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Abstract: In this paper, we describe the effect of local electric field enhancement due to the existence
of photonic edge states in a nanoplasmonic crystal. These states can be excited by a normal incident
wave and are localized along the continuous line defect, where translational symmetry is broken.
The nanoplasmonic crystal is formed by a triangular lattice of SiO, cylinders on top of SiO, and
Ag thin films. Numerical simulations demonstrated that edge modes that are concentrated around
a defect in a nanophotonic crystal may result in 12 field enhancements of the electric field for the
incident plane wave of wavelength 545 nm. This effect can be employed for improving the sensitivity
of surface-enhanced Raman scattering (SERS) spectroscopy, increasing the Purcell factor of quantum
systems and improving the efficiency of higher harmonic generation.
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1. Introduction

Metal-dielectric nanostructures may act at visible and near-infrared wavelengths as
hybrid-type resonators with coupled dielectric and plasmonic modes [1]. The local enhance-
ment of the E-field in these resonators increases Raman scattering and the luminescence
of quantum dots [2,3]. Electromagnetic fields of surface plasmon-polaritons may have
long-range interactions with dipole oscillators in clusters of metallic nanoparticles which
creates a significant enhancement of the local field and increases the Raman signal from
the analyte molecules by six to twelve orders of magnitude [2,4-6]. A local concentra-
tion of electromagnetic energy for nonlinear applications can be created by plasmonic
nanoresonators [7] and topological edge states in photonic crystals for higher harmonic
generation [8-12], lasing [13], frequency multiplication and mixing [14].

The edge states of topological photonic insulators may create waveguides with lo-
calized modes that both increase the field amplitude and provide spin- or polarization-
dependent unidirectional transmission [15,16]. Some of these modes are associated with
valley transport [17,18]. High amplitudes of the electric field may have 1D realization in res-
onators based on the topological waveguiding edge modes [19] or 0D realization in corner
states [20,21]. In this paper we describe photonic edge states localized along a distributed
defect in plasmonic crystal created by a periodic triangular array of dielectric cylinders
resting on a uniform and also a dielectric film with an ultrathin Ag film underneath. This
type of plasmonic metal-dielectric crystal is very attractive for this giant Raman scattering
technique that requires some optimal spacing between the metal film and the plasmonic
nanoparticles trapping the analyte molecules [2,5,6].

2. Structure Design

In this work, we present numerical studies of the plasmonic photonic crystal (PPhC)
with an extended defect created by the parallel transform of one part of the PPhC with
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respect to another one, which is similar to dislocations or line defects in crystallography.
Such transformation does not result in PT-symmetry breaking that topological photonic
waveguides are based on [8-14]; however, we observed local field enhancement along the
line defect in PPhC.

The rectangular unit cell of the triangular PPhC is shown in Figure 1a by a dashed line.
In this unit cell, SiO; cylinders of radius R and height h are formed on top of the uniform
5i0; layer of thickness T1. Underneath this layer, the unit cell contains a stack of Ag, SiO;
and Si layers of thicknesses T2, T3 and T4. The 3D model of the Floquet unit cell is shown
in Figure 1b. The dielectric constant of Ag film for numerical simulations in the optical
frequency range 500-650 THz is taken from [22]. As a starting point, we optimize the unit
cell geometry so that it enhances the incident plane wave at the local points on the surface
of the homogeneous SiO, layer at the foot of the dielectric cylinders. The local amplitude of
the E-field is measured by the field probes Probe_1 and Probe_2 shown in Figure 1a by the
green dots with arrows. The probes measure the complex amplitude of the field at the point
with precisely determined coordinates in the entire frequency domain. The calculation of
the field amplitude by local probes is much more accurate than by field monitors. The unit
cell has periodic boundary conditions in the XY-plane, the electric boundary (Et = 0) at the
minimum z-coordinate and the Floquet port at the z-maximum. This unit cell represents
infinite periodic PPhC without defects. The Floquet port provides excitation of the PPhC
with a linearly polarized plane wave and incident at arbitrary angle 6, the angle between
the wavevector k and z-axis in the XZ-plane (Figure 1b). Two modes TM and TE of the
Floquet port have the E-field aligned with the X- and Y-axes correspondingly. Probe_1
shows the local field enhancement for TE-mode and Probe_2 shows the field enhancement
for TM-mode. The enhancement factor EF can be defined as the ratio of the local field
amplitude E and the amplitude EO of the incident plane wave:
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Figure 1. (a) Top view of the triangular lattice of the SiO, cylinders forming PPhC in combination
with Ag film underneath. Blue dashed line represents the boundary of the unit cell. Local probes
that measure the E-field are shown by green dots with arrows; (b) 3D model of the unit cell with the
definition of the geometric dimensions and polarizations corresponding to TE and TM modes of the
Floquet port.

