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We report localized surface plasmon resonance (LSPR) of silver nanoparticles (NPs) embedded in interface of phase separation
of holographic polymer-dispersed liquid crystal (H-PDLC) gratings using Finite-Difference Time Domain method. We show that
silver NPs exhibit double resonance peak at the interface, and these peaks are influenced by the angle of incident light. We observe
a blue shift of the wavelength of resonance peak as the incident angle increases. However, the location of silver NPs at the interface
has nearly no effect on the wavelength of resonance peak. Also we show near-field and far-field properties surrounding silver NPs
and find that field distribution can be controlled through rotation of incident angle.Therefore, LSPR properties of silver NPs within
H-PDLC gratings can be excited by appropriate wavelength and angle of the incident light.

1. Introduction

A large number of free electrons at the interior and surface of
metal form free electron group, namely, plasma, and surface
plasma refers in particular to the electron group existing at
the surface. When the light is incident on metallic nanos-
tructure, resonance between incident light and vibration of
electron group produces surface plasmon resonance (SPR),
which is reflected by a strong absorption or scattering peak
on spectrummacroscopically. Localized surface plasmon res-
onance (LSPR) describes the properties of metallic nanopar-
ticles (NPs) such as gold and silver nanoparticles (NPs)
and is closely influenced by physicochemical properties of
surrounding media. Structures and devices based on LSPR
properties are attracting considerable attention as a result of
their uniquemanipulation and control of photon at nanoscale
size. It provides an effective road for nanophotonics devices
and all-optical integration [1, 2]. In addition, it is well-known
that resonance peak of LSPR can be controlled through
geometrical size of metallic NPs and surrounding media [3–
6].

As a new type of electrooptical material, holographic
polymer-dispersed liquid crystal (H-PDLC) hasmany poten-
tial applications in optical communications, flat panel dis-
plays, information storage, and integrated optics [7–13]. A
number of practical and effective instruments have been fab-
ricated based on the unique characteristics of H-PDLCs such
as optical attenuator, holographic zoom lens, and holographic
volume gratings [14–20]. Two coherent recording beams
create a sinusoidal interference optical pattern, which leads
to periodic phase separation between prepolymer monomers
and liquid crystal (LC). Periodic alternating LC-rich region
and polymer-rich region, corresponding to the interference
optical pattern, form in H-PDLC gratings.

Recently, some dopants like conductive polymer [21],
element fluorine [22], and surfactant molecules [23, 24] have
been added to pure PDLC to improve the characteristics of
the H-PDLC. Metallic NPs like silver NPs are also among the
dopants. However, NPs have been only added to research the
conductivity and the dielectric of themixture [25]. Due to the
LSPR properties, surface enhancement field of silver NPs has
potential effect on the characteristic of the grating.
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Figure 1: Simulation structure of H-PDLC grating doped with silver nanoparticles.
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Figure 2: Nanoparticles in different positions and different angles of incident light.

In H-PDLC gratings doped with silver NPs, nanopar-
ticles often disperse in polymer, LC, and the interface of
polymer and LC. LSPR of silver NPs embedded in uniform
medium like polymer or LC has also been researched [26].
However, we investigated LSPR of silver NPs embedded
in the interface of phase separation of H-PDLC gratings
using Finite-Difference Time Domain (FDTD) method. We
simulated extinction, absorption, and scattering spectrum of
silver NPs in this structure. We also studied the variation
of the wavelength peak with the increase of incident angle
and the position of silver NPs. Field distribution including
near-field and far-field of silver NPs at the interface was also
investigated.

2. Materials and Methods

2.1. Structure of H-PDLC Grating and Model of LSPR. The
simulation structure is the silver NPs with diameter of 50 nm
uniformly embedded in the mixture consisting of acrylic
monomer (EB8301, 𝑛𝑝 = 1.5) and nematic LC (99.9% TEB50
+ 0.1% CB15 mixed liquid crystal, 𝑛𝑒 = 1.7, 𝑛𝑜 = 1.5)
that is sandwiched between two pieces of glass substrate.
Then the mixture is exposed in the coherent optical path
to form H-PDLC gratings doped with small concentration
of silver NPs. The structure is shown in Figure 1: silver NPs
uniformly embedded in the H-PDLC grating excite LSPR
and a monochromatic plane wave is vertically incident on
the grating. Even though silver NPs are perhaps dispersed
in LC, polymer, and the interface of them, our simulation is
especially for the silver NPs trapped in the phase separation
interface.

The H-PDLC grating consists of alternative layer of
polymer and LC. Even though the phase separation interface
is sinusoidal, the relative small size of silver NPs to the PDLC
cell and the phase separation thickness lead to an equivalent
plane. Therefore, we used a plane to illustrate the interface
between polymer and LC. The equivalent plane on a small
scale is shown in the inset of Figure 1. Different position of
NPs trapped in the interface of the grating means different
incident angle irradiating on the silver NPs, as shown in
Figure 2, and the wavelength of resonance peak and field
distribution will also change.

2.2. FDTD Method. The FDTD approach is a common
computational method. Discretization of Maxwell equations
can be adopted to solve the field distribution in different
locations and at different points of time by the FDTDmethod
in both time domain and space domain. In this paper, FDTD
method is used to solve the scattering, absorption, and
extinction spectrum of LSPR of silver NPs at the interface. All
calculations are simulated by the FDTD solution software.

