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Abstract

In essence of fundamental challenges faced by optical industry, it is quite arduous to achieve all optical isolator. It has become
urgent for optical communication to meet the demand of fast-moving digital world. A new T-shaped design of an all-optical
isolator, based on square lattice (rods in air) of two-dimensional photonic crystal (PhC) structure, has been proposed. The
proposed isolator operates on the principle of optical beam interference within the waveguides. The bias signal is capable to
make the device function as an all-optical isolator by interfering with signals coming from input as well as output ports. The
performance of the projected device has been analyzed and several performance metrics have been calculated. Plane wave
expansion (PWE) and finite difference time domain (FDTD) methods have been used to calculate the band structure and to
analyze the device performances by observing electric field distribution, respectively. The simulation results show the high
contrast ratio of ~ 10 dB at worst case scenario. Owing to its simple with ultra-compact footprint (131 um?) and high contrast

ratio altogether make the device practicable for future generation on chip photonic integrated circuits.

Keywords Optical isolator - Photonic crystal - Beam interference - Phase shifter - Band diagram

1 Introduction

In last couple of decades, a massive development in the field
of electronics, ranging from a digital calculator to quantum
computers [1], has been observed. In the recent years, data
communication [2] has been focused in the timeline and it
has deep impact on our day to day lives. Due to the growing
demand of data communication (from astronomy [3, 4] to
light detection and ranging (LiDAR) [5, 6] in automobile),
the need to develop compact and ultra-fast system has been
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increased exponentially. Here, the term photonic integrated
circuit (PIC) [7-9] comes to meet the demand of the folks
who are technology evangelist. Moreover, researchers are
engaging themselves to explore the field of photonics to
make possible “more than Moore” [10-15]. However, to
operate the electronic component, the electricity is used; on
contrary, photonics integrated circuits (PICs) use light to
operate its components [16]. As a result, PICs offers ultra-
compact footprint area (which is in micrometer scale), high
power optimization, low heat dissipation/low thermal losses,
large integration capacity, and compatibility with existing
process flow that allow for high profit, volume manufactur-
ing, and lower prices . Primarily, PICs are divided into linear
[17-19] and nonlinear domain [20, 21]. The linear PICs offer
higher bandwidth with low operating power whereas non-
linear PICs need higher operating power and offers narrow
operating band width domain. In recent past, several optical
devices in linear domain like AND gate [22-25], de-mux
[26, 27], decoder [28-33], filter [34, 35], coupler [36], polar-
izer [37], and adder/subtractor [38—41] have been reported.
However, optical communication/PICs consist of three
major sections, namely source, detector, and communicating
medium/optical devices. An active source (like LASER and
LED) is very phase-sensitive and it is needed to be protected
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from any other undesired optical signal. The solution to this
limitation can be overcome by an optical circuit, called as
optical isolator [42, 43]; very often, it is known as optical
diode, which allows the light to flow in unidirectionally;
i.e., it prevents optical signal from reflecting back toward
the source. Thereafter, it eliminates the noise generation or
any interferences. Therefore, it is highly recommended to
incorporate an optical isolator circuit in any high-end future
generation optical processors. In this context, few optical
isolator circuits based on several techniques have already
been reported. For example, J. Fujita et al. [44] have pro-
posed a polarization-independent optical isolator based on
a Mach—Zehnder interferometer, where they achieved the
extinction ratio of 19 dB but having an excess loss of 2 dB
at 1.54 pm operating wavelength. Moreover, the reported
device has a bulky dimension of more than 8.0 mm. Simi-
larly, another polarization-independent Mach—Zehnder inter-
ferometer-based optical isolator circuit has been reported
by Zhuromskyy et al. [45] where they have eliminated the
requirement of TM/TE phase matching, hence, making the
device suitable for fabrication. On the other hand, Sahoo
et al. [46] have proposed a novel design of an optical isolator
on two-dimensional photonic crystal-based nonlinear ring
resonator. The device works based on asymmetrical coupling
between waveguide and ring resonator by changing its oper-
ating frequency for forward and backward direction using
Kerr effect. They have achieved a contrast ratio of 57% for
backward and forward propagation. Moreover, E. N. Bulga-
kov et al. [47] have proposed L-shaped optical diode which
is based on one nonlinear Kerr micro cavity with two dipole
modes. Different coupling of the dipole modes makes the
structure asymmetric. With the help of input signal power
or input signal frequency, the direction of the diode is con-
trolled. In same line, Rostamia [48] has proposed a nonlinear
optical isolator (piecewise linear) based on array of two-port
nonlinear ring resonators. The coupling coefficient and ring
length have been used for controlling the threshold and the
slope of linear part. The device offers 30 dB isolation at
the frequency of 3 THz and insertion loss less than 1 dB.
The footprint of the device is reported as 0.2 mm?. Addi-
tionally, Chen Wang et al. [49] have projected linear silicon
PhC slab heterojunction isolator having slab thickness of
200 nm. Their reported device has forward transmissivity
greater than two order round trip transmissivity for the in-
plane infrared light across the structure at the wavelength
and bandwidth of 1550 nm and 50 nm, respectively.

