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Frequency-addressed tunable transmission is demonstrated in optically thin metallic nanohole

arrays embedded in dual-frequency liquid crystals (DFLCs). The optical properties of the

composite system are characterized by the transmission spectra of the nanoholes, and a prominent

transmission peak is shown to originate from the resonance of localized surface plasmons at the

edges of the nanoholes. An �17 nm shift in the transmission peak is observed between the two

alignment configurations of the liquid crystals. This DFLC-based active plasmonic system

demonstrates excellent frequency-dependent switching behavior and could be useful in future

nanophotonic applications. VC 2011 American Institute of Physics. [doi:10.1063/1.3581037]

I. INTRODUCTION

Since Ebbesen et al. reported extraordinary optical

transmission through two-dimensional arrays of sub-wave-

length holes in perforated silver films,1 there has been a tre-

mendous surge in investigations into surface plasmons

(SPs).2–4 The photon-electron interactions at these nano-

structures allow the confinement of electromagnetic waves

to nanoscale dimensions with strong field localization and

enhancement.5 These properties enable nanohole arrays in

metal films to have many applications, including optical

switching, color filtering, polarization control, nanolithogra-

phy, sub-diffraction imaging, sensing, and enhanced spec-

troscopy.5–10 Similar to their nanoparticle counterparts,

resonances from nanoholes in perforated optically thin me-

tallic films are sensitive to the shape, size, and spacing of the

structures.11–17 Additionally, the dielectric constant of the

surrounding medium plays an important role in the resonan-

ces.18 This dependence can be exploited with the use of

active materials in the surroundings, which could provide the

ability to affect dynamic, continuous, and reversible changes

in the plasmonic resonances for “active plasmonics.” 8,19–25

In this article, we demonstrate a frequency-addressed

active plasmonic system based on the transmission of a uni-

form nanohole array perforated in an optically thin Au film

covered by nematic dual-frequency liquid crystals (DFLCs).

By applying an electric field alternating at low and high fre-

quencies, it is possible to switch the DFLC director (the long

axis of the rod-like liquid crystal molecules) in directions

both parallel and perpendicular to the field,26,27 thus reversi-

bly changing their dielectric anisotropy from positive to

negative. The changes in the alignment configuration of

DFLCs lead directly to sizable shifts in the plasmonic

resonances, thereby giving controllable transmission through

the nanoholes.

II. EXPERIMENT AND DISCUSSION

The experimental setup is shown in Fig. 1(a). A highly

ordered nanohole array in a 30 nm gold film is fabricated by

e-beam lithography.28 The perforated film is transferred to a

clean indium tin oxide (ITO) coated glass slide. A monolayer

of hexadecyl trimethyl ammonium bromide (HTAB) is self-

assembled on a bare ITO glass and the nanohole substrate to

achieve homeotropic alignment of the DFLCs (i.e., DFLCs

align perpendicular to the substrate).29 The two slides, serv-

ing as electrodes, are brought together to form a liquid crys-

tal (LC) cell. The cell thickness, �5 lm, is defined by

polystyrene microbead spacers. All of the experimental

measurements are done at room temperature, �21 �C. The

DFLCs used are MLC-2048 (Merck), which have a positive

dielectric anisotropy, De> 0 (where De¼ e//� e\) for fre-

quencies, f, less than the crossover frequency, fc � 12 kHz

(at 20 �C), and a negative anisotropy when f > fc.
30 Here e//

and e\ are the dielectric permittivities of the DFLCs parallel

and perpendicular to the LC director, respectively. For

DFLCs with De> 0, the director prefers to align with the

electric field while for De< 0, it aligns perpendicular to the

electric field [Fig. 1(b)]. The DFLCs used here have an ordi-

nary refractive index, no¼ 1.4978, and an optical birefrin-

gence, Dn¼ 0.2214 at k¼ 589 nm (i.e., an extraordinary

refractive index, ne¼ 1.7192).

A field emission scanning electron microscope (FE-SEM)

image of the fabricated nanohole array is shown in Fig. 1(c);

the array has an average period of �300 nm in a square lattice

with a hole diameter of �120 nm. Transmission spectra of the

sample were collected with an unpolarized white-light beam

(HR4000CG-UV-NIR, Ocean Optics). As shown in Fig. 1(d),

for bare Au nanoholes in air, the main transmission peak
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appears at k¼ 700 nm; after the injection of LCs in homeo-

tropic alignment, the transmission peak red-shifts to 804 nm.

