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A new structure based on a semi-circular photonic crystal is proposed to achieve asymmetric light propagation. The
semi-circular photonic crystal structure proposed in this paper is a deformation of a two-dimensional conventional square
photonic crystal. Through the directional bandgap of the semi-circular photonic crystal, the light from one direction can
transfer to the other side, but the light from the opposite direction cannot. A high contrast ratio is obtained by designing
the constitutive parameters of the photonic crystal and choosing the suitable light frequency. This structure promises a

significant potential in optical integration and other areas.
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1. Introduction

Photonic crystals (PCs) have attracted much attention in
the optical integration field!'~7! since they were introduced
by Yablonovitch and John.!®°! Various structures of unidi-
rectional light propagation based on photonic crystals have

4.110-25

been propose I However, most of these previous ap-

proaches were based on nonlinear materials or metallic and

10-12.14.15] Fop jnstance, one-way

magnetic-optical materials.!
electromagnetic waveguide formed at the interface between
a plasmonic metal under a static magnetic field and pho-
tonic crystal!>! provides a frequency range in which only one
propagating direction is allowed. In this frequency range,
disorder-induced scattering is suppressed completely. How-
ever, nonlinear approaches require high-power input sources
because small nonlinear susceptibility coefficient and metal in-
clusion accompanies optical losses, which can diminish light
propagation. 24!

Numerous methods can achieve asymmetric light propa-
gation based on photonic crystals without nonlinear optics or
anisotropic materials. Wang et al. proposed a photonic crys-

tal heterojunction diode?>>

! 'made of two kinds of square-
lattice photonic crystals with different radii of dielectric rods.
The unidirectional optical diode action is achieved via direc-
tional bandgap of the photonic crystals. Feng et al.!*®! con-
sidered a two-mode waveguide with a spatially varying but
time-independent dielectric constant, as well as numerically

and experimentally obtained a one-way modal conversion ef-
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fect. Fan et al.'”’! showed that the structure in Ref. [26] is re-
ciprocal in the sense that it has a symmetric scattering matrix.
Therefore, such a structure cannot enable optical isolation. In
addition, an optical isolator cannot be constructed by incorpo-
rating this structure into any linear and time-independent sys-
tem described by materials with a scalar dielectric function.
To achieve true optical isolation, the scattering matrix of the
system must be asymmetric. Feng et al.?8! recognized that
the one-way mode converter is Lorentz reciprocal and cannot
be used as the basis of an optical isolator on its own.

Kurt ez al.>¥ presented a new approach to achieve asym-
metric light propagation via graded photonic crystal waveg-
uides. The horizontal period of the photonic crystal was
changed linearly. The asymmetric light propagation was re-
alized because of the bandgap structure of chirped photonic
crystal waveguides.

In this paper, a new radial photonic crystal structure is
proposed to achieve asymmetric light propagation. The PC
structure is composed of several concentric semi-circles made

up of dielectric cylinders. Numerous types of radial pho-

29-32] put some radial

tonic crystals were proposed previously,|
photonic crystals were one-dimensional.”?”) Moreover, only
the bandgap properties were considered.3?) The semi-circular
photonic crystal structure proposed in this paper is a defor-
mation of a two-dimensional conventional square photonic
crystal. Properties of conductive band are mainly considered.

Through the directional bandgap of the semi-circular photonic
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crystal, light from one direction can transfer to the other side,
but light from the opposite direction cannot. The structure is
linear and passive. Therefore, the structure is essentially recip-
rocal. The asymmetric light propagation is achieved through
simulation using multiple modes in the input and output ports.
A higher contrast ratio is obtained. This structure has signifi-
cant potential in optical integration and other areas.

