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1. INTRODUCTION

Plasmonics paves the way for manipulating optical signals at
the nanoscale by coupling light to coherent electronic excitations
(known as surface plasmon resonances) at the interface between
dielectric materials and metal nanostructures.1-9 The strong
confinement of light associated with surface plasmon resonances
has led to the development of various subwavelength photonic
components, such as waveguides,10,11 switches,12-14

filters,15-17

lenses,18-21 microscopies,22,23 and spasers.24-27 Gratings have
been used to efficiently couple free-space light to surface
plasmons by bridging the momentum gap between them.28,29

Conversely, surface plasmons can also enhance the grating
diffraction.30-34 Interactions at the interface between a grating
and metal nanostructure are complicated and have attracted
intensive attention.30-34 A better understanding of these
interactions relies on the capability to continuously tune either
the grating period or metallic nanostructure size, thus achiev-
ing interactions at different plasmon resonances or diffraction
wavelengths.

Until now, tuning has been achieved by producing a series of
samples with different metal nanostructures or grating periods;
this approach has caused poor experimental reproducibility and
unreliable comparisons among different samples.35,36 To address
these problems, we develop a hybrid system that integrates a
photoswitchable grating and a Au nanodisk array. In this system,
the diffraction of the grating can be continuously tuned in real
time by an external pump light. This tunable system allows us to
study the interactions between the grating and Au nanodisk array
in real time. These interactions include the localized surface
plasmon resonance (LSPR)-enhanced diffraction of the grating
and diffraction-mediated LSPR of the Au nanodisk array.

In this hybrid system, the photoswitchable grating was
produced from azo-dye-doped holographic polymer-disperse
liquid crystals (HPDLC).37 HPDLC-based material systems38

have been extensively investigated for photonic applications
due to the LC’s unique optical properties.39-49 The one-step,
large-area, simple fabrication process of HPDLC-based de-
vices makes them convenient for integration with other systems to
realize synergic functions. In this experiment, we bound an
HPDLC-based switchable grating onto a Au nanodisk array
and demonstrated that the trans-cis transformation of the
azo dyes embedded in the grating structure results in the
nematic-isotropic (N-I) phase transition of the liquid
crystals (LCs),50,51 thus changing the plasmonic properties
of the Au nanodisk array. Compared with existing counter-
parts driven electrically52-55 or chemically,56 the light-driven
system demonstrated here can be conveniently integrated
with other nanophotonic devices and become an integral com-
ponent for future all-optical plasmonic systems.

2. EXPERIMENTAL SECTION

Azo-dye-doped HPDLC structures were fabricated from a
standard prepolymer syrup containing 40.67 wt % monomer,
dipentaerythritol penta-/hexa-acrylate (DPPHA); 6.74 wt %
cross-linking monomer, N-vinylpyrrollidone (NVP); 0.71 wt %
photoinitiator, Rose Bengal (RB); 0.76 wt % co-initiator, N-
phenylglycine (NPG); 7.64 wt % surfactant, oleic acid (OA);
0.86 wt % azo-dye, methyl red (MR); and 42.63 wt % LC E7. The
LC E7 was purchased from Merck, and the other materials were
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ABSTRACT: We conduct a real-time study of all-optical
modulation of localized surface plasmon resonance (LSPR)
coupling in a hybrid system that integrates a photoswitchable
optical grating with a gold nanodisk array. This hybrid system
enables us to investigate two important interactions: (1) LSPR-
enhanced grating diffraction and (2) diffraction-mediated LSPR
in the Au nanodisk array. The physical mechanism underlying
these interactions was analyzed and experimentally confirmed.
With its advantages in cost-effective fabrication, easy integra-
tion, and all-optical control, the hybrid system described in this
work could be valuable in many nanophotonic applications.
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purchased from Sigma-Aldrich. The prepolymer and LC were
mechanically blended at 65 �C (slightly higher than the clearing
point of the LC) to form a homogeneous mixture. Drops of the
mixture were sandwiched between two glass slides. The thickness
of the samples was controlled to be∼10 μm using plastic micro-
beads as spacers between the two glass slides. Bragg transmission
gratings were prepared using two intersected collimated laser
beams (wavelength, 488 nm; angle,∼40�) at room temperature.
This produced a one-dimensional periodic structure with the
grating vector parallel to the surface of the cell. The diffraction
efficiency of these gratings was measured using a p-polarized
He-Ne laser (633 nm).

