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A unidirectional surface plasmon polaritons (SPPs) generator with greatly enhanced generation efficiency is proposed.
The SPPs generator consists of an asymmetric single nanoslit coated with a polyviny alcohol (PVA) film and a silver
rectangle block. The generation efficiency of this SPPs generator is investigated using the finite difference time domain
method. Due to the presence of the silver rectangle block, the SPPs generation efficiency of the asymmetric single nanoslit
with PVA film can be greatly enhanced and the corresponding wavelength with the maximum enhancement factor can be
tuned flexibly. The influence of the structural parameters on the generation efficiency is also investigated for the enhanced

unidirectional SPPs generator.
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1. Introduction

Surface plasmon polaritons (SPPs), propagating along the
metal-insulator interface with an exponentially decaying elec-
tric field on both sides, have great potential as a new genera-
tion of information carriers: highly integrated nanophotonic

devices.l

Although many ultracompact optical devices
based on SPPs have been proposed and demonstrated >8], the
efficient excitation method of SPPs remains the one funda-
mental issue in plasmonics. SPPs usually cannot be directly
excited by the plane wave light. 1]

Some novel SPPs generators composed of subwavelength
metal structures with symmetrical slits were proposed in
Refs. [11]-[13]. Due to the spatial symmetry of these struc-
tures, the SPPs were excited and propagated equivalently in
opposite directions along the interface between the metal and
insulator. These SPPs generators not only decrease the gener-
ation efficiency but also restrict their applications, especially
when only one SPPs direction is necessary.!!41%] In order to
obtain unidirectional SPPs generators, a subwavelength metal
single-slit structure with a nanogroove is presented.!!®-1%]
With properly designed structural parameters and back-side il-
lumination, the asymmetric subwavelength single-nanoslit can
efficiently generate unidirectional SPPs without the incident
light noise.l'®!°1 The left-going SPPs are mainly contribu-
tions by the SPPs interference from the different round trips
in the Fabry—Perot (FP) nanocavity. The right-going SPPs are
mainly contributions by the interference between the directly
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excited SPPs and the scattered SPPs from the nanocavity. '8!

Recently, Li ez al.'*°! proposed that the subwavelength holes
blocked by the metal disk structure can enhance the light trans-
mission through the subwavelength hole. Here, the metal
disk behaves as a transmitting antenna, which can enhance the
emission efficiency through exciting the localized plasmons.

Considering the generation efficiency and unidirection-
ality simultaneously, we propose an enhanced unidirectional
SPPs generator whose SPPs generation efficiency is dramati-
cally enhanced by introducing a subwavelength silver rectan-
gle block on top of the asymmetric metal single slit. The gen-
eration efficiency is investigated by the finite-difference time-
domain method (FDTD) and compared with the regular uni-
directional SPPs generator without the silver rectangle block.
The effects of the structural parameters of the enhanced unidi-
rectional SPPs generator on the generation efficiency are also
studied.

2. Enhanced unidirectional SPPs generator
structure and computational methods

The schematic diagram of the enhanced unidirectional
SPPs generator structure is illustrated in Fig. 1, which is com-
posed of an asymmetric single slit coated with PVA (refractive
index npya = 1.5) film and a silver rectangular block. When
the enhanced unidirectional SPPs generator is illuminated by a
p-polarized plane wave from the back side, two SPPs are gen-
erated and propagated to opposite directions. The metal sur-
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face obtains better SPPs field confinement when the dielectric

d.21-241 The nanogroove has a fixed width of 800

film is coate
nm and the slit has a fixed width w = 200 nm. The nanogroove
depth is 4. The PVA film thickness is . The length of the sil-
ver rectangular block is S and the height is fixed at 100 nm.
The distance between the left-end of nanogroove and the left-
end of the silver rectangular block is /. The thickness of the
whole structure is fixed at 400 nm ( in z direction). The en-
ergy flow is determined by the integral of the Poynting vector
over the cross section of the port (1, 2, or 3). The generation
efficiency is determined by Pr/Fy. Here, Py is the energy flow
through port 1 when a plane wave through a 200-nm-width slit
surrounded by air, Pr is the energy flow along the interface be-
tween the PVA film and silver at a distance of 200 nm from the
right-end (port 2) or left-end (port 3). The enhancement factor
(EF) of the corresponding resonance modes is defined as EF
= Pyith/ Pwithout t0 describe the enhancement of the SPPs gen-
eration efficiency. Here, Py, and Pyitmout T€present the energy
flow of the unidirectional SPPs generator with and without the
silver rectangular block, respectively.
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Fig. 1. (color online) Schematic of the enhanced unidirectional SPPs
generators.
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Fig. 2. (color online) Experimental values and calculated values of the
silver permittivity.