The above limitations of the reported isolator have moti-
vated authors to design an optical isolator in linear opti-
cal domain. In this context, an optical isolator based on
purely linear photonic crystal platform has been proposed
in this paper. The light beam interference phenomena have
been exploited for the operation of the proposed isolator.
A 180-degree phase shifter has been introduced in the
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input—output waveguide which plays the key role to make
constructive/destructive interference between input/output
signal and bias signal.

The rest portions of the article are arranged by maintain-
ing a sequence, which are as follows. In Sect. 2, the detail
design procedure of the proposed optical isolator has been
discussed. Moreover, the band diagram of the photonic crys-
tal in non-defect mode as well as guided band diagram of the
defect mode of the photonic crystal has been presented in the
same section. Followed by design procedure, the simulation
results of the proposed device have been analyzed in Sect. 3.
Few performance metrices have also been discussed in the
same section. Finally, the conclusion of the proposed work
has been written in the last section of the article.

2 Architectural Design of the Device

Here, the schematic design of the proposed optical isolator
and band diagram of the photonic crystal structure (where
the proposed device has been designed) have been discussed
in details. A two-dimensional, rods-in-air of square lat-
tice PhC platform has been chosen to design the proposed
isolator.

The device is composed of an array of 25 X 18 silicon (Si)
rods with lattice constant (a) of 540 nm, which is equivalent
to foot print of 131 pm?. The refractive index of the silicon
rods and their radius are considered to be 3.46 and 120 nm,
respectively. The proposed isolator is having two waveguides
(which are formed by removing rods in I'-X direction of
PhC); the horizontal waveguide is used for propagation of
input and output signals whereas the vertical waveguide is
used for bias signal, as shown in the Fig. 1. The vertical
waveguide meets the horizontal waveguide at a junction and
forms a T-shaped structure. Moreover, a n-phase shifter [50]
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Fig.1 Two-dimensional schematic representation of proposed optical
isolator
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Fig.2 (a) Band diagram representation of non-defect PhC. (b) Guided band diagram representation of defect mode PhC

has been introduced in the horizontal waveguide (right side
of the junction) by removing three rods from both the sides
of the waveguide and four corner rods of the phase shifter
unit have been shifted away from the waveguide by period/2
in I'-M direction (diagonally). Additionally, to control the
propagation of bias signal, a cavity has been created at the
top of the junction by removing four rods and diameter of
a rod (which is placed at the top portion of the cavity) is
optimized as 90 nm as shown in Fig. 1.

Applying plane wave expansion (PWE) algorithm [51],
the band diagram of the non-defect PhC structure has been
calculated, which is shown in Fig. 2a. It is observed from
Fig. 2a that the complete photonic band gap (PBG) is found
in transverse magnetic (TM) mode with the normalized fre-
quency of 0.26 to 0.4 a/A which are equivalent to the wave-
length range 1350 to 2076 nm. No such band gap has been
obtained in transverse electric (TE) mode. Similarly, the
projected band analysis of the PhC in defect mode has also
been done by applying PWE algorithm, as shown in Fig. 2b.
From Fig. 2b, it is noticed that the guided band of the defect

Output Power (a.u.)

mode of the PhC exhibits (in TM mode) almost within the
entire photonic band gap.