Reference geometrical parameters of a typical unit cell of the proposed device are
listed in Table 1. This unit cell design provides up to a 12-fold enhancement of the local
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field (see next section for details) around the frequency 560 THz corresponding to the green
laser light.

Table 1. Geometrical characteristics of a unit cell of the proposed structure.

Parameter Symbol Value (nm)
Cylindrical dielectric radius R 112
Cylindrical dielectric height h 100
The top SiO, thickness T1 30
Ag thickness T2 200
SiO; thickness perching on Si T3 100
Si thickness T4 100
Length of the unit cell a 756
Width of the unit cell b 462

The model of the PPhC with a distributed defect is shown in Figure 2a. In this model,
the four optimized unit cells of the infinite PPhC are arranged into a line. The quarters
of the SiO; cylinders at the lower corners of the first unit cell are removed, and the flat
layers with thicknesses T1-T4 are extruded in a negative Y direction. The distance from the
central cylinder to the edge of the extended multilayer substrate equals Hg/2. Note that
for the geometric parameters listed in Table 1, the distance between the rows of dielectric
cylinders is 138 nm. Periodic boundary conditions are applied in the X direction, whereas
the boundaries at the minimum and maximum of the y-coordinate are electric (Et = 0).
These boundary conditions are equivalent to the existence of an additional structure part
mirrored. For the normal incident wave with TE polarization, the model in Figure 2a is
symmetrically reflected with respect to the y-minimum boundary. The resulting PPhC is
shown in Figure 2b and contains the gap between the rows of cylinders of width Hg. This
gap is a distributed X-oriented defect in PPhC. A number of field probes are defined into
the unit cell with extended defects. Probe_b, Probe_c and Probe_d are similar to the Probe_1
of the unit cell and measure the field amplitudes at the foot of the cylinders. Probe_a is
placed at the periodic boundary and measures the E-field amplitude on top of the SiO,
layer between the cylinders, which form the boundary row along the distributed defect.

(a) (b)

Figure 2. PPhC with extended defect: (a) Top view with definition of geometric parameters and
positions of the E—field probes. (b) Extended 3D model.

3. Results and Discussion

Numerical simulations were conducted by the finite elements method (FEM) imple-
mented into the F-solver of the CST Microwave Studio software. The simulation results
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for the infinite PPhC unit cell are presented in Figure 3. The model is illuminated by a
normally incident plane wave with TE polarization and an E-field amplitude of 1 V/m. The
enhancement factor EF is plotted as a function of frequency and unit cell width a, cylinder
height h and cylinder radius R. One geometric parameter is swept at a time, whereas
others are kept constant and equal to the reference values from Table 1. The shifting of the
plasmonic resonance due to the variation of different geometric parameters is clearly seen.

b 0
i -1
I %=
3 [
13 <=
"
7
5
5
3
y 50 a~

500 520 540 560 580 600 620 640
Frequency, THz

o

©®
Enhancement factor, |E/Eg|
h, nm
Enhancement factor, |E/Eg|

-

500 520 540 560 580 GOO 620 G640
Frequency, THz

| V/m
7.84
712
&.41

5.7
+.99
4.27
3.56
2,85
.14
1.42

‘Lx 0.7 15

Enhancement factor, |E/Eq

500 520 540 560 580 600 620 640
Frequency, THz

Figure 3. Enhancement factor as a function of: (a) unit cell width; (a,b) cylinder height h; (c) f
cylindrical radius R; (d) amplitude of the E-field on the surface of the unit cell illuminated by a plane
wave with the amplitude 1 V/m and TE-polarization. The combination of geometric parameters and
the frequency corresponding to this E—field distribution is marked by a star with an arrow in (a—c).

Figure 3d shows the distribution of the E-field amplitude on the surface of the unit cell
for the reference design, which is optimized for the frequency 550 THz. The combination
of geometric parameters and the frequency corresponding to this distribution is marked
by a star with an arrow in Figure 3a—c. It points out our choice of structure dimensions
to operate at green laser frequency at normal incidence. The highest field enhancement
is created on the surface of the SiO; layer at the foot of the dielectric cylinder, where EF
exceeds 8, whereas between the cylinders EF is less than 4. Figure 4 demonstrates how
the position of the plasmonic resonance depends on 0. The highest field enhancement
is achieved for normal incidence (6 = 0). Increasing 0 shifts the resonant peak to lower
frequencies for both the TE and TM modes.