The generation efficiency of the enhanced unidirectional
SPPs generator is simulated by the commercial FDTD soft-
ware (XFDTD by Remcom Inc.). The frequency-dependent
complex relative permittivity €(w) of silver is characterized

by the modified Debye—Drude dispersion model!>!
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Here, & = —9530.5 represents the static permittivity, €. =
3.8344 is the infinite frequency permittivity, o = 1.1486 x
107 S/m is the conductivity and T = 7.35 x 10~ 13 is the re-
laxation time. The calculated value using the Debye—Drude
model and the experimental value of the silver permittivity are
plotted in Fig. 2. The imaginary part of the calculated value
agrees well with the experimental value in the chosen wave-
length range (0.4 um—1.5 um). However, for the real part, the
calculated value fits well in the wavelength range of 0.4 pm—
1.2 pum, but does not fit well in the wavelength range of 1.2
pum—1.5 pm. Therefore, the simulation results are more rea-
sonable in the wavelength range of 0.4 um—1.2 pm.

3. Results and discussion
3.1. Generation efficiency and enhancement mechanism

The generation efficiencies as a function of the inci-
dent light wavelength for the unidirectional SPPs generator
with and without the silver rectangular block enhancement
are shown in Fig. 3, in which the structural parameters of
the enhanced unidirectional SPPs generator are S = 400 nm,
[ =200 nm, t = 100 nm, and & = 150 nm. The generation effi-
ciencies of the right-going and left-going SPPs without the sil-
ver rectangular block are represented by the black line and red
line in Fig. 3, respectively. The green line and blue line denote
the counterparts for the enhanced case with the silver rectangu-
lar block. The generation efficiencies curve of the right-going
SPPs in the regular unidirectional SPPs generator and the en-
hanced unidirectional SPPs generator show similar resonant
behaviors, in which three peaks are observed. However, the
resonant peaks of the enhanced unidirectional SPPs generator
are found to red shift relative to the regular unidirectional SPPs
generator. For the left-going SPPs, similar resonant behaviors
are observed, i.e., three peaks are found for the regular and
the enhanced unidirectional SPPs generators and those reso-
nant peaks also red shift for the enhanced unidirectional SPPs
generator relative to the regular unidirectional SPPs generator.
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Fig. 3. (color online) Generation efficiency of the left-going and right-

going SPPs for the regular unidirectional SPPs generators and the en-

hanced unidirectional SPPs generators.
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The normalized |H;| field distribution at resonant peaks
of the enhanced unidirectional SPPs generators is calculated
and compared with the regular unidirectional SPPs generators,
which can illustrate the generation efficiencies enhancement
mechanism and the resonance-peak red-shift mechanism for
the enhanced unidirectional SPPs generator. Figure 4 shows
that initial SPPs propagate along the interface between PVA
film and silver film to the right and the other SPPs propagate
along the bottom of the nanogroove to the left. The upper
part of the nanogroove acts as a FP nanocavity. The left-
going SPPs are reflected back and forth between the upper two
walls of the nanogroove. Thus, the standing waves arise in the
nanogroove.

For the regular unidirectional SPPs generator, their mode
numbers are 3 at A = 0.547 um and A = 0.591 um. The gen-
erated SPPs primarily propagate to the nanoslit right side at
A = 0.547 um while primarily they propagate to the left side
at A =0.591 pm. At A =0.773 um and A = 0.856 pum, the
mode numbers are 2. The generated SPPs primarily propa-
gate to the nanoslit’s right side at A = 0.773 pm and to the
left side at A = 0.856 wm, respectively. At A = 1.196 um and
A = 1.203 um, the mode numbers are 1. The generated SPPs
equally propagate in the opposite directions.