2. Asymmetric transmission structure

In this paper, the proposed two-dimensional photonic
crystal is a semi-circular photonic crystal with dielectric cylin-
ders in air, as shown in Fig. 1(a). The semi-circular photonic
crystal (SCPC) structure consists of several concentric semi-
circles made up of dielectric cylinders. The positions of the
dielectric cylinders in the X-Y plane for the SCPC are given
by R,+1 —R, = a and 6, = /(2 X n), where R, is the radii
of the N-th concentric circle, a is the lattice constant, 6,, is the
angle between adjacent dielectric cylinders in the N-th con-
centric circle, R| = a, and 6; = 7r/2. Therefore, the distances
between two adjacent dielectric cylinders in every concentric
semi-circle are equal. The value is /2. The radii of the di-
electric cylinders are 0.3a. This SCPC structure presented in
Fig. 1(a) can be regarded as the deformation of a standard PC,
as shown in Fig. 1(b). The prototypical photonic crystal is a
regular PC that has a rectangular lattice with a rod radius of
0.3a. The periods of prototypical photonic crystal are a in the
X direction and (/2) X @ in the Y direction. SCPC can be
obtained by bending the upper and lower ends of the prototyp-
ical photonic crystal to the X direction. Crystalline Si (c-Si) is
an attractive material because of its natural abundance and al-
most ideal bandgap. Thus, silicon is chosen as the material for
the dielectric rods, and the dielectric constant is equal to 11.56
(i.e., n = 3.4).5% In addition, the base material is air (€ = 1).
The scale of SCPC is 14a in the X direction. In other words,
the SCPC structure contains 13 concentric semi-circles. Given
the desired conditions for the case study, we consider only the
TM modes in this paper (the E field is parallel to the rods).
The simulation software used is MEEP. The thickness of PML
is set as 1. The resolution is set as 16.

Fig. 1. (a) Semi-circular photonic crystal structure. (b) Prototypical
photonic crystal.
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Fig. 2. (color online) (a) Time-domain snapshot of propagation of light
from left to right. (b) Transverse field profile across the end face of
the structure. (c) Transverse field profile across the front side of the
structure. (d) Time-domain snapshot of propagation of light from right
to left. (e) Spectral content of the contrast ratio. The frequency is
0.201(a/A) and the angle 6, is /(2 x n).
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The contrast ratio is defined to characterize the nor-
malized difference between the two oppositely propagated
(Tyx —T-x)/(Tyx +T-x), where Ty x and T_x
represent transmission power propagating along the +X (left-

waves. 24 T =

to-right) and —X (right-to-left) directions, respectively. The
positive and negative T' denote the transmission direction. Fig-
ure 2(e) shows the spectral content of the contrast ratio and in-
dicates several peaks. The SCPC structure can be considered
as a deformation of conventional rectangular photonic crys-
tals. However, the transmittances of SCPC at these frequencies
are extremely low. The frequency is chosen as 0.201(a/A)
on account of the peak value in Fig. 2(e) and the transmit-
tance. Figures 2(a) and 2(b) present a time-domain snapshot
of light propagation from left to right and transverse field in-
tensity across the end face of the structure, respectively. In
addition, the time-domain snapshot of light propagation from
right to left and transverse field intensity across the front side
of the structure are illustrated in Figs. 2(d) and 2(c).

The difference of field distributions between two direc-
tions of light propagation is apparent. When propagating from
right to left, light can transfer into the SCPC structure and

-

Fig. 3. (color online) Intensity distribution in SCPC when the frequency is 0.201(a/A) and the angle 6, is /(2 x n). (a) and (b) Light
propagation from left to right. (c) and (d) Light propagation from right to left.

0

3. Parameter optimization

To obtain a higher contrast ratio, we consider the angle
between adjacent dielectric cylinders 6,, and the radius of di-

electric cylinder. Changing angle 6, is equivalent to chang-

propagate along the concentric semi-circle. Subsequently, the
light spreads to the air at the end face of the structure. How-
ever, any light can hardly propagate into SCPC. When propa-
gating from left to right, the light is inhibited to propagate in
SCPC. The transverse field intensity distributions indicate the
significant difference. The maximum intensity of the transmis-
sion light from right to left is approximately 0.17 (the ampli-
tude of the incident light is 1), roughly 15 times stronger than
the maximum intensity of the transmission light from left to
right (0.011). Subsequently, the expected result is achieved in
which asymmetric light propagation can be achieved through
the SCPC structure, as shown in Figs. 2(a)-2(d).

To observe the asymmetric propagation more intuitively,
we determine the intensity distribution. Inspection of the in-
tensity distribution for SCPC is presented in Fig. 3. Fig-
ures 3(b) and 3(c) are obtained by reducing the color scale of
the part inside the boxes shown in Figs. 3(a) and 3(d), respec-
tively. These boxes have the same scale. The intensity of light
that reaches the rear surface shown in Fig. 3(b) is significantly
weaker than the intensity of light reaching the front surface
presented in Fig. 3(c).