Once the grating was formed, we removed one of the sub-
strates and bound the exposed HPDLC film to the Au nanodisk
plate with physical contact for characterization. We irradiated the
grating with a p-polarized, pulsed Arþ laser beam (514.5 nm)
with a pulse duration of∼10 s. The extinction spectra of the com-
posite structure (Au nanodisk þ HPDLC grating) were mon-
itored with an unpolarized white-light beam (HR4000CG-UV-
NIR, Ocean Optics) that was incident upon the grating at an
angle of 42�. The unfocused pumping beam had a diameter of∼5
mm; the diameter of the probe beamwas∼2mm to ensure that it
was completely covered by the pumping beam. The extinction
spectra of a pure grating and a bare gold nanodisk plate were also
monitored using the same procedure in control experiments. The
response times for the “ON” and “OFF” photoswitching pro-
cesses were measured using a near-infrared semiconductor laser
(808 nm). By manually blocking the pumping light, the re-
sponses were recorded by an oscilloscope.

3. RESULTS AND DISCUSSION

Figure 1a shows the schematic of the experimental setup. An
azo-based HPDLC transmission grating with alternating poly-
mer-rich and LC-rich lamella was produced through holographic
photopolymerization. Due to the shrinkage of the polymer

during polymerization, the LC droplets are nematically ordered
and their directors tend to align parallel to the grating vector
direction.37 The azo-dye used in the experiments was methyl red
(MR). It is well-known that MR molecules undergo trans-cis
isomerization under a visible light exposure (Figure 2).57 Once
the grating was fabricated, it was bound to a Au nanodisk array
situated on a glass slide. When the whole device was illuminated
by the laser beam, the azo dyes experienced the trans-cis
photoisomerization, which triggered the N-I phase transition
of the LC molecules. In addition, upon light irradiation, the
grating structure, especially its polymer-rich regions, could be
subject to thermal expansion caused by laser heating of the
grating structure.58 This subsequently squeezed the LC droplets,
causing them to deform from ellipsoids to more-spherical shapes
(Figure 1a inset). It is worth noting that the heating effect does
not induce any detectable temperature change, indicating that
temperature has little contribution to theN-I phase transition of
the LC. Figure 1b shows a typical scanning electron microscopy
(SEM) image of the transmission grating with the LCs removed.
The grating period was estimated to be 600 ( 20 nm. Au nano-
disk arrays (Figure 1c) were fabricated on glass substrates using
nanosphere lithography combined with two reactive ion etching
steps.59,60 The mean diameter and period of the hexagonally
arranged Au nanodisk array were determined on the basis of a
Gaussian fitting60 to be 150( 14 and 320( 32 nm, respectively.

The extinction spectra before and after binding the nanodisks
to the azo-based HPDLC grating structure were recorded with
normally incident light, as shown in Figure 3. The solid curve
represents the extinction spectrum of the bare Au nanodisk array
in air, and the dashed curve represents the extinction spectrum
after the nanodisk array was bound to the grating structure. In a
previous report, Zheng and co-workers investigated the coupling
effect between neighboring nanodisks in a similar hexagonally
arranged Au nanodisk array.61 Compared with a single Au
nanodisk, the array has a narrower and higher-intensity LSPR
peak due to a collective coupling effect. As a result, pronounced
extinction peaks can be observed in both cases, corresponding to
where the LSPR occurs.62 After binding the nanodisks to the
grating, the extinction peak red-shifted from 690 to 795 nm due
to the increased refractive index of the surroundings. In addition,
due to the periodic index modulation within the grating

Figure 1. (a) Schematic of the experimental setup to characterize the
LSPR modulation. The enlarged part showing the N-I phase transition
induced by the trans-cis photoisomerization of the azo dye, (b) SEM
image illustrating the morphology of the azo-based HPDLC transmis-
sion grating and (c) SEM image of a Au nanodisk array hexagonally
arranged on a glass substrate.