3 Simulation Results and Performance
Analysis

The simulation of the proposed device has been carried out
by using finite difference time domain (FDTD) [52] method
to analyze the electric field distribution within the waveguide.
A monochromatic continuous wave (CW) of normalized fre-
quency 0.349 (a/A) (equal to 1550 nm wavelength) is used to
operate the device. The unidirectional function of the pro-
posed device has been realized by introducing the n-phase
shifter and the cavity within the waveguide. A CW optical
signal with half of unity power has been applied at the bias
port to make interference with the signal coming from input/
output ports of the device. Three possible operating condi-
tions of the proposed isolator are discussed as follows:

0.20
0.11 of Bias Power
0.16- at Input Port
0.08- = f
0.041 0.09 of Bias Power
at Output Port
0.00 T T T .
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Fig. 3 (a) Electric field propagation profile through the waveguides. (b) Graphical representation of TM signal power, when only bias signal is

applied in the device
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For the first case, only a Gaussian TM-polarized optical
signal (bias) is launched at the bias input as shown in Fig. 3a.
The amplitude and phase of the signal are considered as
0.5Pi (where Pi is considered as power of input signal) and
0, respectively. It can be seen from Fig. 3a that when only
CW bias signal is applied, it is directed toward the cavity at
the top of the structure. A portion of the bias signal is then
reflected back from the cavity, which is directed toward bias
input ports. As a result, the destructive interference occurs
at the junction between forward propagating bias signal and
backward propagating bias signal. Therefore, negligible
amount of signal 0.11Pi and 0.09Pi powers (11% and 9%)
appeared at input port and output port, respectively, which
is shown in Fig. 3b.

Secondly, a monochromatic continuous wave (CW) with
unity signal power excited to the input port along with bias
signal. In Fig. 4a, the corresponding electric field propaga-
tion profile is shown, which shows that at junction, the signal
from the bias meets with input signal and makes constructive
interference as they are on same phase. The signal power at
the output port has been calculated as 1.05Pi, as shown in
Fig. 4b. This signifies that, during forward propagation, the
proposed isolator provides substantial high optical power at
the output port.

Fig.5 (a) Electric field
propagation profile within the
waveguides. (b) Graphical
representation of TM signal
propagation, when signal is
applied at the output port along
with bias signal

()
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Finally, the schematic illustration of the state in which
optical signal is applied from output terminals is depicted in
Fig. 5. When the optical signal passes through the n-phase
shifter, it changes the phase by 180 degrees of the signal.
From Fig. 5a, it can be viewed that, after passing through the
n-phase shifter, it reaches the junction and meets with bias
signal with out-of-phase which occurs destructive interfer-
ence between them. As a result, a negligible optical power
of 0.09Po (where Po is considered as signal power is applied
at the output port) appeared at the input port as shown in
Fig. 5b. This signifies that, during backward propagation,
the proposed isolator provides negligibly low optical power
at the input port.

The results of the simulation are summarized in Table 1,
where three different working states for the proposed struc-
ture have been considered. When only bias signal is ON, the
output port as well as input port is OFF and signal power
at the output and input are 0.09Pi and 0.11Pi. When input
is ON, then the output power is 1.05Pi which implies that
output is ON. At last, when signal is applied at output port,
then the input power is 0.09Po which is considered as OFF.
Comparing these results with the truth table of isolator/
diode confirms that the proposed structure can be operated
as an all-optical isolator. However, several performance
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Table 1 Input/output power and logic level representation

Input operating conditions Output condition

Bias Input Output Input Output
0.5(ON) 0 (OFF) 0 (OFF) 0.11Pi (OFF)  0.09Pi (OFF)
0.5(ON) 1Pi(ON) 0 (OFF) — 1.05Pi (ON)
0.5 (ON) 0 (OFF) 1Po (ON)  0.09Po (OFF) —-

parameters of the proposed isolator have been analyzed,
which are discussed in the subsequent subsections.

