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In this work a very simple all-optical isolator, based on 2D holes in slab Photonic Crystal (PhC) waveguide, has
been proposed and its performance has been investigated by Finite-Difference Time-Domain (FDTD) method.
The unidirectional characteristic of the waveguide is phase independent in nature and no extra bias signal
has been used. The structure is basically a ‘W1’ pyramid shaped waveguide having a 120° -bend in it and
the unidirectional property has been achieved by making some structural modification in the bend region.
This design is capable of providing a high forward transmittance of 72%, very low backward transmission

of 10% and high contrast ratio 8.57 dB. Due to its simple structure, small footprint (416 ym?), high forward
transmission and high contrast ratio altogether make the isolator suitable for upcoming photonic integrated

circuits.

1. Introduction

In the last few years, researchers have shown huge interest towards
designing PhC based all optical logic gates and all optical logic devices
due to the inherent abilities of PhC to control optical signals in sub-
wavelength scale that play important role in photonic integrated circuit
(PIC) design. Thereafter, as a result, several all-optical gates [1-6]
and all optical devices like adder/subtractor [7-14], filter [15-17], de-
mux [18,19], polarizer [20], decoder [21-27], coupler [28] etc have
been reported in recent past, both in linear and non-linear domain.
Several devices are fabricated in a PIC and those devices are connected
by waveguides. Sometimes some parts/ individual devices are needed
to be protected from unwanted optical back propagation which may
damage the sensitive parts. Some phase sensitive devices also mal-
function if any unwanted optical signal enters into the device. Optical
isolator, also known as optical diode, is a solution for this problem.
An optical isolator allows light to flow unidirectional i.e., it prevents
optical signal from reflecting back toward the source. It also limits
the optical noise. Therefore, it is highly recommendable to incorporate
optical isolator circuit in next generation PIC to protect the highly
photo/ phase sensitive inbuilt parts.

In this context, it is worth to mention that, few designs of non
PhC based optical isolator [29,30] have also been reported in recent
past where MZIs, polarizer, phase modulator, and/or sampler etc have
been used. Though these designs offer very high contrast ratio, but the
optical components used in those designs are having large footprint
(in millimeter range). Hence, these designs are not suitable for next
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generation PICs. Y. Kawaguchi et al. [31] has proposed a design using
spin-Hall effect of light in Ce:YIG film based magneto optic material
and it provides a contrast ratio of 20 dB. Furthermore, D.D. Solnyshkov
et al.. has also proposed one polariton graphene based topological op-
tical isolator [32] which gives a tremendous contrast ratio, i.e., 49 dB.
However, in spite of their excellent performance, fabrication of these
aforesaid designs in silicon photonic based PICs is very much challeng-
ing because of the typicality of the used materials and their bulky size.
On the other hand, PhC based designs are simpler to integrate as they
are in line with conventional CMOS fabrication technologies that are
used to design silicon based photonic and electronic devices.

Nonlinear PhC based designs [33,34] required very small footprint
area and provide very high forward transmission as well. However,
high input power (threshold power) is required for proper functioning
of a nonlinear device. On the other hand, linear optical phenomena-
based design is not constrained by a threshold power. Wang et al. [35]
have designed an isolator in linear PhC within small footprint areas, but
the forward power of the device is not sufficient enough. Moreover, the
designs are purely two dimensional, i.e., the third dimension (normal to
the periodic plane of the crystal) is considered as indefinitely extended,
which is not at all practical. One isolator [36], based on linear PhC has
been designed in a 3D PhC platform considering the third dimension
having a finite height. But the rods in air structure makes the device me-
chanically weak and its fabrication process is bit challenging compare
to holes in slab structure.
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To brief, Chen Wang et al. [37] have utilized the linear optical
phenomena to design an on-chip small footprint optical diode/isolator
based on a heterojunction silicon PhC slab. The heterojunction is made
by forming two domains in a square lattice PhC slab, where both the
domains have the same lattice constant but with different radii of
their air holes. This heterojunction geometry breaks the symmetry in
spatial inversion in the middle plane of the structure. The directional
bandgap in this structure gets mismatched, which initiates unidirec-
tional time-independent mode transitions. The device shows a forward
transmittance in the order of 21.3% with a best-case contrast ratio
of forward to backward transmittance of 0.885. Further, the research
group has by designing a back-to-back optical diode [38] that shows
a round-trip transmittance of merely 0.3% of the maximum forward
transmittance, providing remarkable isolation. Nevertheless, its low
forward transmittance debars its utility in most PIC applications.

