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ABSTRACT

The enhanced optical properties of metal films periodically perforated with an array of sub-wavelength size holes have recently been widely

studied in the field of surface plasmon optics. The ability to design the optical transmission of such nanostructures, which act as plasmonic

crystals, by varying their geometrical parameters gives them great flexibility for numerous applications in photonics, opto-electronics, and

sensing. Transforming these passive optical elements into devices that may be actively controlled has presented a new challenge. Here, we

report on the realization of an electrically controlled nanostructured optical system based on the unique properties of surface plasmon polaritoni c
crystals in contact with a liquid crystal (LC) layer. We discuss the effect of LC layer modulation on the surface plasmon dispersion, the related

optical transmission and the underlying mechanism. The reported effect may be used to achieve active spectral tuneability and switching in

a wide range of applications.

Nanoplasmonics provides a pathway to both control and route to all-optical control takes advantage of the intense
manipulate optical signals by coupling them to coherent nature of confined electromagnetic radiation in nanostruc-
electronic excitations near a metal surfackhis has led to  tured elements as the stimulus for optically nonlinear
the development of a toolbox of various subwavelength dielectrics that are hybridized with the metallic structtff&.

photonic components such as mirrors, lenses, plasmonicAnother technique of fundamental importance in the context
crystals, and waveguides capable of manipulating plasmonicof controlling surface plasmon polaritonic (SPP) signals is
signalst? Moreover, the plasmonic properties of metallic the application of an external electric fiell.This is

nanostructures determines their conventional optical proper-especially significant because both plasmonic and electric
ties such as reflection, transmission, and absorption. Plas'signals can be guided in the same metallic circuitry. The
monic crystald*are considered as the basis for superleh%es, applied voltage can then be used to exert direct control over

metamaterials for negative refraction applicatifas well an electro-optically active dielectric medium changing its

as nonlinear metamaterials with enhanced optical nonl'near'refractive index and thus the SPP modes on the metal/
ity.®10 Plasmonic nanostructures are becoming important yiolectric interface.

constituents in light-emitting devices (LEDs, OLEDs, nano- L
lasers), photodetectors, and nanoscale light sources as well . L'q“"?' crystals (LCs) are an excellent egample_ of S.UCh a
as the principle components for future optical data storage,d'e'ectrIC and are well known throug.h the|r. use in display

imaging, and sensing. technology. The large broadband optical anisotropy of these

One of the most important yet challenging requirements molecules makes them ide{:ll candidates for glectrically
for applications in photonics, opto-electronics, and optical operated nanoplasmonic devices. Indeed, experiments have

communications is to introduce a means to control the optical l'€ady been carried out on the modification of the surface
properties of plasmonic devices. To directly influence surface Plasmon resonances of smooth silver films coated with liquid
plasmons and hence the associated optical properties, maCcrystall® variation of the localized plasmonic resonance of
nipulation of the refractive index of the dielectric medium gold nanoparticles embedded in liquid crystal Fbas well

adjacent to the metal surface is the method of choice. Theas ensembles of gold nanorods aligned both pafateld
perpendiculdf to a substrate. The application of liquid

* Corresponding author. Email: w.dickson@qub.ac.uk. crystal molecules to the case of a periodically nanostructured
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Figure 1. Schematic of experimental arrangement. Collimated
white light is incident on the liquid crystal cell passing first through

the ITO glass and liquid crystal before illuminating the structured
area. Light is collected by the objective lens and split into two paths
delivering light to both the CCD camera and spectrometer.

metallic film may therefore lead to the development of
electronically controlled enhanced transmission, reflection,
and absorption of the plasmonic nanostructures and relate
applications in light modulators, switches, electronically
tuneable spectral filters, and diffraction gratings.