3.1 Power Variation

In case of forward propagation of the proposed device, the
signal power has been measured at the output port. Initially,
the power of bias signal has been fixed as half of unity power
(0.5Pi), then the signal power at the input port has been var-
ied from null (OPi) to 1.5Pi, as shown in Fig. 6. Very inter-
esting phenomenon has been observed while determining the
output power by increasing the input power from O to 1.5Pi
that the power at the output port increases/decreases with
equal proportion of the input signal. For example, if half of
unity power (0.5Pi) is applied at the input port, then approxi-
mately same amount of power is received at the output port.
Therefore, from this observation, it can be concluded that
the power of bias signal does not affect the power level of
the output signal.

3.2 Transmittance

The transmittance of the proposed isolator has also been cal-
culated for both the operating conditions, which are depicted
in Fig. 7. Transmittance of an optical device/switch is con-
sidered as the obtained output power with respect to various
input wavelengths. In Fig. 7a, the transmittance of the device
at the output port (forward propagation) has been shown
with input signal wavelength range of 1200 to 1800 nm. It
is observed from the figure that the maximum transmittance

0.0 0.3 0.6 0.9 1.2 L5
Input signal Power (a.u.)

Fig.6 Change of output power with respect to input power
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Fig.7 Transmittance of proposed isolator at (a) forward propagation
condition and (b) backward propagation condition

is obtained at 1550 nm wavelength. Moreover, Fig. 7a shows
that the proposed device exhibits approximately unity trans-
mission in forward propagation in the range of 1530 to
1580 nm of input signals. Therefore, this signifies that the
proposed device offers the bandwidth of ~6.2 THz.

On the other hand, the transmittance characteristics of
backward propagation of the proposed device have also been
analyzed. Figure 7b depicts that the transmittance of 0.1 has
achieved at 1550 nm wavelength. Moreover, from Fig. 7b,
it is observed that in backward propagation, the proposed
device also offers substantial low transmittance in the range
of 1530 to 1580 nm of input signals. Therefore, the above
analysis of the device proves that the proposed device offers
a wide bandwidth of ~6.2THz (with center wavelength of
1550 nm) for the propagation of both directions.

3.3 Contrast Ratio

The contrast ratio is one of the crucial parameters for exam-
ining the performance of the device. The noise margin of a
device is directly proportional to the contrast ratio whereas
bit error rate (BER) is inversely proportional to it. Hence,
the channel performance of the device would be improved by
increasing contrast ratio. Therefore, for better performance
of the device, always a high contrast ratio is expected. The
definition of contrast ratio is considered as a ratio between
the power at ON state (logic-1) and OFF state (logic-0).
Mathematically, the contrast ratio is expressed as follows:
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Contrast Ratio = 1010gi

Py

where P1 is considered as signal power level at ON state

and PO is considered as the signal power levels at OFF state.
ON state and OFF state power levels of the device have

been measured and tabulated in Table 1 as 1.05Pi and

0.09Pi, respectively. By applying the above expression, the

contrast ratio of the device has been calculated as~ 10 dB.

3.4 Comparative Study

Table 2 is organized to present a comparison between some
previously reported optical isolators with the proposed one.
The comparison encompasses different types of materials/
platforms, including PhC, which have been used for design-
ing isolators. Attributes for the comparison are considered
as whether the model operates on the principle of linear or

Table 2 Comparative report on some optical isolator

nonlinear optics, footprint of the design, minimum (thresh-
old) power required for operation, contrast (isolation) ratio
between the powers of the states of the output, and the
transmittance at the allowed states. The first two entries in
the table [44, 53] are reports where MZIs, phase modula-
tor, polarizer, and/or sampler has been used to design isola-
tors. Although these designs offer significantly high con-
trast ratio, the optical components used in these designs are
having large footprint (in the range of millimeters). Hence,
these designs are not suitable for dense integration in PICs.
On the other hand, spin-Hall effect of light in Ce: YIG film-
based magneto optic material has been used in [54] to design
an isolator that provides a contrast ratio of 20 dB. Also,
polariton graphene-based topological optical isolator has
been designed in [55], which gives a tremendous contrast
ratio, i.e., 49 dB. However, in spite of their fabulous per-
formance, integration of these devices in silicon photonic-
based PICs becomes quite challenging due to the typicality
of the used materials. In contrast, compared to the aforesaid