Figure 2. The trans-cis isomerization ofMR in acetone solution under
the pumping light with the wavelength of 514.5 nm. The inset shows the
chemical structure of a MR molecule and its reversible trans-cis
isomerization.
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structure, the intensity of the LSPR peak decreased, and the
bandwidth increased. It is worth noting that the angle-dependent
measurements of our Au nanodisk array show that the LSPR does
not depend on the in-plane polarization of the incident light.
Therefore, there is no preferred binding direction between the
grating and Au nanodisk array.

Both the grating and the Au nanodisk array exhibited peaks in
the extinction spectrum due to the grating diffraction and LSPR,
respectively. Since they had different periods, their extinction
spectra were not in the same spectral range under the same
normally incident probe light. However, because the angular
dependence of the azo-based HPDLC grating was much more
sensitive than the Au nanodisk array, we could always adjust the
incident angle to overlap the peaks from the HPDLC grating and
the Au nanodisk array and enhance the effective extinction from
the Au nanodisk array bound to the HPDLC grating. When the
peaks overlap (at an incident angle of ∼42� in our experiment),
maximum modulation of the extinction can be realized by
modulating the grating. This modulation was accomplished by
illuminating the system with a 514 nm laser to induce trans-cis
isomerization of the MR, decrease LC order, and lower the index
contrast between the LC and polymer regions of the grating. The
effective extinction intensity of the composite structure (Au
nanodisk þ grating system) was thereby decreased.

Figure 4a shows the extinction spectra under different pump-
ing intensities at an incident probe angle of 42�. In addition to a
reduction in the peak extinction, we also observed an overall
decrease in extinction between 400 and 600 nm caused by the
increased cis population. For a comparison, we conducted a con-
trol experiment with the Au nanodisk array separated from
the azo-based HPDLC grating (referred as uncoupled system,
Figure 4b). In this case, the extinction peak was only the
superposition of the distinct extinction spectra of the Au nano-
disk array and the azo-based HPDLC grating (data not shown).
The spectral changes in this case were contributed only from the
diffraction switching of the grating. When the Au nanodisk array
is bound to the azo-based HPDLC grating (referred as coupled
system), the extinction peak intensity (Figure 4a) is higher than
the uncoupled system (Figure 4b). Moreover, upon pumping,
the modulation depth (intensity change) for the coupled system
is larger than that of the uncoupled one. This difference is caused
by the additional diffraction effect from an LSPR-induced absor-
ption grating. Because the Au nanodisk array was covered by the
grating with an alternating periodic refractive index, and the

LSPR, which leads to optical absorption, of Au nanoparticles is
strongly dependent on the surrounding refractive index, this
coupled system would demonstrate periodic modulation in
absorption. As a result, an absorption grating was formed.63,64

This results in much more light diffracted in the vicinity of the
LSPR peak.

To confirm this effect, experiments were carried out to
compare the diffraction between the azo-based HPDLC grating
and the coupled system. Due to the large dispersion of the light
by the grating diffraction, only a small band of the diffraction was
measured. Figure 5 shows that, due to the absorption of the Au
nanodisks, the diffraction intensity outside the LSPR range was
much lower than that of the bare grating. However, within the
LSPR range, the diffraction intensity was higher in the coupled
system. This observation is in good agreement with our proposed
mechanism: due to the enhanced diffraction caused by the absor-
ption grating, when the LSPR peak and the diffraction peak were
overlapped, the extinction peak had higher intensity. In this case,
when the coupled system was subject to exposure, the modula-
tion depth became larger compared with that of the uncoupled
system. Since surface plasmons usually localize at the interface
with a range of less than 100 nm, only a very thin azo-based
HPDLC film needs to be used to control the coupling between
the LSPR and grating. The∼10 μm thick HPDLC film was used
in our experiments only for its easy fabrication and convenient
binding to the gold substrate.

