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Design and Optimization of 2D Photonic Crystal Based Compact All
Optical T Splitter for Photonic Integrated Circuits

Poonam Jindal and Aarti Bansal®

Abstract—An all-optical compact polarization T splitter based on 2-dimensional photonic crystal with
uniform structural and bandgap characteristics is proposed in this paper. A square lattice of silicon
substrate with embedded air holes is used to create the proposed structure. Linear waveguides with
90° bends are created for light propagation by removing a number of holes to build the structure.
Plane Wave Expansion (PWE) and Finite Difference Time Domain (FDTD) methods are employed
for simulating the structure. The transmittance of transverse electric (TE) polarized mode at 1550 nm
is 96%. The structural parameters, such as air hole radius and dielectric constant, are homogeneous
throughout the structure, making production easier and reducing fabrication errors. The proposed
polarization splitter has a simple design with small footprints and high Q factor to meet the demands
of current optical integrated circuits.

1. INTRODUCTION

Photonic crystals (PCs) are tiny artificial structures in which alternate layers of dielectric constant
regulate the flow of light. Photons (light particles) will convey and store data within these structures,
just as electrons do on traditional semiconductor chips [1]. PCs according to researchers will infiltrate
every aspect of electronics, from mobile phones to computers, making them compact, faster, and more
efficient. PCs are a revolution in optical technology and will reduce the size of a wide range of optical
devices by at least 1000 times [2]. PCs will begin enhancing and complementing electrical semiconductor
technologies in less than a decade and may eventually replace them entirely [3]. Electrons are channeled
through electronic gates or transistors when data is transferred on silicon chips. These charged particles
interact with one another in close proximity, generating extreme heat and restricting their movement [4].
On the other hand, PCs, which employ uncharged photons to transmit data, have the potential to
break this barrier. These are highly ordered microstructures like a checkerboard pattern made of semi-
transparent materials like silicon or glass and might resemble a solid box stacked with hollow balls.
Each ball is 1000 times smaller than the hair of a human, with a diameter that corresponds to the
wavelength of light. Like becoming lost in a mirror maze, light shined into the crystal is imprisoned by
its highly structured microstructure but with the insertion of defects, PCs truly sparkle [5]. Altering
ball dimensions or the chemical microstructure of PC creates the defects. These defects operate as
efficient light guides, guiding light along chosen directions. The directed light travels at a far faster rate
than electrons in a semiconductor which results in sophisticated optical features such as light switches,
filters, beam splitters, logic gates, and even mini-lasers [6,7]. Although PCs are theoretically well
understood, producing precisely consistent structures on such small dimensions remains a significant
challenge. Maxwell’s equations are considered for studying propagation of light in periodic structures
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as shown in Eq. (1) [8].

V-B=0 (1)

VD= (2)
0B

VXxE ~ 5 (3)
0B

where B is the flux density, J the displacement vector, p the free charge density, and J the conduction
current. H and F signify the magnetic and electric field vectors, respectively. In various optical
communication systems, adequate functionality and realization of PC based devices with decreased area
and excellent power efficiency are required. Optical filters, multiplexers and demultiplexers, switches,
couplers, power splitters, sensors, flip flops, and various types of logic gates are developed in recent
years using two-dimensional PCs [9-13]. One of the most important optical devices for the development
of photonic integrated chips is power splitter. It is an important component for bridging the gap
between the various sections of an integrated optical device [14]. Many high-throughput power splitter
designs have been presented in recent years [14-17]. Thus, the unique design properties of PC structure
has a great influence on the functionality of power splitters that depend upon lattice parameters and
covers wavelength specific bandgap and fabrication methods. However, the size of these structures for
implementation in photonic integrated circuits is the key restriction, and their capacity to tune to a
single wavelength is an issue. In [18] by Fan et al., TM polarized T waveguide branches in 2D PC of
dielectric rods in air are discussed. A transmission efficiency of 44.4% is achieved by optimizing the
cavity with point defect. In [19] by Gannat et al., Finite Difference Time Domain (FDTD) technique is
employed to design different T splitter configurations. Use of reflectors along with the structure resulted
in a noticeable enhancement in the functioning of the device. A multi-port splitter in the size range of
80-100 um? is designed by Lerer et al. in [20]. T-type, Y-type, and line defect waveguide configurations
integrated with multimode interference (MMI) are reported for telecommunication purpose with a
transmission efficiency of 92.8% for T-type splitter. In [21] by Mohammadi and Mansouri-Birjandi,
cavity resonators are designed among the five ports of a T-splitter to maintain an appropriate separation
between the ports to minimize direct coupling. MMI effect is introduced, and refractive coefficient and
radius of rods in the cavity are varied to obtain high output efficiency. Despite having good transmission
efficiency, the power splitters suggested in the cited publications have certain manufacturing challenges
because of their design complexity [22]. Further, it is observed that the PC splitters devised recently
suffer from large device size, low transmission efficiency, and exhibit operational wavelength in higher
attenuation window [23-26]. In addition, it is seen that some of the designed structures are based on
elliptical air holes that leads to fabrication complexity.
The major contributions of this article are given as follows-

