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External control of the scattering properties of a single optical nanoantenna
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We present a mechanism to control the scattering properties of individual optical nanoantennas by
applying an external electric field. We find that by electrically tuning an anisotropic load medium the
scattered intensity becomes voltage-dependent. We also demonstrate that the scattering diagram of
the antenna can be externally adjusted. This on-demand command opens up the possibility to tune
an antenna without changing its geometrical parameters. © 2010 American Institute of Physics.

[doi:10.1063/1.3385155]

Optical antennas are devices utilized to interface far-field
radiation to localized regions and vice-versa.'? They are the
basis for diverse applications ranging from highly sensitive
biosensors,” to nanoscale photodetectors,4 The capability of
antennas to concentrate and redirect light is mainly inferred
from design parameters and mutual interactions between an-
tenna’s constituents.”” Another set of parameters that have
been recently introduced to tailor the optical response of an-
tennas are the impedance and the load of the device.'""?

In this paper, we demonstrate an external control over
the elastic scattering properties of single dimer antennas con-
stituted of two interacting gold nanoparticles. This is
achieved by electrically modifying an anisotropic load me-
dium surrounding the antennas, i.e., a nematic liquid crystals
(LC). The orientation of the LC director, hence the aniso-
tropy, can be adjusted by applying an electric potential. Pre-
vious work on gold nanoparticles demonstrated a modifica-
tion of the spectral position of surface plasmon resonances as
a consequence of the voltage sensitive—anisotlropy.'2_16 To the
difference with these studies, we report here on the modifi-
cation of the radiation scattered by the antenna (intensity and
scattering diagram) at a given operating wavelength. Gold
antennas were prepared on a bare glass substrate by standard
e-beam lithography and lift-off techniques. The dimer anten-
nas consisted of two identical nanodisks (70 nm in diameter
and 40 nm thick) precisely placed between two planar elec-
trodes separated by 3.5 wm as shown in the images of Figs.
1(a) and 1(b). The feedgap between the disks was systemati-
cally varied from contact to about 100 nm. The orientation of
dimers alternates from an axis parallel to the electrodes
(x-direction) to an axis perpendicular (y-direction). Finally,
each dimers are separated by 3 wm to avoid short-range
coupling. A single isolated particle was also fabricated and
served as reference antenna. The antennas and electrodes
were immersed in the LC (E7° from Merck with a positive
birefringence of An=n,—n,=0.2) without introducing any
pre-alignment layer. Transmission images taken under cross-
polarizers indicated an homeotropic orientation of the LC
director.'” The in-plane switching of the LC director is con-
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trolled with an electric field Uy, varying up to 2.9 V/um
with a 1 KHz oscillating square waveform.

The scattering properties of the optical antennas were
characterized by diascopic confocal-type microscope operat-
ing at Aj,,=633 nm with an incident numerical aperture
N.A.;,c=0.65. A circular beam stop with a N.A.gg=0.85
placed at the Fourier plane of the microscope serves to reject
the direct illumination wave-vectors (N.A.ps>N.A.;0)."
Only wave-vectors scattered by the optical antennas and
comprised between N.A.gg and the N.A.,,=1.45 of the col-
lection objective were detected [see Fig. 1(f)]. Optical anten-
nas were scanned through the foci in order to reconstruct a
diffraction-limited image of the scattered intensity I, (x,y).
To obtain the wave-vector spectrum, i.e., the emission dia-
gram of the scattered light, a charge coupled device (CCD)
detector placed in a conjugated Fourier plane of the micro-
scope recorded the angular distribution of the intensity radi-
ated in the substrate.”"® In order to simplify our research, we
aimed at two polarizations states seen by the antenna corre-
sponding to the x or y axis of the dimer, i.e., corrected for the
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FIG. 1. (Color online) (a) Scanning electron micrograph of three dimer
antennas (dashed circles) fabricated by electron beam lithography. The
dimers were placed between two macroscopic planar electrodes as shown in
the large scale optical image (b). (c)—(e) Confocal scan images of series of
antennas obtained with a linear polarization (arrow) and for three values of
Uy;.s- The bright spots correspond to the intensity scattered by individual
dimers. (f) Schematics of the setup consisting on a low-NA diascopic illu-
mination and a high-NA detection. A beam stop rejects the illumination
wavevectors retaining only the large wavevectors scattered by the antennas.
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FIG. 2. (Color online) (a) Dark field spectra of the )\T of d, for two biases
showing the plasmon shift. (b) Intensity and detumng as a function of Uy,
for the reference and the dimer labeled d, and for a y-polarization. The
intensity of d, is maximal when |A\| is the smallest. The voltages comprised
within the boxed red region corresponds to the Fréedericksz’s transition of
the LCs. (c) and (d) d, and d, relative gain G as a function of Uy, and for
two polarizations. The active bias region is situated within the Fréederick-
sz’s transition.

