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Plasmonic Bragg reflectors are essential components in plasmonic circuits. Here we propose a novel type of plasmonic
Bragg reflector, which has very high reflectance for the right-side incidence and meanwhile has extremely large absorption
for the left-side incidence. This device is composed of longitudinally asymmetric nanostructures in a metal—insulator—
metal waveguide. In order to efficiently analyze, design, and optimize the reflection and transmission characteristics of
the proposed device, we develop a semi-analytic coupled-mode model. Results show that the reflectance extinction ratio
between plasmonic modes incident from the right-side and the left-side reaches 11 dB. We expect this device with such
striking unidirectional reflection performance can be used as insulators in nanoplasmonic circuits.

Keywords: plasmonic devices, Bragg reflectors, unidirectional reflection, asymmetric nanostructures
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1. Introduction

Plasmonics provides an effective platform for concentrat-
ing and guiding light beyond the diffraction limit.!"! Among
a variety of plasmonic waveguides, the metal-insulator—
metal (MIM) waveguide is attractive for highly-integrated
on-chip plasmonic circuits because of its extremely strong
field confinement.!>* To date, a variety of plasmonic devices
based on the MIM waveguide platform have been proposed or
demonstrated, such as detectors, ! reflectors, [®7! electro-optic
switches,®! nonlinear devices, ™ filters, resonators,[!%111 and
sensors.['>131 Among these MIM waveguide-based devices,
plasmonic Bragg reflectors have attracted increasing attention
in the last decade.l'*23 This is because plasmonic Bragg
reflectors allow guiding and steering of plasmonic modes,
which are essential components in plasmonic devices and plas-

monic circuits.2*

1 However, the unit nanostructure and thus
the whole structure of a plasmonic Bragg reflector have been
restricted to be symmetric in the longitudinal direction, i.e., in
the propagation direction. As a result, the reflectance for the
left-side incident plasmonic mode always equals to that for the
right-side one.

In most literatures, the plasmonic Bragg reflector has
been analyzed, designed, and optimized using complex the-
oretical models such as the Rayleigh expansion, or time-
consuming numerical methods such as finite difference time
domain (FDTD) and finite element method (FEM). Recently,
Li et al.l'”! developed a quantitative theory based on a semi-
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analytic coupled-mode model for plasmonic Bragg reflectors
which can be composed of various nanostructures, and showed
that the design and optimization can be greatly simplified by
using this model.

Quite recently, devices for asymmetric propagation of
electromagnetic waves have been intensively studied. Various
approaches distinct from the Faraday effect have been pro-
posed or demonstrated. For example, Fedotov et al.[*] re-
ported a polarization sensitive transmission effect asymmetric
with respect to the direction of wave propagation based on a
planar chiral structure. Shi et al.?®! demonstrated the dual-
band asymmetric transmission of linearly polarized electro-
magnetic waves in two opposite directions based on a bilay-
ered chiral metamaterial. Xu et al.”?’! demonstrated a waveg-
uide with asymmetric propagation of light based on a gradient
index metamaterial.

In this work, we propose a novel type of plasmonic Bragg
reflector which has asymmetric reflection with respect to the
direction of light and is composed of periodic nanostruc-
tures that have longitudinally asymmetric geometry in a MIM
waveguide. A semi-analytic coupled-mode model will be de-
veloped to analyze, design, and optimize the structure, which
greatly reduces the calculation cost and the simulation time.
After careful design, a very high reflectance extinction ratio up
to 11 dB between plasmonic modes incident from the right and
the left ports can be achieved. We will show that the plasmonic
mode from one port will be efficiently reflected, whereas from

JSGG20170822093953679, and

JCYJ20180507182444250), the National Key Research and Development Program of China (Grant No. 2017YFC0803506), the National Natural Sci-
ence Foundation of China (Grant Nos. 61261033 and 61162007), and the Youth Innovation Promotion Association of Chinese Academy of Sciences (Grant

No. 20160320).

fCorresponding author. E-mail: yf.lu@siat.ac.cn
fCorresponding author. E-mail: gy.li@siat.ac.cn

© 2019 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

074208-1


http://dx.doi.org/10.1088/1674-1056/28/7/074208
yf.lu@siat.ac.cn
mailto:gy.li@siat.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 28, No. 7 (2019) 074208

the other port will be almost totally absorbed. This makes the
proposed device a unidirectional reflector and absorber at the
same time.