A high-frequency (f > fc) electric field aligns the LCs parallel

to the substrate causing the transmission peak to further shift

to 821 nm. The transmission spectra are normalized to visual-

ize changes in the peak position, and the dependence of trans-

mission on voltage and frequency are studied below in detail.

Figure 2(a) shows the voltage-dependent transmission

spectra when the frequency is fixed at 1 kHz (f¼ 1 kHz < fc).
In this case, De> 0, and the LCs retain their homeotropic

alignment. Regardless of the polarization, the probe light only

encounters the ordinary refractive index of the DFLCs result-

ing in little change in the transmission as the applied voltage

is increased. At a high frequency (f ¼ 25 kHz > fc), the liquid

crystal exhibits a negative dielectric anisotropy, De< 0. How-

ever, the LC molecules start to switch into horizontal align-

ment only when the applied voltage exceeds an �16 V

threshold. Here the threshold refers to the voltage that induces

the reorientation of the LC molecular layer that is in the vicin-

ity (�100 nm) of Au nanoholes.31 Since we did not impart a

preferred direction for the director axis in the plane of the sub-

strate, the probe light sees a combination of the ordinary

refraction index (no) and the extraordinary refractive index

(ne). For the unpolarized probe light used in our experiment,

the effective refractive index at a high-frequency voltage can

be estimated as nef ffi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn2

o þ n2
eÞ=2

p
¼ 1:6123, which is

larger than that of the LCs in homeotropic alignment. There-

fore, after the LC realignment, the transmission decreases and

its peak red-shifts to �821 nm, as illustrated in Fig. 2(b). A

larger voltage induces a higher percentage of the LC realign-

ment and results in a further decrease in the observed

transmission.

Since the dielectric anisotropy of the DFLCs is strongly

dependent on the frequency, we can tune the transmission of

the nanohole array by varying the frequency of the applied

field. Figure 3 shows the transmission spectra of the nanoholes

for different frequencies with a fixed amplitude of 20 V. The

initially observed crossover frequency is �15 kHz, and when

FIG. 2. (Color online) Voltage-depend-

ent transmission spectra of the nanohole

array with the frequency fixed at (a) 1

kHz and (b) 25 kHz. The voltages have

even increments.

FIG. 1. (Color online) (a) Schematic

showing the experimental setup. (b)

Schematic depicting the orientation of

DFLCs for voltage with different fre-

quencies. (c) FE-SEM image of the Au

nanohole array. (d) Transmission spectra

of the nanohole array in three different

environments.
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the frequency of the applied field is below this threshold, the

transmission peak remains unchanged except for minor fluctua-

tions in intensity. However, Wen et al. have shown that the

crossover frequency of MLC-2048 increases exponentially

with the temperature.32 The applied high-frequency electric

field generates heat, which in turn shifts the crossover

frequency to �23 kHz. For frequencies above 23 kHz, the LC

molecules realign parallel to the substrate, causing the probe

light to see an increased refractive index, resulting in decreases

in the transmission and shifts in the peak position. The trans-

mission is minimized at a frequency of 25 kHz, with the trans-

mission peak red-shifting to �821 nm. Figure 2(b) is

consistent with Fig. 3 which shows excellent reproducibility. In

both cases, we observe a �17 nm red-shift in the transmission

peak between the two alignment configurations of the LCs.

Previous studies on metallic nanoparticles have shown

that their localized surface plasmon resonance (LSPR) peak

shifts linearly with the surrounding refractive index.33,34 The

transmission peak observed in the nanoholes is analogous to

LSPR in nanoparticles, and we therefore expect the transmis-

sion of the nanoholes to have a similar dependence on the

surrounding refractive index. By comparing transmission

peaks before and after injection of the LCs we estimate that

the sensitivity factor for the nanoholes is approximately

209 nm per refractive index unit. For the DFLCs used in this

experiment (neff ¼ 1.6123) an �0.11 refractive index unit

increase from the perfect homeotropic state (n0¼ 1.4978) is

predicted to induce an �23 nm red-shift in the nanohole

LSPR. This result agrees reasonably well with our measure-

ment. A smaller observed shift most likely indicates that the

LCs near the nanoholes cannot completely realign. It is

worth noting that above 25 kHz, the DFLCs start to exhibit a

multi-domain state which strongly scatters the probe light,

leading to a slight increase in the transmission intensity. The

multi-domain state, however, does not affect the reversibility

and reproducibility of the transmission peak shift, fulfilling

an important requirement for an active plasmonic device.