Local field enhancement in the presence of the distributed gap defect is studied
numerically by simulating the model shown in Figure 2a and described earlier. Ay defined
in this figure is the distance from the boundary wall at the y-minimum to the point on the
sidewall of the missing cylinder, which is represented by a dashed line in Figure 2a. The
width of the defect gap is:

Hg =2(138 — Ay) )

Figure 5a shows EF at Probe_a as a function of frequency and the parameter Ay for the
structure illuminated by the TE mode. A very sharp distinctive peak with EF = 11 at Ay = 38
nm and around the frequency 545 THz is clearly seen. The frequency dependences of EF for
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all the probes are shown in Figure 5b at Ay = 38 nm. For comparison, the EF of Probe_1 of the
reference unit cell (from Figure 5b) is also represented here by the black solid line. Probe_a
shows EF close to that of a unit cell and is measured by Probe_1. The main difference is that
the high amplitude of the local E-field in the PPhC without a defect is observed in a very small
region at the wall of the SiO; cylinders, whereas an extended defect creates almost similar
enhancement in large spots (see Figure 6) between the cylinders along the gap defect. The
value of EF at Probe_b, Probe_c and Probe_d decreases with the distance to the gap defect.

Enhancement factor, |E/Eg|
Enhancement factor, |E/Eq|
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Frequency, THz Frequency, THz

(a) (b)

Figure 4. Enhancement factor versus 6 and frequency, (a) for TE-mode measured by Probe_1 and
(b) for TM—mode measured by Probe_2.
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Figure 5. (a) Local field enhancement measured by Probe_a as a function of frequency and Ay;
(b) frequency dependences of EF measured by different probes for the reference unit cell geometric
parameters and Ay = 38 nm.
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Figure 6 demonstrates the simulated distribution of the E-field on the surface of PPhC
with an extended defect. This model is created by the periodic translation of the unit cell
from Figure 2a in the x direction with the same boundary conditions, plane wave excitation,
reference geometric parameters and Ay = 38 nm. This figure demonstrates that an extended
gap defect in PPhC results in the concentration of the E-field in the large spots with 10- to
11-fold local enhancement. The Raman scattering cross-section for the molecules located in
these spots may be enhanced by a factor of 1.4*10%, as it is proportional to EF* [1,2]. Long-
period oscillations in the y direction are apparently determined by surface waves traveling
between the gap defect and the perfectly conducting boundary wall at the maximum and
minimum of the y-coordinate. Setting up the electric boundary conditions is equivalent to
the addition of mirror extensions to the 3D model shown in Figure 2b at both y-boundaries.
As a result, the simulated distribution of the electric field shown in Figure 6 corresponds to
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the PPhC structure with three x-oriented line defects that are separated from each other by
the eight unit cells (see Figure 2a for clarity). As a result, the scattered waves from the line
defects interfere with each other and create periodic maxima of the E-field on the surface of
PPhC. Due to this interference, the E-field amplitude at the position of Probe_c has two
peaks at 550 THz and 600 THz (see Figure 5b). The high amplitude of the E-field at the
frequency of plasmonic resonance means that the PPhC is seen by an incident plane wave
as a high-impedance surface.

12.2
11.1 ;

Distributed defect

? 2.23

-L 11

z % 0
Figure 6. Close-up of the electric field amplitude at the frequency 545 THz on the surface of PPhC

with the optimized gap defect. The structure is excited by a normally incident plane wave of
amplitude 1 V/m.

The line defect of the particular width creates a local plasmonic cavity with the maxima
of the E-field at its boundaries since the PPhC is a high-impedance surface. This cavity,
which can be excited by y-polarized plane waves, is similar to a microwave resonator based
on a lambda-half section of a waveguide with open ends. The 12-fold enhancement of
the local E-field is defined by the cavity Q-factor that is limited by the loss in Ag film and
radiative losses due to the leak of radiation into the surface waves and back-reflection into
free space.

4. Conclusions

We have demonstrated and numerically investigated the effect of electric field en-
hancement in a PPhC along the distributed gap defect, which is created by the violation of
translation symmetry rather than PT symmetry. Geometric parameters of the PPhC unit
cell consisting of SiO,, Ag, Si layers and a triangular array of SiO, cylinders are optimized
for the local enhancement of the E-field at the frequency 545 THz that corresponds to the
wavelength of green laser. The frequency of the maximum enhancement can be tuned by
the angle of incidence of the excitation wave. It is shown that the optimized gap defect
results in up to 11-fold enhancement of the local E-field amplitude in the spots between the
cylinders along the gap defect. Such PPhC may be proposed for applications in SERS, the
enhancement of the Purcell factor in quantum systems and nonlinear photonics.
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