Figure 4. Extinction spectra at different pumping intensities for (a) the
Au nanodisk array bound onto the azo-based HPDLC grating and (b)
the Au nanodisk array separated from the azo-based HPDLC grating.

Figure 3. Extinction spectra of (a) a bare Au nanodisk array and (b) a
Au nanodisk array bound onto an azo-based HPDLC grating.
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For a comparison, we conducted control experiments in
which the pure Au nanodisks (Figure 6a) and the pure grating
(Figure 6b) were photopumped. Figure 6a shows that the
photopump has no effect on the LSPR of the bare Au nanodisk
array. In contrast, significant spectra changes can be observed
under different pumping intensities for the azo-based HPDLC
grating (Figure 6b), which was pumped at an incident angle

of 36�. The change in the band (600-800 nm) was due to
decreased diffraction from the grating caused by the N-I phase
transition of the LCs. In this experiment, light propagating
through the grating sees the LC droplets with an effective
index, which is an average of the ordinary and extraordinary
indices, and slightly higher than the isotropic index of the LC
material. For an LC droplet, the maximum effective index of
the nematic and isotropic states can be estimated approxi-
mately as nN = [(no

2þ ne
2)/2]1/2 and nI = [(no

2þ no
2þ ne

2)/
3]1/2, respectively. For LC E7, these values are nN = 1.64 and
nI = 1.60. The refractive index of the polymer matrix, np, is 1.53.
For a 10-μm-thick grating, this index change gave a ∼30%
reduction of diffraction efficiency from the N-I phase transi-
tion of the LCs measured by a p-polarized He-Ne laser.37

Reversible modulation of the LSPR for the HPDLC grating
sample bound with Au nanodisk arrays was achieved by switching
the pump light on and off (Figure 7). The response times for the
‘‘ON’’ and ‘‘OFF’’ photoswitching processes were estimated to
be 3.4 and 2.9 s, respectively. Because the response time of our
system is influenced by multiple factors, including grating struc-
ture, working temperature, the amount of azo dyes, and the power
of the pump light, optimization of these factors will be investi-
gated further to improve response times.

For most azobenzene derivatives, UV light is needed to trigger
the trans-cis isomerization.65,66 However, long-time UV pumping
may greatly degrade the physical properties of the LCs, including
clearing temperature, birefringence, dielectric constants, and the visco-
elastic coefficient.67 In our azo-based HPDLC material system, the
green light (514.5 nm) was used to trigger the trans-cis isomeriza-
tion because the absorption band of trans-isomer is typically in the
blue-green range,57 where the pumping light has a negligible effect on
the LCs. Therefore, our material system will have a longer lifetime
than that of other material systems that use UV light pumps.

4. CONCLUSION

In summary, we have studied all-optical modulation of LSPR
coupling in a hybrid system consisting of an azo-based, photo-
switchable HPDLC transmission grating bound to a Au nanodisk
array. Two important interaction scenarios were observed: 1)
LSPR-enhanced diffraction of the grating, and 2) diffraction-
mediated LSPR of the Au nanodisk array. As a pumping laser

Figure 6. Control experiments under the photopumping for (a) a pure
Au nanodisk array and (b) a pure grating.

Figure 7. Time-dependent extinction changes for an azo-based HPDLC
grating boundwith aAunanodisk arraywhen the pump lightwas turned on
and off alternatively.

Figure 5. Comparison for the diffracted intensity of (a) a pure grating
and (b) a grating bound onto a Au nanodisk array.
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incident upon the device was turned on and off, a reversible
modulation of the LSPR intensity was achieved. The underlying
mechanism is the phase transition of the LCs in the HPDLC
grating triggered by the trans-cis isomerization of the azo
molecules, resulting in photoswitched diffraction: a combination
of the absorption grating enhanced diffraction induced by the
LSPR excitation and self-diffraction of the grating. The optical
switching performance could be further improved by using
different azo-dyes or polymer LC polymer slices (POLYCRYPS)
structures.68,69 This hybrid system is potentially useful in
many plasmonic applications, such as storage, filters, and
communications.
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