bias-dependent polarization change through the cell. Figures
1(c)-1(e) show I, (x,y) for three U, applied to the elec-
trodes. The polarization at the antenna was adjusted collinear
to the field lines (y-direction). The first bright spot on the
left-hand-side is the scattered signal issued from the refer-
ence antenna. At a null bias, the x-oriented dimers show an
increased of I, with respect to both the reference particle
and the y-oriented dimers. This increase does not signifi-
cantly depend on the feedgap range considered here. Two
phenomena play a role in the modification of I,,. First, be-
cause the antenna are immersed in an index-varying medium,
their ability to scatter radiation in the substrate is altered.
Second, the variation in /., can be also understood in terms
of a detuning factor [AN|=|\j,e;—\,,| encoding the differ-
ence between the excitation wavelength A\, and the posi-
tion of the dimers’ longitudinal and transverse surface plas-
mon resonances )\f’T.g These resonances depend on the local
refractive index, and for liquid crystals, on the applied volt-
age. This is illustrated in Fig. 2(a) for )\T of the dimer la-
beled d, in the boxed area of Fig. 1(c) undergomg a redshlft
for this polarlzatlon already observed by Miiller et al.”® and
discussed in terms of an increased molecular density. At null
bias, I, is larger for the x-oriented dimers because the laser
wavelength (633nm) is closer to the transverse resonances
(~645 nm) than the redshifted longitudinal plasmon. For
increasing U, [Figs. 1(d) and 1(e)], the intensities scattered
by the dimer antennas are significantly modified. Figure 2(b)
shows the nonmonotonous evolution of /%2, for the dimer d,
and for the reference antenna I:f:a[ as a function of Uy;,,. The
intensity scattered off the reference antenna has a weak de-
pendence on Uy, with an average amplitude of 102 (ar-
bitrary unit). The shaded area in Fig. 2(b) delimiting
0.5 V/,um< Upins<1.25 V/um is the electric field range
where /%2 undergoes the most dramatic changes and corre-
sponds to the onset of Fréedericksz’s transition. This voltage
threshold results from the competing torque imposed by the
natural anchoring of the LC molecules and the torque caused
by the external electric field.'">" This transition range was
systematically observed for all the antennas. Furthermore,
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the scattered intensities showed very little hysteresis upon
voltage sweep insuring thus reproducible and controlled
measurements (data not shown).

Figure 2(b) also shows the detuning factor |A\| where
)\fp was extracted from dark-field spectroscopy.1 Here too,
the largest detuning is obtained for field values comprised
within the Fréedericksz’s transitions. The exact orientation of
the LC molecules in the vicinity of the antenna are difficult
to determined solely from spectroscopic data. However, for
this range of Uy, and polarization alignment, the surface
plasmon resonance has redshifted by 25 nm from its position
at null bias due to a locally higher refractive index. There is
an opposite trend between the intensity scattered by d, and
|AN| demonstrating that I, is maximum when |AN| —0. We
therefore argue that detuning is probably more effective in
modifying I, than the redirection of scattered power out of
the detection angles.