1. A 1 x 2 T splitter is proposed with line defects on a PC based 2D square lattice.
2. The proposed device has ultra-compact dimensions suitable for photonic integrated circuits (PICs).

3. Moreover, the simple and symmetrical design of the proposed splitter results in uniform distribution
of power and leads to low fabrication complexity.

4. The complete methodology adopted to design the optical power splitter is well illustrated in
Figure 1.

5. The designed splitter is highly suitable for implementation in all optical processors and photonic
integrated circuits for uniform distribution of power.

The manuscript is structured as follows. In Section 2, the band diagram and calculation of bandgap
are given. The design of the proposed T splitter is presented in Section 3. Section 4 discusses the results.
Finally, the potential of power splitter in photonic integrated circuit applications is summarized in
Section 5.
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Figure 1. Methodology to design a photonic crystal-based power splitter design.

2. CALCULATION OF BANDGAP

The proposed T splitter is designed using dielectric rods placed in the X-Z direction. It consists of a
silicon (Si) substrate with a refractive index (RI) of 3.1, and air holes are embedded in it with an RI
of 1. The propagation of electromagnetic (EM) modes in the absence of defects for TE polarization
is shown in the band diagram of Figure 2. The dimensional parameters that are considered are the
radius of rods (r), lattice constant of air holes (a) (the distance between the center of two air holes),
and filling factor (r/a). Therefore, the parameter values are 0.2 um, 1 um, and 0.2, respectively. The
investigation of the photonic bandgap (PBG) is done with the plane wave expansion (PWE) method.
The air hole periodic structure is expanded in the Fourier series, and the calculated band gap lies in
the first Brillouin Zone (BZ). In k space I'- and M-K points are used to obtain the values of z-axis, and
normalized frequency (wa/2mc = a/)\) is plotted along z axis. From the combination of Egs. (2) and
(4) wave equation is completely written in H(r) as shown in Eq. (5) [27]:

1 2

Vx5V < HO) = ( ) H(r) (5)
where ¢ = 1/,/opo and is the velocity of light in free space; €(r) is the permittivity of the material;
and w is the angular frequency. All the properties of H(r) are defined by the master equation (Eq. (5))
along with transversality, and the obtained band diagram is actually its solution. The equation explains
the propagation of light inside the periodic structure without significant scattering and results from
Bloch-Floquet theorem [28]. The central wavelength (A.) of the band-gap is expressed in Eq. (6) and
is calculated based on the refractive index and dimensions of the structure. With n;/na, a/b, and the
lattice constant of PC, [ = a + b, the central wavelength can be determined as follows:

2 b l 1
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Figure 2. Photonic bandgap of the proposed 2D square lattice structure of T splitter.
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where nq and ny are the refractive indices, and a and b are the thicknesses of the two dielectric
materials used for designing the 2D crystal. For TE mode, the range of frequency lies between
0.514804 < a/\ < 0.65417 equivalents to wavelength range of 1550 nm < A < 1940 nm that corresponds
to optical communication low loss window. The results demonstrate that the T splitter is perfect for
the third communication window (A = 1550 nm) and is apt for photonic integrated circuits (PICs).

3. T-JUNCTION SPLITTER DESIGN

The PC structure with square lattice is composed of a Si substrate with a periodic array of circular
air holes for designing the T splitter on OptiFDTD software. The number of holes in the ‘X’ and ‘Z’
directions are periodically arranged in a 10 x 10 square configuration array as shown in Figure 3(a).