Ref Platform/material  Linear/nonlinear Principle/topol-  Footprint Threshold Power Contrast Ratio Transmission
used ogy/tool adopted
[44] Bismuth, lutetium, Linear Nonreciprocal 8 mm long wave- _— 19 dB —_
and neodymium- interference guide, 24.4um
iron garnet using Mach— arm separation
film on GGG Zehnder inter-
substrate ferometer
[53] Indium phosphide Nonlinear Two-phase 800umx2.06 mm  —- 11 dB (Isolation) —-
(InP) substrate modulators in (approx)
series
[54] Ce: YIG film —_— Spin-Hall effect — —_— 20 dB (isolation —-
of light ratio)
[55] Polaritongraphene —— Quantum 40 pym long — 49 dB (isolation —
lattice anomalous ratio)
Hall effect
[47] PhC (rods-in-air)  Nonlinear Asymmetric 30 um? (approx) — — 90% (forward
PhC L-shaped transmission)
waveguide
with a single
nonlinear
microcavity
[46] PhC (rods-in-air)  Nonlinear Nonlinear ring 24 X 24 matrix 2.69GW/cm? 57% contrast —_
resonators
[56] PhC (rods-in-air)  Nonlinear Asymmetric 10 x 18 matrix 0.5mW/um —_ Above 90%
coupling by (forward
Fano-cavity transmission)
and F-P cavity
[57] Heterostructure PhC  Linear Directional band 21 um? (approx) — 28 dB (approx)  60% forward
lattice containing gap mismatch/ transmis-
rectangular metals the self-colli- sion, 0.1%
and air holes mation effect backward
transmission
This PhC (rods-in-air)  Linear Light beam 131 pmz —_— 10 dB (contrast —
Work interference ratio)
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designs, PhC-based designs are much simpler to integrate
with PICs using the very same CMOS fabrication process
technologies that are used to design silicon-based photonic
and electronic devices. Thereby, PhC-based components,
aided by their inherent abilities to control optical signals in
sub-wavelength scale, have been observed to play important
role in PIC design. Also, in the present context, linear and
nonlinear optical interactions in PhCs have been used for
designing isolators. Some nonlinear PhC-based designs [47,
56] have been seen to provide very high forward transmis-
sion, and the size of the devices is significantly small as well.
However, high input power (threshold power) is needed for
proper functioning of a nonlinear device. On the contrary,
one linear optical phenomena-based isolator model [57],
whose operations are not constrained by a threshold power,
have been designed within small footprint areas. But the
forward transmittances in the design are insufficient and,
hence, incur a huge loss when integrated in a PIC. Moreo-
ver, most of the designs are purely two dimensional; i.e.,
the third dimension (normal to the plane of the periodicity
of the crystal) is considered as indefinitely extended, which
is quite impractical. On the other hand, the proposed isola-
tor is designed in a 3D PhC platform considering all the
abovementioned facts, such that concern of practicality gets
alleviated. Moreover, the linear optics-based operational
regime of the proposed isolator removes the requirement
of any threshold power. Not the least, the reasonably good
isolation (contrast ratio) and small footprint of the isolator
keep it ahead of several designs in the context of its integra-
tion to silicon-based PICs.