2. Results and discussion
2.1. Theory

Figure 1 illustrates the proposed unidirectional plas-
monic Bragg reflector, which is composed of several periodic
triangle-shaped nanostructures in a MIM waveguide. The unit
nanostructure has width w, height 4, and period p in a gold-

silica—gold waveguide. The width of the input and output

MIM waveguides is set to be Dy so that the plasmonic waveg-
uide is of single mode.
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Fig. 1. (a) Schematic of the proposed unidirectional plasmonic Bragg reflec-
tor. It is composed of N periodic triangle-shaped nanostructures with period
p, width w, and height A. The input and output MIM waveguides have a
width of Dy. pﬁ and ‘Lﬁ are the reflectance and transmittance coefficients
with “+” for the left-side incidence (right-going) and “—" for the right-side
incidence (left-going). Each nanostructure is treated as a “black box” (in-
dicated by a dashed box). (b) and (c) The reflectance and transmittance
coefficients pli and rli of a single nanostructure (the black box).

In order to efficiently analyze, design, and optimize the
proposed structure, we develop a coupled-mode model. Fol-
lowing Ref. [17], we can obtain recursive equations

+ +, o+ Thu’
Py =P; TPy 1 — = (1)
N 1 N 11_p§71p1¢u2
TIN—1T1U
=Ty = )

L= py_1pru*’

where pﬁ and ‘L',?,E denote the reflectance and transmittance co-
efficients of the plasmonic Bragg reflector composed of N pe-
riodic nanostructures, and the superscripts “+” and “—” are
for the right-going and the left-going plasmonic waveguide
modes, respectively. Thus pli and ‘L'li denote the reflectance
and transmittance coefficients of a single nanostructure in the
MIM waveguide, respectively, as illustrated in Figs. 1(b) and
1(c). Here u = exp[ikonest(p — w)], where neg is the complex
effective refractive index of the plasmonic MIM waveguide
mode, and ko = 27 /A is the wave vector in the vacuum. Note

that 7,, = 7 = t,, is valid for m = 1,...,N according to the
principle of optical reversibility. Therefore, the reflectance and
the transmittance of the plasmonic Bragg reflector can be cal-
culated using R* = |p5|? and T = |1y

The theoretical model treats the unit nanostructure in the
MIM waveguide as a black box. By doing this, the effects
of the nanostructure’s shape, size, and refractive index profile
are embodied in pljE and 7. This treatment makes the model
very versatile for nanostructures of any shape. Equations (1)
and (2) bridge the reflectance and the transmittance of N pe-
riodic nanostructures to those of a single one. Because the
computational cost of these recursive equations is trivial, the
computational cost for calculating pﬁ and ty with Egs. (1)
and (2) approximately equals to that for calculating pli and
71. This will significantly reduce the computational cost if one
needs to optimize all the geometric parameters. Specifically,
by using purely numerical methods such as FDTD or FEM,
a global optimization of the reflection performance requires
three nested loops for simultaneously scanning w, A, and p
for given N, which is very time-consuming and computational
complex if N is very large. In contrast, the developed coupled-
mode model needs to scan only w and & for a single nanos-
truture (N = 1), and then the optimization of p is performed
using the efficient recursive equations. Therefore, the devel-
oped model will make the analysis, design, and optimization
of the plasmonic Bragg reflector extremely efficient in terms
of both time and computation cost.

2.2. Design and optimization

Using the above developed model, we first calculated plﬂE
and 7; with the fully vectorial simulations based on aperiodic
Fourier modal method (a-FMM). 28291 With the information
of pi° and 7; as functions of the unit nanostructure’s size w
and &, we then calculated RT, T, and |[RT — R™| of the SPP-
Bragg reflector using the recursive equations, i.e., Egs. (1)
and (2). In this work, all the calculations were performed with
nsio, = 1.45, Do = 100 nm, and the frequency-dependent rel-
ative permittivities of gold tabulated in Ref. [30].

We performed optimization by varying w, h, and p for
N = 4. Figure 2 shows the results of R~, R™, and |[RT — R~ | as
functions of w and A for the optimized period of p = 280 nm.
Note that, as we will show later, four periods of triangle-
shaped nanostructures can result in saturated reflectance dif-
ference between the two incident directions, although more
nanostructures introduce negligible additional computational
cost. From Fig. 2(c), we find that the optimized nanostruc-
ture’s size for the maximum reflectance difference between
R~ and R" is w = 210 nm and 4 = 150 nm, corresponding to
max{|RT —R~|} = 0.814. Figure 2(c) also shows that a large
reflectance difference can be achieved only a small range of w
and h, indicating that the longitudinal asymmetrical triangle-
shape nanostructure should be delicately designed in order to
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achieve high performance of unidirectional reflection.
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Fig. 2. (a) R™, (b) R, and (c) |R" — R | as functions of the nanos-
tructure’s size w and h. The calculations were performed with N = 4,
p =280 nm, and A = 800 nm. The blue circle in (c) indicates the
location of w and & for the maximum value of |[RT —R™| = 0.814:
w =210 nm, 2 = 150 nm.