2D PC lattice consists of a periodic arrangement of holes in ‘X’ and ‘Z’ directions whereas it is
non-periodic in the ‘Y’ direction. The typical examples include: a periodic arrangement of dielectric
rods in the air and air holes spaced in a dielectric block [29]. The performance of the splitter mainly
depends on the geometry and location of the air holes inside the PBG structure. The incident light
reaching the output ports is maximized by varying the radius and RI of the scattering holes. This
structure consists of waveguides with 90° bend in a slab of size 10 um x 10 um as shown in Figure 3(b).
At input port, z and y-oriented plane waves at 1.5 um are coupled to the optimized geometry of the
PC structure. A Gaussian signal given at the input port travels into the waveguide structure.

Output Port 1 .

Input Port

Output Port 2

(b)

Figure 3. Schematic diagram, (a) 10 x 10 structure without defects, (b) T-junction splitter structure
with input and output waveguide.

4. RESULTS AND DISCUSSION

The analysis and modelling of the designed splitter are carried out using the OptiFDTD tool. Plane
wave expansion (PWE) method and Finite Difference Time Domain (FDTD) techniques are employed
to obtain the photonicbandgap and powerspectrum analysis of the proposed splitter. The parameters
considered for simulating the device are given in Table 1. The variation of the air hole radius from
0.5 to 3.2 um results in changes in the wavelength from 1550 to 1940 nm. Thus, the wavelength of the
T-junction moves towards third optical window by increasing the radius of air holes. Moreover, the
symmetry of the structure is another significant parameter in the design of proposed splitter and results
in the same amount of power distribution across output ports 1 and 2 as shown in the contour map of
electric field distribution in Figure 4.
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Table 1. Parameters for FDTD simulation.

Parameters Value
Polarization Transverse Electric (TE)
Operating Wavelength 1.55 um
Mesh size in the X-axis 0.2 um
Mesh size in the Y-axis 0.2 um
Mesh cell count x 225
Mesh cell count z 225
Input Field Gaussian
Boundary condition Perfectly Matched Layers

9.50x102
-~ 7.23x102

5.94x102

4.75x102

3.56x102

2.37x102

1.15x102

1.37x102

0.0 2.5 5.0 7.5 10.0
Z(pm)

Figure 4. Distribution of Electric field (V/m) inside the waveguide structure at 1550nm along z-
direction.

The quality factor is defined as the ratio of centre wavelength (\.) to bandwidth (A)) and expressed
by the Eq. (7) as follows:
Ac

The quality factor and transmission efficiency based on the variations in the radius of holes are plotted
in Figure 5. It is observed from the figure that the maximum value of quality factor and transmission
efficiency are found to be 900 and 96% respectively at the optimum radius of 2 pm.

As the RI of the substrate material changes in the lattice structure from 2.6 to 3.2, the output
wavelength varies from 1554 to 1556 nm and maximum power transmission achieved at 1550 nm for an
RI of 3.1 as illustrated in Figure 6.

The input light is excited from the input port using the control parameters at a specific wavelength.
The transmitted power is determined by integrating the Poynting vector over the output port cells using
Eq. (8) [25].

p- %Re U[E(t) < H(t)] - dA (8)

The output sensitivity is determined by calculating the changes in the per channel wavelength based
on the radius of inner holes using Eq. (9) and is represented in Figure 7.
AN
S=— 9
Ar )
where A indicates the change in the resonant wavelength of the ports, and Ar is the variation air hole
radius [30]. The optimum value of radius of air holes for the highest sensitivity is observed to be 2 pm.
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Figure 5. Quality factor and transmission efficiency for varying radius of the air holes.
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Figure 7. Sensitivity and resonant wavelength variations for different radius of holes.

Light signal of 1 1V is launched into the input port, and the corresponding output power at different
wavelengths is shown in Figure 8.

It is evident that better optical power spitting is obtained at 1550 nm than other wavelengths.
According to FDTD results, the highest transmission at 1550 nm for each port is 97% and 92%. To
overcome the reflections at the boundary, the boundary condition of the perfectly matched layer (PML)
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is employed [31]. All incident energy is absorbed by the PML without being reflected. This made it
possible for field energy that strikes the barrier to escape the domain efficiently. In the simulation, the
PML border condition has a width of 500 nm. The grid sizes (Ax, Az) for FDTD calculations are equal
to 0.02 pm. The stability criteria specified by the inequality must be satisfied by time step in order to
produce precise and stable results [32]:

1
At < (10)
1 n 1

Azr? A2
where c is the velocity of light in free space, and time step At is equal to 0.01ns in Eq. (10).

