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Active plasmonics has been an interesting and important topic recently. Here we demonstrate the
all-optical, polarization-insensitive tunable manipulation of a hybrid system that integrates a silver nanorod
array with photoresponsive liquid crystals. The large-area plasmonic nanorod arrays are fabricated by laser

Received 13th January 2015, interference lithography and ion milling. By covering a layer of photoresponsive liquid crystals, tunable

Accepted 17th February 2015 control of plasmon resonance is achieved under an external light pump. The silver nanorod array also
enables the homeotropic alignment of the liquid crystals, which makes the all-optical tuning behavior

polarization-insensitive. With its advantages of cost-effective fabrication, easy integration, all-optical control,
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Introduction

Plasmonics has been attracting extensive attention across various
fields over the past two decades. The core of this field lies in the
manipulation of light-matter interactions at the nanoscale
with the excitation of surface plasmon resonance, which are the
collective oscillations of free electrons confined at metal/dielectric
interfaces. Thus far, many exciting plasmonic applications, such
as super-resolution imaging,"* optical cloaking,** and energy
harvesting,”” have been reported. However, one major drawback
of the abovementioned plasmonic devices is that they serve as
passive devices providing consistent outputs given the same
inputs, which greatly limits their applications that may only
need a little change in the sample design. Therefore, it is highly
beneficial to have reconfigurable or tunable functions after the
devices are fabricated, with the help of active media.

Since plasmon resonances are very sensitive to the surrounding
environment of plasmonic nanostructures, varying the surroun-
ding’s dielectric properties becomes a straightforward and effective
way to have active control of the surface plasmon resonance.
For this purpose, liquid crystals (LCs) stand out as an excellent
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and polarization-insensitivity, the hybrid system could be valuable in many nanophotonic applications.

candidates of active media since they possess dynamic, contin-
uous, and most importantly, reversible tuning behavior using
various driving strategies.>* Since LC molecules are very small,
they can be conveniently integrated with nanoscale plasmonic
nanostructures, and hence they are potentially useful for many
active plasmonic devices.">* These active plasmonic devices are
of paramount importance for the future development of nano-
photonic chips/circuits.>**> When integrating LCs with plasmo-
nic nanostructures, the proper alignment of LCs still remains a
challenge since the addition of a conventional alignment layer
might affect the efficient coupling of LCs and surface plasmons.
As is well known, surface grooves with suitable pitch and depth
are effective in aligning LCs.”*>° It is therefore highly possible to
have controllable LC alignment using plasmonic nanostructures.
In this paper, we fabricate a large-area and dense silver nanorod
array using laser interference lithography and ion milling. Due to
the sufficient aspect ratio of the nanorods, the silver nanorod
array enables a homeotropic alignment of the LCs. By rendering
the LCs photoresponsive, we demonstrate a hybrid system with
all-optical, polarization-insensitive tunable properties under an
external UV light pump. Our approach may open up new avenues
for LC alignment using plasmonic nanostructures. The hybrid
system may also find many nanophotonic applications that
require polarization-insensitive operation.

Device fabrication and characterization

In our experiments, quartz substrates were first cleaned
and loaded in the chamber of an electron-beam evaporator
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(Edwards Auto 306). Subsequently, a 5 nm titanium adhesion
layer and 175 nm thick Ag film were deposited at a basic
pressure of 5 x 1077 mbar. Positive resist $1805 was spin-
coated onto the sample surface and baked at 180 °C on a
hotplate for 2 minutes. Laser interference lithography was
carried out to achieve the resist pattern, which was further
used as an ion milling mask. The sample was milled using ion
milling equipment (Intlvac Nanoquest ion beam etching
system). During ion milling, an argon source was impinged
upon the sample surface at a 10° angle, ensuring uniform
removal of waste material and straight sidewalls in all features
with almost negligible undercutting. The beam voltage was
300 V with a 45 V accelerating voltage and 110 mA beam
current. Finally, the resist residue was removed by a Micro-
posit Remover 1165. Once the Ag nanorod array was ready, we
sandwiched a photoresponsive LC layer in between a quartz
substrate with the nanorod array and a bare glass substrate.
The thickness was controlled at ~7 pm using polystyrene
microbeads. The photoresponsive LC material used in our
experiments consisted of 85 wt% nematic LC, E7 (Merck), and
15 wt% photochromic LC, 4-butyl-4-methyloxyazobenzene
(BMAB). Angle-resolved spectroscopic measurements for the
hybrid system were performed using a UVISEL (HORIBA Jobin
Yvon). All the photoresponsive spectra of the sample were
taken under a continuous UV pump of ~ 30 seconds.