In this paper, we show that the optical transmission throug
plasmonic crystals fabricated in a gold film can be controlled
by electrical manipulation of the refractive index of an LC

surface inspection and focal maintenance while the reflected
signal light was coupled into an optical fiber with a 10

core using a low-magnification objective lens facilitating the
acquisition of spatially localized transmission spectra (ap-
proximately 1Qum in diameter), which were recorded using
a spectrometer coupled to a liquid nitrogen cooled CCD array
(Figure 1). To obtain dispersion plots, transmission spectra,
normalized to the sensitivity of the system and light source,
were measured at a series of incident angles (evéyy 2
Polynomial interpolation was performed at each frequency
in the acquired spectra relating the transmitted intensity to
the vectorks. The dispersion was then generated by recal-
culating this polynomial within the measured rangé,dir
each frequency.

Figure 2 shows the scanning electron microcscopy (SEM)
images of three different SPP crystals fabricated, using
focused ion beam (FIB) milling, on an optically thick gold
film (thickness 200 nm). These structures comprise both one
(1D) and two-dimensional (2D) arrays of subwavelength
apertures having the same period (550 nm). In the 1D case,
the array consists of lines having a width of approximately
100 nm. For the 2D structures, square arrays have been
created using either a circular hole (diameter 180 nm) or a
rectangle (200 nm length, 100 nm width) as the lattice basis.
The dispersions plotsw = f(k;) of the zero-order optical
transmission of these nanostructures are shown in Figure 2
when the static electric field controlling the LC’s orientation
in the cell takes the values of 0 kV/cm (OFF state) or 12.5

d(V/cm (ON state). In all measurements, the polarization of

the incident light was in the plane of incidence and
perpendicular to the lines and the long axis of the rectangles.

h The voltage-induced changes of the transmission are high-

lighted in the differential dispersion plots in Figure 2d,h,l
that represent the differential ratiodJ — Tors)/Torr between

layer seen by surface plasmon polaritons. We will show that the transmission values when the static electric field is ON

controlled variations of the director orientation of the liquid

crystal in the layer adjacent to the nanostructured metallic

film affects plasmonic Bloch modes depending on both the
state of polarization and the penetration depth of the Bloc
mode’s electric field in the liquid crystal layer.

The plasmonic crystals of various geometries were create
in gold films of different thickness using focused ion beam
milling. To fabricate the gold thin films, magnetron sputtering

was first used to deposit an adhesion layer of tantalum

pentoxide (Tg0s) on glass (Si@) substrates followed by gold

and OFF. It should be noted that the cross-sections of the
dispersion plots at different values of the wave vector
represent the transmission spectra of the nanostructure at the

h angle of incidence corresponding to a given When the

electric field is applied to the structure both a modification

gof the magnitude of transmittance at the resonant wavelengths

and a spectral shift of the resonances are observed. The
changes in the transmission are most important close to the
band-edges of the SPP crystals as should be expected.
lllumination of the sample from the opposite side gives

of the desired thickness. Plastic spacers approximaterSim"ar results indicating that pure polarization effects, which
60 um thick were used to create the liquid crystal cell € responsible for the electric switching in the transmission

between the gold film and the indium tin oxide (ITO) glass
used as a top electrode (Figure 1). The E7 liquid crystal
(Merck) was used without further processing. Ordinary and

of plasmonic nanorod array%,are in this case negligible
compared to the induced refractive index change, which
results in the modification of the SPP dispersion in the

extraordinary refractive indices, perpendicular and along the Plasmonic crystal.

LC orientation, areny = 1.525 anch, = 1.734, respectively.