For the enhanced unidirectional SPPs generator, the nor-
malized |H,| field distribution at A = 0.654 pm (as shown
in Fig. 4(g)) is different from the regular unidirectional SPPs
generator (Fig. 4(a)) because the nanogroove’s inherent mode
is broken by the silver rectangular block. However, SPPs
still primarily propagate to the nanoslit’s right side; the cor-
responding enhancement factor is EF = 1.7. At A =0.718 um
(as shown in Fig. 4(h)), the mode numbers is 3, similar
to the regular unidirectional SPPs generator’s distribution in
Fig. 4(b). The vertical FP-cavity formed by the silver rect-
angular block and the bottom silver film enhances the SPPs
field confinement. The increasing wave vector results in
the resonant peak red shift. The corresponding enhance-
ment factor is EF = 1.9, because the vertical FP-cavity en-
hances the silver rectangular block’s transmitting antenna ef-
fect, which can enhance the silver rectangular block’s emis-
sion efficiency through exciting the localized plasmons.?"]
The generation efficiency enhancement mechanism and the
resonance peaks shift mechanism for the other four resonance
peaks (A =0.866 wm, 0.944 um, 1.220 um, and 1.278 wm) are
the same as when the resonant peak is at A = 0.718 pm. At
A =0.866 um and A = 0.944 pm (as shown in Figs. 4(i) and
4(j)), the mode distribution is similar to Figs. 4(c) and 4(d) and
their mode numbers are 2. The corresponding enhancement
factors are 1.7 and 1.2. At A = 1.278 um and A = 1.220 um
(as shown in Figs. 4(k) and 4(1)), the mode distribution is sim-
ilar to that in Figs. 4(e) and 4(f) and their mode numbers are
1. The corresponding enhancement factors are 1.0. The unidi-
rectivity of SPPs can be tuned through adjusting the structural

parameters of the lateral nanocavity (the nanogroove).
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Fig. 4. (color online) Contour profiles of the normalized |H,| fields
of the regular unidirectional SPPs generators: (g) A = 0.654 pm, (h)
A =0.718 um, (i) A = 0.866 pum, (j) A =0.944 pm, (k) A = 1.278 pm,
() A = 1.220 pum and the enhanced unidirectional SPPs generators: (a)
A =0.574 um, bh) A =0.591 pm, (¢c) A =0.773 pum, (d) A = 0.856 pm,
(e) A =1.196 um, (f) A = 1.203 um.

3.2. Influence of structure parameters

Firstly, the nanogroove depth and the PVA film thickness
are fixed at 2 = 150 nm and ¢ = 100 nm to investigate the effect
of the silver rectangular block length S and position / on the
generation efficiency of the enhanced unidirectional SPPs gen-
erators. The silver rectangular block length S is increased from
100 nm to 400 nm by every 50 nm while the silver rectangular
block position [ is fixed (/ = 200 nm). The generation effi-
ciencies of the right-going SPPs are shown in Fig. 5(a). With
the increase of the silver rectangualr block’s length S, those
resonance peaks red shift because the SPPs field confinement
is enhanced in the nanogroove. The generation efficiency of
those peaks increase with the increase of the silver rectangular
block’s length S, due to the silver rectangular block’s antenna
effect and the electrical field coupling effect between the silver
rectangular block and two sides of the nanogroove. The silver
rectangular block acts as a transmission antenna to enhance
the emission efficiency of the silver rectangular block through
exciting the localized plasmons,!?%! as the electric field ampli-
tude and the scattering intensity of the transmission antenna
are amplified by the localized surface plasmon resonance. The
generation efficiencies of the left-going SPPs are shown in
Fig. 5(b). With the increase of the silver rectangular block’s
length S, two resonance peaks in the long wavelength range
are separated gradually. This is because of the destructive in-
terfacence between the leaking SPPs from the FP nanocavity
and the scattering localized surface plasmons resonance from
the transmission antenna.
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Fig. 5. (color online) Generation efficiency of the enhanced unidirec-
tional SPPs generators with different S: (a) the right-going SPPs, (b) the
left-going SPPs.
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Fig. 6. (color online) Generation efficiency of the enhanced unidirec-
tional SPPs generators with different /: (a) the right-going SPPs, (b) the
left-going SPPs.