On the other hand, S. Feng et al. [39] have proposed the design of
an optical isolator exploiting the self-collimation phenomenon of the
PhC. Their design consists of a heterojunction in the I'-M direction,
formed by two PhC sections arranged in a 2D square lattice having the
same lattice constant. One of these PhCs is designed by an array of
rectangular metal (here taken as Ag) rods on a silicon substrate, and
the other is designed by circular holes perforating the silicon slabs.
Simulation shows that the structure is able to provide a peak forward-
transmittance of 60% and a backward transmittance of less than 0.1%.
This is definitely a remarkable contrast ratio. However, it is quite
challenging to fabricate the said heterostructure on silicon substrate
due to their asymmetric designs (one PhC is made of rods and the
other with air holes) and asymmetric materials (one material is Ag and
the other is perforated silicon slab). Moreover, in a practical scenario,
the design needs to be formed on a silicon slab, where the vertical
positions in optical confinements in each of the PhC regions would
have significant dissimilarity. It is expected that this dissimilarity would
result in a significant difference in transmittance of the experimental
outcome from that reported here, which are obtained through simula-
tions. Therefore, the practical utility of this design in PICs also becomes
also questionable.

Hence, this work proposes an isolator based on a finite thickness
silicon PhC slab perforated by air holes arranged in a triangular lat-
tice to obtain a better performance and practicality. Such a design
is mechanically robust and more feasible in view of fabrication. The
device is a star shape junction of three W1 wave guides. Unidirectional
property of the proposed isolator has been achieved by making some
simple structural modification in the junction region. The design dose
not required any bias signal and its performance does not depend on the
phase angle of the input signal. No nonlinear elements have been used,
hence the proposed isolator removes the requirement of any threshold
power. The holes in slab structure of the device makes it mechanically
robust and bit simpler to fabricate. As the device consists of three L
shape waveguide only, hence foot print area is not a big issue. It can
be adjusted accordingly. Not the least, the reasonably good isolation
(contrast ratio) isolator keeps it ahead of several designs in the context
of its integration to silicon-based PICs.

The article is organized as follows. The next section details the
design parameters of the proposed optical isolator. The band diagram
of the non-defect photonic crystal, as well as its guided band diagram
for the defect mode, has been presented and analyzed in the same
section. Followed by the design procedure, the simulation results of the
proposed device have been discussed in Section 3. Finally, the chapter
presents a conclusion of the proposed work in the last section.

2. Architectural design of the device

The schematic of the proposed optical isolator is shown in Fig. 1. It
has been designed using a PhC that is considered to be designed via per-
forating a silicon slab with air holes in regular periodic arrangements.
The PhC consists of a hybrid interface formed by a square lattice and a
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Fig. 1. Schematic representation of proposed optical isolator.

triangular lattice section having the same lattice constant (say ‘a’). The
slab has a finite thickness (i.e., 0.7a) and has been considered to be
built in an air-bridge configuration to maintain its vertical symmetry.

