLCs’ imperfect alignment near the Au
nanodisk arrays. Above 21 kHz, the DFLCs in the cell start
to exhibit a multidomain state, which scatters the probe light
strongly, thus modifying the extinction spectra. As a result,
we observe that the extinction peak drops dramatically and
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FIG. 3. �Color online� Voltage-dependent extinction spectra with the fre-
quency fixed at �a� 1 kHz and �b� 18 kHz, respectively.
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FIG. 4. �Color online� Frequency-dependent extinction peak shift at
V=12 V.

FIG. 1. �Color online� SEM image of an Au nanodisk array on an ITO glass
substrate. Inset shows AFM morphologies and height profiles.
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FIG. 2. �Color online� Extinction spectra of a bare Au nanodisk array and an
Au nanodisk array embedded in DFLCs.
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ultimately approaches a constant value. It is worth mention-
ing that the LSPR peak shift observed in this plasmonic
switch was highly reversible and reproducible with the ap-
plied electric field.

Finally we measured the response time of this DFLC-
based plasmonic switch. Figure 5 shows the response time
under different voltages at a frequency of 18 kHz. The rising
time decreases quickly with an increasing voltage and satu-
rates when the voltage is above 12 V. Since the falling time is
a self-relaxation process, it is more dependent on the material
properties. Above 6 V, the falling time remains almost con-
stant. The optimum rising time and falling time are �40 ms
and 180 ms at 12 V, respectively. The inset shows the re-
sponses of the light �633 nm� intensity change captured by
an oscilloscope. By employing dual-frequency ac fields, i.e.,
applying ac fields of two different frequencies to alterna-
tively switch the orientation of the LC between homoge-
neous state and homeotropic state, the response time that
matters is the voltage-dependent “rise” time ��40 ms�,
which is sufficiently fast for display-related applications.
Faster response �response time: �1 ms� can be obtained by
using less viscous LCs of higher dielectric anisotropy,32 or
by optical modulation of the nematic birefringence, where
the on-times can be much shorter, ranging from the sub-
milliseconds to nanoseconds.33

In conclusion, we have demonstrated a frequency-
addressed plasmonic switch based on a uniform Au nanodisk
array embedded in DFLCs. The frequency-dependent dielec-
tric properties of the DFLCs are the underlying mechanism
for the shift in the extinction peak. Exploiting this mecha-
nism, we could engineer the extinction peak of Au nanodisk
arrays to blueshift, redshift, or both, by designing the align-
ment of the DFLC. This DFLC-based active plasmonic sys-
tem demonstrates an excellent, reversible, and reproducible
switching behavior, and it can be potentially used in many
applications such as wavelength shifter, polarizers, and color
filters.
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FIG. 5. �Color online� Measured response times under different voltages at
fixed frequency of 18 kHz. Inset shows the captured responses of the change
in transmitted light intensity.
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