0.05
0.04
0.03
0.02

0.01

ing the length—width ratio of the standard PC. Table 1 shows
the maximum contrast ratio of semi-circular photonic crystals
with radii of 0.3a for different 0,. The contrast ratio has the

highest value when angle 6, is 7/(5 x n). The peak value is
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0.931. The frequency is 0.173, and the contrast ratio is 0.931.

Figure 4 illustrates the change of contrast ratio of semi-
circular photonic crystals with different radii at a frequency
of 0.173 when the angle between adjacent dielectric cylinders
0, is /(5 x n). This figure also indicates that the maximum
value of the contrast ratio appears when the radius of the di-

electric cylinder is 0.3a.

Table 1. The maximum contrast ratio for different 6,,.

0, Contrast ratio
m/(2xn) 0913
m/(3xn) 0.825
m/(4xn) 0.846
m/(5xn) 0.931

Contrast ratio

0.1 0.2 0.3 0.4
Radii of dielectric cylinder

Fig. 4. (color online) Contrast ratio of semi-circular photonic crystals
with different radii when the frequency is 0.173(a/A) and the angle 6,
is/(5xn).

The field distributions are simulated when the light at
frequency 0.173 propagates through the SCPC at a dielectric
cylinder radius of 0.3a. The angle between adjacent dielec-
tric cylinders 6, is 7/(5 x n). Figures 5(a) and 5(b) illus-
trate the time-domain snapshot of light propagation from left
to right and the transverse field intensity across the end face
of the structure, respectively. The time-domain snapshot of
light propagation from right to left and the transverse field in-
tensity across the front side of the structure are presented in
Figs. 5(c) and 5(d). When propagating from left to right, light
can transfer into the SCPC structure, and propagate along the
concentric semi-circle. Then, the light spreads to the air. Light
can hardly propagate into the SCPC when the light propagates
from right to left. In fact, even the light that has propagated
into the SCPC is inhibited from propagating in the SCPC. The
transverse field intensity distributions exhibit a significant dif-
ference. The maximum intensity of the penetrable light prop-
agating from left to right is approximately 0.33 (the amplitude
of the incident light is 1), roughly 30 times stronger than the

maximum intensity of the penetrable light propagating from

right to left. Subsequently, we obtain the expected result, in
which asymmetric light propagation could be achieved by the
SCPC structure, as shown in Figs. 5(a)-5(d).
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Fig. 5. (color online) (a) Time-domain snapshot of propagation of light
from left to right. (b) Transverse field profile across the end face of the
structure. (c) Transverse field profile across the front side of the struc-
ture. (d) Time-domain snapshot of propagation of light from right to
left. The frequency is 0.173(a/A) and the angle 6, is /(5 X n).

To observe the asymmetric propagation more intuitively,
we obtain the intensity distribution. Inspection of the intensity
distribution is presented in Fig. 6. Figures 6(b) and 6(c) are
constructed by reducing the color scale of the part inside the
boxes in Figs. 6(a) and 6(d). These figures have the same scale.
The intensity of light that reaches the rear surface shown in
Fig. 6(b) is considerably stronger than that of light that reaches

the front surface presented in Fig. 6(c).
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Fig. 6. (color online) Intensity distribution in SCPC when the frequency is 0.173(a/A) and the angle 6, is /(5 x n). (a) and (b) Light
propagation from left to right. (c) and (d) Light propagation from right to left.

4. Conclusion

In this paper, a new structure is proposed to achieve asym-
metric light propagation. This asymmetric light propagation
structure is based on semi-circular photonic crystals without
nonlinear optics or anisotropic material. The SCPC structure
is composed of several concentric semi-circles made up of
dielectric cylinders. The structure is linear and passive. In
accordance with the Lorentz reciprocity theorem, any system
with symmetry tensors of both permittivity and permeability
always has a symmetry scattering matrix for defined modal
ports. Therefore, any transmission from an incoming mode to
an outgoing mode must be equal to that of the reverse case.
Asymmetric light propagation is achieved because of the mul-
tiple modes in the input and output ports, as demonstrated by
other studies.[?>?426-28] Through simulation, the asymmetric
light propagation can be realized via the SCPCs. The direc-
tional bandgap of the semi-circular photonic crystal causes the
light from one direction to transfer to the other side, but not
the light from the opposite direction. Study of the asymmetric
light propagation may contribute to research on optical inte-
gration, implementation of practical optical rectifier-type de-
vices, and other areas.
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