We investigated the effects of the operation wavelength,
the period, and the number of nanostructures on the reflectance
and the transmittance of the plasmonic Bragg reflector. Fig-
ure 3(a) shows that R~ is always larger than R for wave-
lengths from the visible to the near infrared, and the maxi-
mum reflectance difference locates around A = 800 nm, cor-
responding to R~ = 0.884 and R = 0.07. Similar to an isola-
tor, we can define reflectance extinction ratio 101g(R™/R™) as
a figure of merit for the unidirectional reflection performance.
At A = 800 nm, the reflectance extinction ratio is as high as
10.97 dB. We also find that over a bandwidth of 50 nm, a re-
flectance extinction ratio above 10 dB can be achieved. Note
that the curve in Fig. 3(a) is not smooth enough since we used
5 nm as the wavelength step.

Figure 3(b) shows that the reflectance versus the nanos-
tructure period exhibits periodic behaviors. For periods of
p =280 nm, p =500 nm, and p = 720 nm, the reflectance
reaches the maximum values. The maximum values slightly
decrease as the period increases.

Figure 3(c) shows that, as the number of nanostructures
increases, the reflectance for the mode incident from the right
port R~ first increases dramatically and soon saturates after
N = 4, whereas the reflectance for the mode incident from
the left port R™ first slightly increases and also saturates af-
ter N = 4. Therefore, the reflectance extinction ratio also first
increases dramatically and then saturates after N = 4. In other
words, N = 4 can achieve a sufficient reflectance extinction
ratio.

Because the transmittance is negligible, this striking
reflectance extinction ratio indicates that, if the plasmonic
waveguide mode is incident from the right port, most of the
power will be reflected back, whereas most power will be ab-
sorbed if the mode is incident from the left port. This is better
shown by the magnetic field maps of |H,| in Fig. 4, which were
calculated by the a-FMM. It is evident that the reflectance is

very weak and the transmittance is negligible when the plas-
monic mode impinges from the left side, as shown in Fig. 4(a),
and that strong reflection and negligible transmission can be
observed for the right-side incidence, as shown in Fig. 4(b).

R,

e 2

=~
T T T 17

o

Fig. 3. R* and T versus (a) the operating wavelength, (b) the period,
and (c) the number of nanostructures. Except for the varying param-
eters, the calculations are performed with 7 = 150 nm, w = 210 nm,
p=280nm, N =4, and A = 800 nm.
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Fig. 4. The field distributions of |Hy| when the plasmonic waveguide
modes are incident from (a) the left and (b) the right ports. The central
silica core is outline by the white solid-thin lines. The vertical dashed
lines indicate the input planes with arrows suggesting the incident di-
rections. The calculations were performed with the same parameters as
those in Fig. 3.

In the literature, plasmonic Bragg reflectors composed of
symmetric nanostructures in the longitudinal direction always
have the same reflection, transmission, and absorption for the
left- and right-side incidences. For the proposed device, how-
ever, there exists a very large difference in the reflection and
absorption between the left- and right-side incidences. We
surmise that such striking performance should arise from the
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nanostructure’s longitudinally asymmetric shape. This spec-
ulation can be confirmed by Fig. 2(c), which shows that the
higher the nanostructure, the larger the reflectance extinction
ratio. This is because a higher nanosctructure indicates more
asymmetric in the longitudinal direction. Moreover, figure 4
shows that, for the left-side incidence, the fields are scattered
to the wings of the triangle-shaped nanostructures and thus
experience more ohmic loss; however, for the right-side inci-
dence, the scattered fields are mainly distributed in the center
of the tapered nanostructure.

3. Conclusion

We have proposed a unidirectional plasmonic Bragg re-
flector composed of a few periodic triangle-shaped nanostruc-
tures in the MIM waveguide. A semi-analytic coupled-mode
model has been used to efficiently analyze and design this de-
vice. Theoretical results showed that the reflectance and ab-
sorbance strongly depend on the direction of the incidence.
By properly designing the geometrical parameters, we have
achieved remarkably large reflectance differences: more than
88% power is reflected for the plasmonic mode incident from
the right port, while only 7% power for the incidence from
the left port is reflected, corresponding to a reflectance extinc-
tion ratio above 10 dB over 50 nm wavelength range. Since
this passive device is direction-sensitive and very compact, we
expect it will find applications in highly-integrated plasmonic
circuits.
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