Results and discussion

Fig. 1 is the typical scanning electron microscopy (SEM) image of
the Ag nanorod arrays on a quartz substrate. The measured
periodicity of the two-dimensional nanorod array is ~600 nm
and the whole working area is 1.5 x 1.5 cm® Based on the
thickness of the silver film, the estimated aspect ratio (height to
diameter) of the nanorod is ~0.6. The insets are the images of the
sample before and after infiltration of the photoresponsive LCs.
Fig. 2 shows the plots of the transmission of the Ag rod
arrays (600 nm period and 175 nm height) before and after LC

Fig.1 Typical SEM image showing the top-view of a fabricated silver
nanorod arrays. Insets are the images of the real sample before (left) and
after LC (right) infiltration.
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Fig. 2 Measured transmittance of the bare sample before and after LC
infiltration with a UV light pump.

infiltration at normal incidence. For the bare sample, one can
clearly observe two resonance dips (at 635 and 756 nm, respec-
tively) that are from the interplay between the excitation of
the plasmons localized on the nanorods and diffraction result-
ing from the scattering by the periodic arrangement of these
nanorods.®® As a reference, the transmission spectrum of
BMAB-doped LC itself with the same thickness is also shown
in Fig. 2. After LC infiltration, the peak at 325 nm disappears
because of the strong absorption of the BMAB molecules, while
both resonance dips red-shift from 635 and 756 nm to 654 and
826 nm, respectively, because of the increased refractive index
of the surroundings. One interesting point is that after LC
infiltration, the hybrid system demonstrates a broadband
top-flat transmission range, which is the typical feature of a
bandpass filter and hence is useful for filtering applications.
Under the UV light pump, the transmission of the broadband
pass range is further enhanced and broadened. In addition, the
resonance dips also red-shift further to 659 and 855 nm. The
further transmission enhancement and dip in red-shift indicate
that the effective refractive index of the surroundings (i.e., the
LCs) of the Ag nanorod array increases under the UV light
pump since the localized surface plasmon resonance position
shifts linearly with the refractive index change of the surrounding
medium.*'

The all-optically tunable behavior observed in our experiments
could be attributed to the trans—cis isomerization-induced
nematic-isotropic phase change of the LCs. When the BMAB
molecules absorb UV light, the ¢rans-isomer transforms into the
cis-isomer. Fig. 3 shows the measured absorption spectra of
BMAB before and after the UV pump. We can clearly see that
the trans-isomer has a main absorption peak at ~350 nm in the
UV band, while the cis-isomer has an absorption peak at
~450 nm in the blue band. The cis-isomer affects the host
nematic as an impurity, which disrupts the local order and forms
an isotropic phase. This order change generates a photoinduced
refractive index modulation. As a result, we have observed tuning
behavior. It is very interesting to note that transmission is
increased under the UV light pump, which is different from the
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Fig. 3 The trans—cis isomerization of BMAB under a UV pump.