The lattice constant (a) has been taken as 500 nm, and the radius
(r) of the air holes has been selected as 0.4a. The refractive index
of the silicon slab is considered to be 3.46. However, in case of 2D
equivalent analysis of a finite thickness slab, the effective index model
better represents its 3D counterpart. The effective index of this slab
is considered here as 3. The projected band diagram a W1 waveguide
in the triangular lattice section and its transmittance are shown in
Figs. 2(a) and (b), respectively. The same for a W1 waveguide in the
square lattice have been shown, respectively, in Figs. 2(c) and (d).
These figures show that both the structures support propagation of
the targeted wavelength of 1550 nm (i.e., 0.322(a/4)). The proposed
isolator is basically a star connection of three W1 waveguides, as shown
in Fig. 1. The junction of the three waveguides is at the interface
of the heterostructure. Out of the three W1 waveguides forming the
star, two are designed within the triangular lattice section along the
I"-M direction, whereas the other is formed in the square lattice in
the T"-X direction. The waveguide in the triangular lattice is used
for the propagation of input and output signals, whereas the vertical
waveguide is used as a drop port to channelize the unwanted signal
from the output port. Two holes at the junction have been optimized
by modifying their radius as 1.7r and 0.4r, as shown in Fig. 1, to direct
the optical signal from the INPUT port to the OUTPUT port. At the
same time, this optimization restricts any optical signal to flow from
the OUTPUT to the INPUT port; rather, the signal is diverted toward the
vertical drop port. This happens due to the asymmetry in the junction
(formed by unequal radii of the optimized holes) when viewed from
the INPUT and OUTPUT waveguides. The waveguides that connect the
INPUT and OUTPUT ports to the junction include two 60-degree bends.
The bend regions have also been optimized by changing the radius of
one hole (following the same strategy as shown in the last chapter)
from r to 1.5r at the outer side of the bend for maximum power transfer
through the bend.

3. Simulation results and performance analysis

Simulation of the proposed device has been carried out by us-
ing the FDTD method to analyze its different metrics. A monochro-
matic continuous-wave (CW) of normalized frequency 0.322(a/4) (cor-
responding to the 1550 nm wavelength) is used to operate the device.
A CW optical signal of unity power has been applied at the input. When
the optical signal from the INPUT port reaches the junction, it interacts
with the R3 and R4 holes that direct the beam to the OUTPUT port. This
is because the combination of the R3 and R4 holes at this junction can
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Fig. 2. (a) Projected band diagram and (b) Transmittance of a W1 waveguide in a triangular lattice, (c) and (d) are so in the square lattice.

N 1.0 —— Drop Port
S 0.8 — Output Port]
S g6 /\/‘/—\/‘}\"“/— ’7——
;} 0.4 72% of input power is #7
= 0'2 appeared at Output port/_ . - - ‘
S U.sq
S 0.06] )
R 0.061 ¥~ |Steady State time
§_ 0.04- > Tss=1.2p.s
§ 0.02-
0- 00 L} L} L} L} T
0.0 1.3 2.6 3.9 5.2 6.5
(b) Time (ps)
Fig. 3. (a) Field propagation and (b) power at OUPTUT port and DROP port when INPUT port is excited.
1.0
. — Drop Port
0.8 9 — Input Por|

S
b

Output Power (a.u.)
S
LN

10% of output power is

\‘\I appeared at input port 1
Steady State time ot
0.2- Tss=0.65p.s \'J
0.0 13 2.6 3.9 5.2 6.5
(b) Time (ps)

Fig. 4. (a) Field propagation and (b) power at INPUT port and DRAIN port when the OUTPUT port is excited.

be thought of as acting like a tiny reflector due to the index difference
between the silicon waveguide and the holes. The concept can be
understood from the ray-theory analogy. The electric field distribution
of this state and the time-evolving power at the OUTPUT as well as the
DROP port are shown in Figs. 3(a) and (b), respectively. The power
of the output signal, in this case, is found as 72% (i.e., —1.43 dB) of

the input. On the other hand, the same reflector combination reflects
the optical beam coming from the OUTPUT port to the DROP port,
restricting the wave propagation to the INPUT port. The electric field
distribution of this state and the time-evolving power at the INPUT
and DROP ports are shown in Figs. 4(a) and (b), respectively. This
difference in the forward and backward transmission occurs due to the
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asymmetry of the junction when viewed from the different ports. As a
result, the INPUT port receives only a small amount (10% or —10 dB) of
the signal power that is launched from the OUTPUT port. These results
indicate a contrast ratio of the forward to the reverse transmittance as
8.57 dB. It can be seen from the above Fig. 5 that the fundamental band
is having a z-even profile that approximately matches with a Gaussian
profile. However, when the wave launched from the input waveguide
reaches the junction J (at the interface of the triangular and square
lattice), the R3 and R4 creates a perturbation in the mode in such a way
that it produces a higher order [40] Z-odd mode. But, the Z-odd mode
propagation is not supported in the designed square lattice waveguide
(the Drop port). Therefore, the wave experiences multiple destructive
interferences with its reflected waves from the few successive PhC
interfaces.