4 3-Dimensional Design and Analysis
of 3D-FDTD Simulation

A physical device should have finite values in all the three
directions. Thereafter, the performance of proposed optical
isolator has also been analyzed with a finite slab height of
5 um. The 3-dimessional design of the device is shown in
Fig. 8, where the height of all the rods has been chosen 3 pm.
All these rods (3 um) are having three layers, where each top

Fig.9 (a) Electric field

Ri=3.42

Bias

Fig.8 Schematic representation of proposed device in 3-dimenssional
finite slab height

and bottom layers of each rods are 0.5 um (500 nm) long
and the middle layer is 2 pm long. To maintain the vertical
symmetry of refractive index of the photonic crystal slab, the
refractive index profile of all three layers of each rods has
been into consideration. The top and bottom layers of a rod
are having refractive index of 1.5 whereas the middle layer
has refractive index of 3.42. Moreover, to make the device
mechanically stable, all the multilayer rods are placed on a
silica slab (SiO2), of refractive index 1.5 with a thickness
of 2 um.

3D-FDTD algorithm has been applied to observe the elec-
tric field propagation profile and to analyze the performances
of the device. Propagation profiles of the device for differ-
ent input combination, such as no input condition, forward
propagation, and backward propagation of the device, are
chronologically depicted in Figs. 9—11. Figure 9 depicts the
electric field propagation profile of the device when only bias
signal is applied. From Fig. 9b, it is observed that only 12%
and 10% of unit powers appeared at the input and output port,
respectively, which are almost equal compared to their two-
dimensional simulation counterpart. The simulation result
also helps to calculate the steady-state time of the proposed
device. Moreover, the simulation result has also been ana-
lyzed when monochromatic (1550 nm wavelength) CW is
applied at the input port along with bias signal as shown in

Contour Map of Ey at Y=0
propagation profile through ° °
the waveguides. (b) Graphical
representation of TM signal
power, when only bias signal is
applied in the device with finite
slab height structure
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Fig. 10 (a) Electric field
propagation profile within the
waveguides. (b) Graphical
representation of TM signal
propagation, when signal is
applied at the input port along
with bias signal in finite slab
height structure
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Fig. 11 (a) Electric field
propagation profile within the
waveguides. (b) Graphical -
representation of TM signal 2
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applied at the output port along .
with bias signal in finite slab =
height structure
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Fig. 10. From Fig. 10b, it is observed that in forward propa-
gation, the device delivers approximately unit power at the
output port. Finally, the monochromatic continuous optical
signal is applied at output terminal along with bias signal.
The electric field propagation profile of the same is depicted
in Fig. 11. The Fig. 11b shows that in backward propagation,
almost negligible amount of optical power arrives at the input
port. The 3D-FDTD simulation results, for three different
combinations, prove that the signal powers are obtained at
desired output ports in 3D structure of the device which are
equal compare to its 2D simulation counterpart. Therefore,
the above 3D simulations prove that the proposed device is
practicable for future generation photonic application.

Nevertheless, the CMOS fabrication procedure has become
matured enough; therefore, the fabrication of this structure has
now become feasible. Although there are several techniques
for fabrication of PhC structures, the process technology for
the proposed multilayer 2D PhC rods-in-air structure may
be realized following the similar procedures as described in
[58-61]. The process can be generalized as follows.

e Generation of SiO, layer (bottom layer) on silicon
wafer by oxidation.

e Deposition of Si layer (middle layer) by MBE/PECVD.

e Deposition of photoresist for patterning.
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e Sputter deposition of SiO, layer (top layer).

e Deposition of photoresist.

e Definition of the design (PhC structures) using e-beam
lithography followed by development and lift-off.

e Etching of the structures using RIE/DRIE.

e Resist ashing and cleaning.

5 Conclusion

In this paper, a new design of all optical isolator has been
proposed in 2D silicon square lattice of rods in air struc-
ture. The operating principle of the device is based on
optical beam interference. The device has been designed
for the standard wavelength of optical communication, i.e.,
1.55 um. In the worst case, the device is capable to offer
a contrast ratio of 10 dB. Moreover, the device provides a
substantial high bandwidth of ~6.2 THz around 1.55 pm
optical wavelength. The 3-dimenssional structure of the
device has also been designed and the performances have
been evaluated, which is almost similar to its 2-dimen-
sional counterpart. The 3D simulation results indicate
that this device is suitable for next-generation optical chip
design.
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