Neglecting the appearance of band-gaps, the dispersion

For optical characterization, spectroscopy was carried outOf the optical transmission of SPP crystals can be understood

using plane-polarized, collimated white light provided by a

by considering, separately, the effect of a periodic structure

tungsten halogen lamp. Light transmitted by the sample wasand the dispersion of surface plasmons polaritons supported

collected using a high-magnification objective lens and
divided by a nonpolarizing beamsplitter. This provided light

by a smooth interface between a dielectric material of
refractive index\/e_d and a semi-infinite metal with the

to a charge-coupled device (CCD) video camera enabling dielectric constant,,. This model gives the dispersion bands
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Figure 2. SEM images and optical transmission dispersion plots of the nanostructures in the 200 nm thick Au film. SEM images for a
periodic array of (a) lines (60 nm width, 550 nm period), (e) rectangles (20& ra nm, 550 nm period) and (i) holes (150 nm diameter,

550 nm period). Optical transmission dispersion plots for the structures in liquid crystal without and with an applied electric field (12.55
kV/cm) are shown in panels b and c for the lines, panels f and g for the rectangles, and panels j and k for the holes, respectively. (d,h,l)
These panels show the change in transmission dispersion associated with the application of the applied field for the lines, rectangles, and
holes, respectively. The yellow arrow in panel | indicates where the dynamic response of the transmission was studied. The white lines are
the dispersion calculated with eq 1 and Au permittivity from ref 22. It should be noted that in contrast to the slit array, the SPP bands on
the opposite interface in the case of circular and rectangular basis overlap and cannot be distinguished in the plots. Color bar intensities are
normalized to 1 for each structure.

close to the minima of the transmission spectrum, becauseof the periodic structure. The different SPP bands are
the dispersion of SPPs on a smooth surface always fallsidentified in Figure 2 by the values of; (n) corresponding

between the allowed Bloch modes of the SPP cryskair to the direction in reciprocal space responsible for their
each band, the dispersion can be expressed in this apscattering and the supporting interface. The dispersion of the

proximation as 2D crystals (Figure 2el) exhibit additional bands compared
to the 1D case (Figure 2al) due to extra Bragg scattering
~ - _ _om en(@)ey 2 channels along thet{1, +1) directions not present in 1D
Kspp-g = Ksppt Kgragg™= /‘L_o mu +1 ! + crystals._ - -
27 — In addition to the effect of Bragg scattering on the crystal
m=q ! (1) lattice described above, the dispersion also depends on the

scattering cross-section of the crystal basis (a circular hole,

whereksppandkspes are the SPP wave vectors before and & Sgquare holg, or a slit) as well gs on the s_patial variations
after Bragg scattering in the periodic lattid@yag is the of the refractive index of the adjacent.r.‘neduH?nThe role
momentum contributed during the scattering by the crystal, of each of these effects will be exemplified when analyzing
Ao is the vacuum wavelengtia,(w) andegq are the permit- the response of the crystal to the applied static electric field.
tivities of Au and the adjacent dielectric respectivetyis However, the general behavior of the optical properties of
the period of the crystal with the square lattick,nf) are all SPP crystals studied to a reorganization of the adjacent
integers accounting for Bragg reflected SP®$s the unit LC layer is very similar. Therefore, we will focus the
vector describing the SPP propagation direction before Braggdiscussion on the case of the 1D crystal (Figure 2a) and then
scattering, and andj are the unit reciprocal lattice vectors generalize the observed behavior to the 2D case.
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As seen from Figure 2b, two SPP Bloch modes that evidenced in the bare crystal dispersion (Supporting Informa-
intersect thel, = 0 ordinate at around 1.53 and 1.56 eV tion, Figure S1) and in the differential dispersion of Figure
may be identified. These modes correspond to th#&,Q) 2h showing that the LC reorganization affects not only the
SPP bands for the substrate and LC interfaces, respectivelyjjower frequency bands (as for the slits) but also leads to
[this consideration based on eq 1 holds away (a few tens ofadditional dispersion modification at normal incidence at
um™Y) from the center of the first Brillouin zone where around 1.75 eV. This latter feature is related to the changing
different bands interfere, inducing the appearance of band SPP-scattering properties of the basis subsequent to the LC
gaps]. The respective position of these bands is related toreorganization in the hole when the static electric field is
the effective refractive index of these modes at each interface,varied. However, the fact that both the dispersion, as
where the substrate interface presents a higher effective indeevaluated from eq 1, as well as the SPP-scattering properties
than the LC interfacé The effective indices of these low- of the holes are sensitive to the LC reorganization in a
frequency modes can be estimated using eq 1 substitutingcorrelated manner makes it difficult to determine how the
Ne® = €4 @S a parameter. The values for the Au/substrate SPP-scattering properties of the holes are changing as a