Fundamentally, the constructive interference is the primary reason that the normalized optical
power is greater than 1.0. It is created under resonance conditions inside the waveguide structure.
Positive interference causes the input light signals (splitting at the junction) to be added in phase,
creating waves with high power at the output ports. Table 2 presents the essential parameters like
operating wavelength and output power of the proposed splitter.

Cc

Table 2. Optical transmission efficiency and quality factor of the proposed two port 2D PC T-splitter.

Output Port | Wavelength (um) | Transmission Efficiency (%)
Port 1 1.55 97
Port 2 1.55 92
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Figure 8. Normalized power transmission variations against wavelength inside the splitter.

As shown in Table 2, output observed at port 1 and port 2 exhibits transmission efficiency of 97%
and 92%, respectively.

Table 3 compares the key parameters (device size, number of ports, wavelength and transmission
efficiency, and type of dielectric) of the proposed structure to the recently presented all-optical splitters
by various researchers.

The proposed splitter exhibits compact footprint as compared to devices presented [24, 26, 33, 34]
and has a better transmission efficiency than devices in [23, 25, 26, 35]. Besides, the device designed in
[23,25] employed elliptical and square shaped rods that are difficult to design and fabricate. Hence,
the designed all-optical compact two-port splitter has very desirable line width, spacing between the
channels, transmission efficiency, and quality factor compared to the devices proposed in the literature
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Table 3. Comparison of the proposed all-optical compact two-port T splitter with the reported ones.

Devi Tr P
e.v1ce Number | Wavelength ansr'nlssmn Type of e .
References size Efficiency . . | Findings
2, | of Ports (pm) dielectric
(um?) (%)
e Fabrication is more challenging
Yong-F G Elliptical 1 ipti
ong-Feng Gao . 9 150.9-153.7 < 90 iptica and complex for elhptlcaI. rods
et al. [23] rods e Increased design complexity
e Limited wavelength range
e Decreased Compactness
S. Geerth Circul
¢ efr[zz]na 315 2 1.99 - -1r(;1u lar o Added Fabrication Complexity
. ir 3
eva arhioles g Enhanced Material Requirements
. Circular | e Unsymmetrical structure
Dan Liu T
84.6 2 1.55 94.9 and square| e Complication in
et al [25] . . . .
air holes design and simulation
. o Circular | e Low transmission efficiency
T. Sridarshini . . .
tal. [26] 109.35 2 1.49 87.12 dielectric | ® Narrow operating
et al.
rods wavelength range
Circular | e Large device size
R. Rajaseka
ajaserar 179 5 1518.4 0.841mW | dielectric
etal. [33] .
rods e Non symmetrical structure
P ingsih 1 i
urnamaningsi 100 8 0.45 i i . Comp e}f design .
etal. [34] e Fabrication complexity
M. Boulesbaa 3 155 92 Circular | e Anisotropic behaviour
etal. [35] ' air holes | o Limited dispersion control
e Symmetrical Structure
e Ultra Compact Dimensions
Proposed 100 9 155 96 g1rcular e Simple De&g.n with
Structure air holes low complexity
e Structure with uniform
air hole radius

[23-26,33-35]. Thus, the designed device is well suited for photonic integrated circuit applications.
Further, such devices based on photonic crystal technologies are targeted to make a huge impact on
the chip fabrication industry by replacing traditional chips with ultra-compact photonic chips with fast
processing capability. Some of the challenges to develop such devices are fabrication compatibility with
standard CMOS processes, low insertion loss, scalability, and nano fabrication methods.

5. CONCLUSION

This paper presents the structural design for a 2D PC T-splitter. The layout of the proposed optical T-
splitter consists of a square lattice with air holes etched on a silicon chip. Also, line defects are introduced
by removing air holes in the input and output part. This is done in order to divide power into two output
ports and reduce radiation losses. The bandgap and normalized power distribution are then calculated
using the PWE and FDTD method. The simulation results depict that the proposed splitter has
ultra-compact dimensions and high transmission efficiency of 96%. Thus, the simple and symmetrical
structure of the splitter is highly suitable for optimal utilization in optical communication and photonics
integrated circuits. Moreover, devices utilizing photonic crystal technologies have the potential to
revolutionize the chip fabrication industry by replacing conventional chips with extremely compact
photonic counterparts possessing fast processing capabilities. Additionally, these power splitters are
critical components of photonic integrated circuits, which are used in wavelength-division multiplexing
(WDM) systems, optical switches, and routers, among other applications for optical signal processing.
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