Finite-difference time-domain (FDTD) (Lumerical)35

techniques were used to predict the changes in the transmis-

sion of the nanoholes. A square nanohole array with a lattice

constant of 300 nm in a 30 nm thick Au film was simulated

with periodic boundary conditions. The dielectric function

built into the software was used for the metal.36 The simu-

lated transmission spectrum of the bare Au nanohole array is

shown in Fig. 4(a). The simulation agrees well with the

experiments [Fig. 1(d)] with one exception: a small peak at

�580 nm in the simulation. The existence of the peak can be

explained by the presence of propagating surface plasmon

polaritons (SPPs). It is well known that periodic arrays can

provide the additional momentum required to couple incom-

ing light to SPPs; in nanohole arrays this leads to a transmis-

sion peak at kmax ¼ ða=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
i2 þ j2

p
Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eDeM=ðeD þ eMÞ

p
,where

eM and eD are the dielectric function of the metal and the

dielectric, respectively, a is the lattice constant of the array,

and i and j are integers.37 In our case, the small peak at

�580 nm in the simulation (it is experimentally difficult to

pick up a peak with such small intensity) indeed satisfies the

above expression for a (1, 0) mode at an air/Au interface.

The main peak at k¼ 700 nm, however, entirely deviates

from this kmax, indicating that it does not originate from the

SPPs; instead, the simulated electric field distribution [Fig.

4(b)] reveals that this transmission peak originates from the

resonance of localized SPs near the edges of the holes: the

strong field is localized near the hole edges rather than on

the film between the holes. Unlike SPPs in optically thick

films, localized SP charges oscillate and act as dipolar

antenna in our optically thin film to directly radiate light into

the far field.28,38 Localized SPs are dipolar in nature, and

therefore have properties similar to LSPRs in nanoparticles.

The simulations were further used to confirm the trans-

mission changes introduced by the two different LC

FIG. 4. (Color online) (a) FDTD simu-

lation of the transmission of the nano-

hole arrays in the three environments.

(b) Simulated electric field intensity dis-

tribution at the resonance (700 nm) of

the nanohole array.

FIG. 3. (Color online) Frequency-dependent transmission spectra of the

nanohole array with voltage fixed at V¼ 20 V. Inset shows the normalized

spectra for 1 and 25 kHz. The voltages have even increments.
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orientations: perpendicular to the substrate (f < fc) and par-

allel to the substrate (f > fc). The simulations modeled nano-

holes embedded in a �100 nm thick effective medium with

no¼ 1.4978 and nef¼ 1.6123. As expected, the transmission

peak shifts from �800 to �826 nm between the two LC ori-

entations, which agrees reasonably well with the experimen-

tal results. The broader experimental resonances are likely

caused by larger losses in the thin film (electrons suffer more

scattering at the surface of the optical thin film) and nonuni-

formities of the sample (i.e., inhomogeneous broadening).

III. CONCLUSION

In conclusion, we have demonstrated frequency-

addressed tunable transmission in a uniform Au nanohole

array embedded in DFLCs. The frequency-dependent dielec-

tric properties of the DFLCs induce a shift of the transmission

peak. This mechanism enables us to actively control the spec-

tral location of the transmission peak by manipulating the

alignment of the DFLCs. We are currently exploring the tuna-

bility of the LC director axis with optical fields, which could

give rise to extremely fast response speeds in the sub-micro-

second regime39,40 and would not require the imposition of

electrodes. This DFLC-based active plasmonic system demon-

strates excellent frequency-dependent switching behavior, and

can potentially be used in active polarizers and filters, chip-

based optical communications, and nanoplasmonic circuits.
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