and Au/LC interfaces are then found to b&-_gjass= 1.42
and Nei—L.c—no = 1.39, respectively.
On application of the static electric field, the upper band

corresponding to the Au/LC SPP band shifts to lower energy,

function of applied field. Additionally, LC geometries in
confined structures can be extremely complicated requiring
significant computational power to address them satisfacto-
rily.221 The contribution of the scattering cross-section of

sweeping across the substrate mode and crossing the centdhe basis to the differential optical response of the plasmonic

of the first Brillouin zone at around 1.4 eV. The correspond-
ing effective index for this mode is in this case approximately
Nefi—Lc—ne = 1.55 and corresponds to the LC being prefer-
entially aligned with the static field, that is, perpendicular
to the interface. This corresponds to a 0.16 (£539)

variation in the effective refractive index of the LC layer
while the maximum refractive index variation corresponding
to a 90 reorientation of the LC in the cell is 0.2h— n,

= 1.734-1.525). Considering that the LC molecules are
predominantly aligned with the applied field when the
voltage is ON and principally aligned with the electrodes

crystal is further accentuated for the array of holes with
circular cross-section. In this case, the index of refraction
change due to LC reorganization leads also to the modifica-
tion of a localized plasmon mode in the hole influencing
the optical properties of the array at the frequency of about
1.84 eV at normal incidence (Figure-d). Returning briefly

to the spatial sensitivity of the low-frequency SPP bands to
changes of the refractive index occurring in the bulk of the
LC region, it is worth noting that the (1,1) band in Figure
2f—h is not as sensitive to the LC reorganization as the
(£1,0) bands. Although, these bands span the same spectral

interfaces when the voltage is OFF, and taking into account range in the dispersion, the field associated to the (1,1) band

that the lower-frequency SPP Bloch mode on the Au/LC
interface has its electric field predominantly normal to the

is more confined to the Au/LC interface than thel(0) band,
which is in agreement with our discussion above.

interface, this SPP mode appears to be mostly sensitive to To investigate the dynamic response of the liquid crystal
the refractive index variation perpendicular to the metal cell with a view on potential applications, the transmission
interface. Additionally, the measurements in Figures 2b,c of the array of circular holes (200 nm thick film) was
reflect the spatial sensitivity of the SPP Bloch modes. This monitored as the cell was subjected to a time-modulated
is evidenced in the differential dispersion plotted in Figure electric potential. The energy and momentum of the incident
2d. Indeed, this plot shows that the lower SPP band (on thelight were chosen such as to probe the modeg at 0 um™1,
Au/LC interface) is most sensitive to changes of the refractive hw = 1.85 eV corresponding to a vacuum wavelength of
index in the cell rather than in close proximity to the 670 nm, where a large variation of transmitted light intensity
interface. The lower lying bands at the Au/LC interface, that was observed on application of the electric field (indicated
is, the &1,0) bands, have a stronger penetration depth in by the yellow arrow in Figure 2d). The change in optical
the LC region than the higher lying bands, which are more transmission with increasing applied electric field is il-
confined to the Au/LC interface. The spectral position of lustrated by the color plot shown in Figure 3a: the confor-
the latter would then be more sensitive to changes in mational change of the liquid crystal layer can be seen to
refractive index occurring in close proximity to the Au/LC take place between 0.4 and 5 kV/cm, and within this region
interface while the former are more sensitive to changes in the transmission is unstable. Both the spectral shift and
the bulk, a few hundred nanometers into the LC medium. change in amplitude of the transmission peaks are also clearly
This behavior is understandable because it is known that thevisible with applied field (Figure 3b). The observed dynamic
penetration depth of SPPs into the dielectric medium from response of the transmission under the temporal modulation
the metal surface increases with decreasing frequ&ncy of the applied electric field at frequencies of 2.5 and 100
leading to the observed higher sensitivity of the low- Hz demonstrate the ability of the structure to switch and
frequency modes exhibited by the crystals in Figure 2. modulate light at a frequency corresponding to that of today’s