In this design, two holes in the junction region have been optimized
by changing the radius of holes as 1.7r and 0.4r heuristically. After
optimization the junction region looks asymmetric from INPUT end and

OUTPUT end. Under this condition, when the optical signal is launched
from INPUT port, the locally excited modes at the junction couples with
the mode propagating from the INPUT port and the OUTPUT port. No
modes couple with the DROP port. But if it is launched at OUTPUT
port, the locally generated higher mode couple with DROP port and
no signal should propagate towards INPUT port. However, the effect of
the change in radius of each hole in the transmission towards OUTPUT
and DROP port have been calculated. The results are attached herewith.
However, the collective effect of the defect holes (1.7r and 0.4r) make
the device work as an isolator. Fig. 6 shows the transmission in INPUT,
OUTPUT and DROP port due to the variation of size of individual defect
holes in the junction, for both forward and reverse propagation.

From the above discussion, it can be concluded that the device
as a whole can be used as an optical isolator, which allows the op-
tical propagation from the INPUT to OUTPUT port but restricts the
back propagation from the OUTPUT to INPUT port. Additionally, the
device, unlike the one that is proposed in [36], does not require a
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bias signal and hence is a completely passive optical device. Another
important property of the proposed isolator is that the device is purely
phase-insensitive, which is, although intuitive but also been evaluated
through simulation. In this simulation, the forward and reverse trans-
mittances are evaluated for various phases of the launched signals. The
results have been shown in Fig. 7, which corroborates the intuition of
phase insensitivity of the device’s operation. Therefore, the device can
restrict the back propagation of the optical signal with any phase angle.

Further, the transmittance of the proposed isolator separately for
the input and output excitations has also been calculated. Fig. 8(a)
and (b) respectively show the forward and backward transmittance
spectra of the proposed isolator. It can be seen from Fig. 8(a) that
the maximum forward transmittance is obtained at the wavelength
of 1550 nm. At this wavelength, the backwards transmittance is only
10%. Although Fig. 8 shows that the contrast ratio of the forward
to backward transmittance is much high (~14.4 dB) at the 1574 nm
wavelength due to the very low backward transmittance (i.e., 1.6% or
~18 dB), the forward transmittance is also reasonably low (i.e., 44.8%
or 3.48 dB) and hence not used as the operating point. However, this
operating point can be used in an application that needs better isolation
by compromising the forward transmittance. Also, due to the scale
invariability of PhC, the same design but with a suitable lattice constant
may be chosen to map any of such operating points to any desired
wavelength.

4. Conclusion

This work proposes a new design of an all-optical isolator based on
a 2D square lattice holes-in-slab silicon-PhC structure. A hybrid PhC
interface is formed by two PhC sections of same lattice constant, but
while one has a triangular lattice the other is made in a square lattice
arrangement. A star like junction is formed using three W1 waveguides.
Two of these waveguides, forming the input and the output ports, are
designed within the triangular lattice PhC at an angle 60° from each
other. The third waveguide, called drop port, is formed with the square

lattice PhC at an angle 150° from the other two ports. An asymmetry in
viewing the junction from the input and the output ports is formed by
modulating the radii of two holes at the star junction. This asymmetry
results in directing the light from the input to the output port and so
from output to the drop port. Thus, light in this device can pass from
left port to the right port, but not the reverse, realizing the functionality
of an isolator. The device has a footprint of 416 ym?2, and has been
designed to operate at a wavelength of 1.55 pm. The forward and the
reverse transmittance of the device have been observed to be —1.43 dB
and —10 dB, respectively, at the designated wavelength. This results
in a contrast ratio of forward to backward transmittance as 8.57 dB.
Although these transmittances are reasonably good the bandwidth is
found to be quite narrow. However, the small device footprint and
passive operation (as is does not require a bias) make the device
suitable for PIC applications.
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