The effect of the silver rectangular block’s position / on
the generation efficiency of the enhanced unidirectional SPPs
generators is investigated by increasing / from 0 nm to 400 nm
with the step size of 50 nm and fixing the silver rectangular

block length S at 400 nm. The generation efficiencies of the
right-going and left-going SPPs are shown in Figs. 6(a) and
6(b). The generation efficiencies increase with the increase of
[, as shown in Fig. 6(a), because the silver rectangular block’s
right shifts result in the enhancement of the coupling between
the nanogroove’s right side and the silver rectangular block.
For the right-going SPPs generation efficiency, the second res-
onance peaks (0.86 um) almost do not shift with the increase
of [ because the SPPs field confinement is not enhanced by the
silver rectangular block shift. For the left-going SPPs gener-
ation efficiency, the second peak (0.92 pum) almost does not
shift while the generation efficiency decreases apparently with
the increase of /, as shown in Fig. 6(b). This is because the po-
sition of the resonance peaks are closely related to the length of
the silver rectangular block and the length of the FP nanocav-
ity.

The effect of the nanogroove depth 4 on the generation
efficiencies of the enhanced unidirectional SPPs generators
is shown in Fig. 7. In this case, the silver rectangular block
length S, the distance / between the left-end of the nanogroove
and the left-end of the silver rectangular block, and the PVA
film thickness ¢ are fixed ( S = 400 nm, / = 200 nm, and
t = 100 nm). The nanogroove depth # is increased from 90 nm
to 230 nm with a step of 20 nm. With the increase of A,
three resonance peaks almost do not shift for the right-going
SPPs. However, the generation efficiencies increase at the cor-
responding resonance peaks, as shown in Fig. 7(a), which is
because the SPPs FP resonance enhancement leading to SPPs
scattering increases from the nanocavity to the nanoslit’s right-
side.!'®! For the left-going SPPs, as shown in Fig. 7(b), the
resonance peaks do not red shift with the increase of 4. How-
ever, the SPPs propagating along the bottom of the nanogroove
mainly transmit to the left side when the nanogroove depth be-
comes small. 8]

The effect of the PVA film thickness ¢ on the generation
efficiency of the enhanced unidirectional SPPs generators is
investigated by increasing ¢ from 20 nm to 180 nm every 20 nm
with fixed structure parameters (S = 400 nm, / = 200 nm and
h = 150 nm). Figures 8(a) and 8(b) show that those reso-
nance peaks red shift obviously and the generation efficien-
cies dramatically increase for the right-going SPPs and left-
going SPPs with ¢ increasing. This is because the SPPs are an
evanescent field and strongly confined on the metal surface.
Therefore, the corresponding wave vector is significantly af-
fected by the thin PVA film.
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Fig. 7. (color online) Generation efficiency of the enhanced unidirec-
tional SPPs generators with different /: (a) the right-going SPPs, (b) the
left-going SPPs.
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Fig. 8. (color online) Generation efficiency of the enhanced unidirec-
tional SPPs generators with different #: (a) the right-going SPPs, (b) the
left-going SPPs.

4. Conclusion

In this paper, an enhanced unidirectional SPPs generator
is designed and investigated by the FDTD method. The nu-

merical simulation results show that the generation efficiencies
of the enhanced unidirectional SPPs generator are enhanced
compared with the regular unidirectional SPPs generator due
to the transmitting antennas effects of the silver rectangular
block. The resonance-mode red shifts result from the fact that
the SPPs field confinement are enhanced by the PVA film and
the covered silver rectangular block. The right-going SPPs are
mainly contributed by the interference between the directly ex-
cited SPPs and the scattered SPPs from the nanocavity. The
left-gong SPPs are mainly contributed by the interference of
SPPs from the different round trips in the FP nanocavity. The
generation efficiency of the enhanced unidirectional SPPs gen-
erator strongly depends on the structural parameters. For the
silver rectangular block with § = 400 nm and / = 400 nm,
the maximal right-going SPPs generation efficiency of the en-
hanced unidirectional SPPs generator is about three times than
that in the regular case. For the silver rectangular block with
S =400 nm and / = 200 nm, the maximal left-going SPPs
generation efficiency of the enhanced case maximum is about
1.9 times than that in the regular case. These results provide
a novel way to design the unidirectional SPPs generator with
higher SPPs generation efficiency.
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