Replacing the slits with holes of rectangular cross-section modern LC displays with less than a 10% reduction in
opens additional scattering channels, in particular along theamplitude.
(£1, +1) directions (Figure 2f,g). Compared to the dispersion  The coupling of SPP modes on the opposite interfaces of
of the 1D crystal, the dispersion of the array of rectangles a thin metal film is an additional factor contributing to the
also reflects the scattering cross-section of the holes. This isSSPP Bloch mode dispersion and thus influences the switching
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Figure 3. Electric field dependence of the optical transmission for the 2D array of nanoholes shown in Figure 2. (a) The change in
transmission (color plot) for increasing applied electric field. (b) Transmission spectra for several values of applied electric field. The
wavelength used to probe the switching dynamics is shown by a dashed orange line. (c,d) show the transmitted light intensity at a wavelength
of 670 nm through the periodic array of holes as the potential across the liquid crystal cell is modulated at 2.5 and 100 Hz respectively. All
measurements were performed at normal incidence.
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Figure 4. Experimentally measured optical transmission dispersion for a periodic array of nanoholes (diameter 150 nm, period 600 nm)
in a 50 nm gold film in LC (a) with no applied field, (b) with electric field applied, and (c) showing the change in dispersion of the structure
on application of the field.

behavior. To investigate this influence, structures similarto  In conclusion, we have demonstrated the possibility to
those previously created were fabricated in a 50 nm thick control the dispersion of surface plasmon waves on surface
gold film. Similar effects of the LC switching have been plasmon polaritonic crystals and related optical transmission
observed (Figure 4). The double structure of the bands dueelectronically using liquid crystal molecules. The observed
to the coupling of the modes can be observed in the modification of the dispersion is directly related to the
differential transmission dispersion. In contrast to the thick changes in effective refractive index of the superstrate as
Au films, the high-frequency SPP bands exhibit stronger seen by the SPP Bloch waves, caused by a reorientation of
sensitivity to the applied electric field because the spatial the liquid crystal director on application of an electric field.
field extension in the LC layer is stronger for SPP modes The feasibility of employing such a structure in a dynamic
supported by thinner films. device has been confirmed by light-switching experiments.
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Despite the limitations imposed by the response time of the
liquid crystal molecules, the ability to tune or modulate the
optical response of the structure together with the flexibility
to tailor the optical response of the array (by variation of
the array periodicity and geometry of the lattice basis)
suggests potential applications in display technologies.
Additionally, the possibility exists to design plasmonic

structures to perform complex optical signal processing and

(6) Lezec, H. J.; Dionne, J. A.; Atwater, H. Science2007, 316, 430.

(7) Cai, W.; Chettiar, U. K.; Kildishev, A. V.; Shalaev, V. M\at.
Photonics2007, 1, 224.

(8) Wegener, M.; Dolling, G.; Linden, SNature Mat.2007, 6, 475.

(9) Dickson, W.; Wurtz, G. A.; Evans, P.; O’Connor, D.; Atkinson, R.;
Pollard, R.; Zayats, A. VPhys. Re. B. 2007, 76, 115411.

(10) Wurtz, G. A,; Pollard, R.; Zayats, A. \Rhys. Re. Lett. 2006 97,
057402.

(11) Pacifici, D.; Lezec, H. J.; Atwater, H. ANat. Photonic2007, 1,
402.

pulse shaping as well as design plasmonic metamaterials with (12) Nikolajsen, T.; Leosson, K.; Bozhevolnyi, SAppl. Phys. Lett2004

electrically tuneable negative refraction or “perfect lensing”
properties.
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