previous report with pre-set LC alignment.'® In our previous
report, we observed that when a pumping light was on, the
transmission decreased owing to the decrease of the effective
refractive index of the LCs seen by the probe light. We believe that
this discrepancy was because of the difference of the LC align-
ment. In this work, although there is no surface treatment to
pre-define the LC alignment, the Ag nanorod array could induce
preferred alignment of the rod-like LC molecules considering
their relatively high aspect ratio of ~0.6. In addition to the
increase of the transmission, we also observed the redshift of the
resonance dips. This redshift clearly confirms that the effective
refractive index of the LCs was increased under the UV light
pump. Such an index increase can only happen provided that the
LC molecules form a homeotropic alignment (i.e., parallel to the
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Fig. 4 The proposed model for the alignment of LC molecules inside the
Ag nanorod array before (a) and after (b) the UV light pump. The observed
optical images before (c) and after (d) the UV light pump between two
crossed polarizers under the polarized optical microscope.
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nanorod wall) before UV irradiation, as shown in Fig. 4(a). At the
homeotropic alignment state, the probe light, regardless of its
polarizations, will only experience the ordinary refractive index
(n, = 1.52) of the LCs in the LC region. As a result, the hybrid
system demonstrates polarization-insensitive optical trans-
mission. Under the UV light pump, the ¢rans-cis isomerization
of BMAB molecules will cause the LCs to change from the
nematic phase to the isotropic phase, as shown in Fig. 4(b). In
the isotropic state, the hybrid system will be again polarization-
insensitive, and the empirical effective index for an isotropic LC
can be estimated as n;5, = (21, + n.)/3. For the LC, E7, used in
our experiment, this value is n;5, = 1.60. Therefore, the probe
light will experience a refractive index increase of about 0.08
under the UV light pump. This index increase is the root reason
for the transmission increase and redshift. As is well known, the
resonant wavelength shifts linearly with change in the refractive
index, which corresponds to a refractive index sensitivity of
~360 nm per RIU (refractive index unit). Such sensitivity is
comparable to other reported plasmonic sensors,*>** indicating
that such a silver nanorod array is also potentially useful for
biosensing applications. To further confirm our speculation on
the LC alignment, the sample was observed between two crossed
polarizers under a polarized optical microscope. Fig. 4(c) and (d)
show the optical images before and after the UV light pump. We
can see that both images are dark since light transmission is
prohibited in both cases.

Before the UV light pump, darkness can only happen when
the LC molecules align perpendicular to the substrate. How-
ever, after the UV light pump, the LC molecules demonstrate an
isotropic state, which again prohibits the light transmission
between two crossed polarizers. Both observed dark states
indicate that the optical tuning is polarization-insensitive.
However, we noticed that the observed optical image after the
UV light pump became slightly brighter than that before the
light pump, which could be mainly attributed to more scattering;
moreover, this is caused by the cis-isomer-induced disruption
of the local nematic order of the LCs. From the above discussion,
a distinct advantage of our hybrid system is its polarization-
independent optical behaviour in transmission at normal inci-
dence, which is important for many optical devices that require
polarization-insensitive operation.

We further investigated the incident-angle-dependent trans-
mission properties of the hybrid system. Fig. 5 shows the effect
of the pumping power on the transmission at a fixed incident
angle of 20°. From Fig. 5(a), one can see that the broadband
transmission wavelength range shows non-flattened features.
This could be mainly attributed to nonsymmetrical plasmon
excitation and nonlinear wavelength-dependent transmission
enhancement. As the pump power increases, the transmission
intensity also increases and then saturates at a certain value.
After that, the transmission intensity decreases. The transmission
drop could result from the decrease of the effective refractive
index of the LCs, which is possibly attributed to the thermally
induced nematic-isotropic phase transition of the LCs and
is caused by the absorption-induced temperature increase.**
In addition, another transmission peak between 350 nm and
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Fig. 5 (a) Effect of the pumping power on the transmission at a fixed
incident angle of 20° and (b) magnified view of (a) in the wavelength range
of 350-450 nm.
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Fig. 6 Measured incident-angle-dependent transmittance at the fixed
pumping power of 15 mW.

400

400 nm appears with increase in the pumping power, which
can be observed more clearly in the magnified spectra in
Fig. 5(b). This is the typical ¢trans-cis isomerization signature
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of the BMAB molecules, which is slightly tailored by the
original transmission peak at 325 nm of the bare nanorod
array (see Fig. 2). Fig. 6 shows the effect of the incident angle
at a fixed pumping power of 15 mW. As the incident angle
increases, the transmission drops greatly. At this pumping
power, the photoresponsive LCs demonstrate the isotropic
state. Therefore, the transmission change depends largely on
the excitation of the nanorod plasmons.

Conclusions

In summary, we have demonstrated an all-optical, polarization-
insensitive light tuning based on a hybrid system that integrates
a silver nanorod array with photoresponsive liquid crystals. The
large-area and dense plasmonic nanorod array with sufficient
heights enables the homeotropic alignment of the LCs, which
makes the optical tuning of the hybrid system polarization-
insensitive at normal incidence. With its advantages in cost-
effective fabrication, easy integration, all-optical control, and
polarization-insensitivity, the hybrid system could be potentially
useful for many nanophotonic applications.
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