In antenna theory, the ability of an antenna to increase
scattered intensity in the direction of the peak radiation is
usually normalized to a reference dipolar radiator.”*’ We ap-
plied this formalism by normalizing the scattered intensities
to that of the reference single-particle antenna. Our reference
antenna being much smaller than the wavelength, its scatter-
ing properties can be considered dipolelike. ’ Figures 2(c) and
2(d) show the Uy,;,,-dependency of the relative antenna gain

G=Imer/ I for two selected dimers d, and d, [Fig. 1(c)]
and for two polarizations. For both cases, G is significantly
altered by the onset of Fréedericksz’s transitions. Outside of
this range, the intensity does not dramatically change from G
measured at a null bias. For a polarization oriented along the
field lines [Fig. 2(c)], G is threefold increased for d, at
Upias=0.75 V/um. According to the trend outlined by Fig.
2(b), the orientation of the LC molecules is shifting the lon-
gitudinal plasmon resonance )\f closer to Ay, This is con-
firmed by the evolution of d, for x-polarization [Fig. 2(d)],
probing the transverse resonance )\Tp Because )\T <)\fp, d,
displays a minimum G around the same value of Ublas The
evolution of G for d; shows the same qualitative behavior
with a drop of half of its magnitude at Uy;,;=0.85 V/um for
a y-polarization. The difference of G between d; and d, ex-
cited along a principal axis stems from their relative orienta-
tions with respect to the field lines which control the molecu-
lar orientation and refractive index hence |A\| and G.

To complete our analysis, we measured the scattering
diagram of the antennas by detecting the angular distribution
of the intensity in a conjugated Fourier plane of the micro-
scope. Prior to detection, the scattered intensity was spatially
filtered by a 30 um pinhole to remove a strong scattering
contribution from the electrodes. Figures 3(a)-3(d) show a
set of diagrams representing the angular distribution of the
intensity scattered by the reference antenna. In this measure-
ment, the field-dependence of the polarization orientation
was not compensated and was adjusted to be along the
y-direction at a null bias. Since our cell contained mostly a
homeotropic alignment, the polarization at the entrance of
the cell is oriented along n,. The dipolar nature of the refer-
ence antenna under this polarization is recognized as a two-
lobe pattern concentrating the scattered intensity [Fig. 3(a)].
When Uy, increases, the LC director gradually aligns with
field lines in a planar arrangement imposing thus a rotation
of the polarization between the electrodes. In our case, in-
creasing U,,,s above the Fréedericksz’s transitions lead to a
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FIG. 3. (Color online) (a)-(d) False color CCD images of the angular dis-
tribution of the scattered intensity by the reference antenna as a function of
applied electric field Uy, for a fixed incidence polarization. The orientation
of the lobes is rotating with the bias. (e) Azimuthal orientation of the
minima of the scattering diagrams as a function Uy;,, demonstrating the
angular control of the scattering diagram. Inset: Averaged angular intensity
distribution of the annular pattern in (a). Two minima are visible indicative
of a lobe pattern.

close to 90° shift. The consequence of that shift is the rota-
tion of the two-lobe pattern as a function of U,;,, observed in
Figs. 3(a)-3(d) and reported in Fig. 3(e) displaying the azi-
muthal position of the minimum of intensity [arrow in Fig.
3(a)] as a function of Uy;,,. The position of the minimum was
extracted by a radial averaging of the azimuthal intensity
profile as shown in the inset of Fig. 3(e). The reorientation of
the LC molecules provides a mean to electrically control in
situ the radiation diagram of a single optical antenna. Note
that the rotation occurs in the Fréedericksz’s region and the
diagram of Fig. 3(h) does not significantly evolve for Uy,
comprised between 1.42 V/um and 2.57 V/um. We at-
tribute this behavior to the complex polarization state around
the Fréedericksz’s transient.”’ We have also recorded the
scattering diagrams obtained for dimer-antenna d, as a func-
tion of U, for fixed x-polarization seen by the antenna.
When the polarization is bias-compensated, the scattered dia-
grams do not drastically change their overall angular re-
sponse (data not shown). The integrated intensity follows the
evolution of I measured in Fig. 2(d).

In summary, we have demonstrated that the radiation
scattered by an individual optical antenna can be controlled
with an external stimulus. This control is achieved by modi-
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fying the load medium of the antenna. We further show that
the scattering diagrams can be electrically controlled by
changing the polarization state around LC Fréedericksz’s
transitions. We believe the external command of the scatter-
ing characteristics can help to control an optical exchange
without modifying the geometrical parameters of an antenna.
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