NPs embedded in the interface of polymer and LC are
shown in Figure 1. With different location of silver NPs at
the interface of the grating, the NPs are irradiated by a plane
wave at different incident angles. The vibration direction of
light waves is always in the 𝑋-𝑌 plane. The electric field
intensity and extinction spectrum enhanced by silver NPs are
solved by this model. In order to reduce simulation time of
FDTD software, 2D-FDTD method is used. The simulation
process uses perfectly matched boundary conditions and
the simulation time is set to 200 fs that is enough to make
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Figure 3: Simulated LSPR extinction spectrum of different interface: (a) homogeneous isotropic media (𝑛 = 1.5), (b) interface of isotropic
media (𝑛1 = 1.5, 𝑛2 = 5), and (c) interface of isotropic medium (𝑛 = 1.5) and anisotropic medium (𝑛𝑒 = 5, 𝑛𝑜 = 1.5).

the eliminated evanescent field.Themesh size is 1 nm × 1 nm.
The silver NPs called Ag-CRC from thematerial library of the
software are used and their diameter is 50 nm. The ordinary
and extraordinary refractive indexes of LC are, respectively,
1.5 and 1.7, and the polymer refractive index is 1.5.

3. Results and Discussion

When the light is incident on the H-PDLC gratings doped
with silverNPs, themetalNPswill excite coherent oscillations
of free electrons, resulting in the LSPR effect. When the NPs

are trapped in the interface of two different materials, two
distinct resonance peaks appear [27]. To discuss the LSPR of
NPs in the interface of differentmedium,we select three kinds
of distinct interface. Because the resonance characteristic of
the LSPR in phase separation interface is not obvious for
small refractive index difference of LC, we select uniaxial
crystal materials (𝑛𝑒 = 5, 𝑛𝑜 = 1.5) instead of the ordinary
LC to study the resonance characteristic. The three kinds of
interface are listed as follows: interface of uniform isotropic
media (𝑛 = 1.5), interface of isotropic media (𝑛1 = 1.5,
𝑛2 = 5), and interface of isotropic media (𝑛 = 1.5) and
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Figure 4: Extinction spectrum of silver nanoparticles with different incident angles (far-field characteristics).

Table 1: Resonance peak wavelength of different angles.

Angle (degree) 0 15 30 45 60 75 90
Resonance wavelength 1 (nm) 380 380 380 380 380 380 380
Resonance wavelength 2 (nm) / / 832 591 479 429 416

anisotropic media (𝑛𝑒 = 5, 𝑛𝑜 = 1.5). The simulated LSPR
extinction spectrum of three kinds of interface is shown in
Figure 3.

According to Figure 3, the position of resonance peak
changes in the interface of anisotropic dielectric and isotropic
dielectric media compared to the interface of isotropic
dielectric. One peak is almost unchanged, and the other peak
appears as a blue shift. Because special anisotropic dielectric
media like LC have two directions of anisotropy, different
dipole polarization of two directions results in the shift of
resonance peak. The effective refractive index of anisotropic
dielectric like LC is between ordinary and extraordinary
refractive indexes. Therefore there will be a blue shift of the
peak in the interface of polymer and LC.

LSPR peak of silver NPs embedded in the interface of
polymer and LC will change with the angle of incident
light. To reflect the variation of the resonance peak position
clearly, the data were normalized as shown in Figure 4.When
the angle of incident light is 0 degrees, there is only one
resonance peak. Due to small anisotropy of LC, silver NPs in
the interface of two media excite two close resonance peaks
that seem to be a single peak. With the increase of angle,
extinction spectrum appears a long wavelength peak and
there is gradually a blue shift at the long Wavelength peak.
Wavelength of resonance peak at different angles is shown in
Table 1. Resonance wavelength 1 is the short wavelength of
the resonance peak and resonance wavelength 2 is the long
wavelength of the resonance peak.

To discuss the blue shift clearly, near-field distribution of
silver NPs within this structure is shown in Figure 5. With

the variation of incident angle, the near-field distribution
at the position of unchanged resonance peak is along the
direction of incident light. However, the near-field distribu-
tion at the position of blue-shift resonance peak is along the
direction of the horizontal interface. In detail, the electric
field component of incident light along the direction of the
horizontal interface has a huge effect on the position of
resonance peak.

In addition, the silver NPs may exist in different position
of the interface of LC and polymer. Different locations may
affect the resonance peak. Through the simulation, far-field
extinction spectrum is shown in Figure 6.The position of the
resonance peak has no shift when silver NPs are at different
position, which is mainly due to the small refractive index
difference between the polymer and LC.Thus the position of
NPs at the interface almost has no effect on the wavelength of
resonance peak.

4. Conclusions

This paper studies the LSPR effect of silver nanoparticles
embedded in the phase separation interface of polymer
and LC in the H-PDLC grating. With the change of the
incident light angle and the position of nanoparticles at
the interface, the resonance effect will be changed. With
the increase of incident angle, the resonance effect appears
as a long wavelength peak and achieves gradual blue shift.
The resonance of the nanoparticles is hardly affected by the
position of the nanoparticles at the interface.The LSPR effect
of NPs in the interface of anisotropic and isotropic media
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Figure 5: Near-field distribution of silver nanoparticles.
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Figure 6: Extinction spectrum of different positions (far-field characteristics): (a) 20 nm downward deviation of the interface and (b) 20 nm
upward deviation of the interface.

interface is studied.There are two resonance peaks and one of
them appears to achieve a blue shift compared to the isotropic
medium. LSPR effect within H-PDLC grating is the result
of combined factors of LSPR of single nanoparticle and has
a significant effect on the electric-optical properties of H-
PDLC grating. It will be a good theoretical guidance for the
experiment research.
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