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Fig. 1

Schematic of the proposed non-volatile polarization-insensitive silicon-based 1X2 optical mode switch using phase-change

materials
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Fig. 2 Proposed polarization beam splitter/combiner. (a) Schematic of structure; (b) cross-sectional view
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Fig. 3 Optimization of structural parameters of proposed polarization beam splitter/combiner. (a) (b) Polarization extinction ratio and
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Fig. 4

Performance of the desinged polarization beam splitter/combiner. (a) Polarization extinction ratio as a function of the

wavelength; (b) insertion loss as a function of the wavelength
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Fig. 5

Directional couplers with phase-change materials operating in the TE, or TM, modes, which are respectively named as

DCPCM TE and DCPCM TM. (a) (c) Schematics of structures; (b) (d) cross-sectional views
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Fig. 6 Coupling efficiency and transmission efficiency of the proposed directional couplers changing with the length L, or L.

(a) Coupling efficiency and transmission efficiency of DCPCM _TE changing with the length L,; (b) coupling efficiency and

transmission efficiency of DCPCM _TM changing with the length L,
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Transmission spectra of designed polarization-insensitive silicon-based crossing waveguide. (a) Transmission spectra when

input TE, mode; (b) transmission spectra when input TM,mode
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Fig. 13 Simulated lightpaths in the designed non-volatile polarization-insensitive silicon-based 1X2 optical mode switch using phase-

change materials at a wavelength of 1550 nm. (a) Simulated lightpath in the designed device when the TE, mode is input and

Ge,Sh,Te; is in the crystalline state; (b) simulated lightpath in the designed device when the TE, mode is input and

Ge,Sb,Te; is in the amorphous state; (c¢) simulated lightpath in the designed device when the TM, mode is input and

Ge,Sh,Te; is in the amorphous state; (d) simulated lightpath in the designed device when the TM, mode is input and

Ge,Sh,Te; is in the crystalline state
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Temperature changing with the time. (a) Temperature changing with the time in the crystallization process of Ge,Sh,Te;;

(b) temperature changing with the time in the re-amorphization process of Ge,Sh,Te;
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Table 4 Adopted material parameters in the simulation

Material Si* Si0,' ITO™ Am-GST™! Cr-GST™
Density /(kgem ") 2330 2200 7100 5900 6300
Thermal conductivity /(WemK™") 149. 00 1.38 11.00 0.27 0.91
Thermal conductivity /(Jkg K ') 720 740 1290 212 212
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Fig. 16 Insertion loss and crosstalk of the designed non-volatile polarization-insensitive silicon-based 1X 2 optical mode switch using
phase-change materials changing with AW or Ah. (a) Insertion loss changing with AW; (b) crosstalk changing with AW;

(¢) insertion loss changing with AA; (d) crosstalk changing with A/

AEFE R Ge,Sh,Se, Te Bl B B9 AE 55 2k Mk 5L i i A RO AR08 T A1 S $1 8E Ge,Sb, Tes il B 19 AF 55 2k P ik
IX2BEAOETF R M TERENS LUt Bl e MR STTRI AR IR AU I BAOET 6. Wit Rk AR B A
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Table 5 Performance comparison of two non-volatile polarization-insensitive silicon-based 1< 2 optical mode switches

Type State Input mode Insertion Crosstalk /dB
loss /dB
Amorphous TE, 1.13 —14.94
Proposed non-volatile polarization-insensitive silicon-based 1X 2 Amorphous ™, 1.07 —20. 15
optical mode switch utilizing Ge,Sb,Te; Crystalline TE, 0.93 —29.86
Crystalline T™, 1.32 —19.44
Amorphous TE, 0.85 —19.87
Proposed non-volatile polarization-insensitive silicon-based 1X 2 Amorphous M, 0.76 —23.74
optical mode switch utilizing Ge,Sh,Se, Te, Crystalline TE, 0.67 —33.21
Crystalline T™, 0.95 —23.83
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Non-Volatile Polarization-Insensitive Silicon-Based 1X2 Optical Mode
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Abstract

Objective The development of multi-core processors has greatly relieved the pressure of data processing. However, the
capacity requirement for data transmission and exchange is still a challenge. Multi-dimensional multiplexing technologies
are explored to meet the growing bandwidth requirements and provide a promising solution to address such a challenge.
Among these technologies, mode division multiplexing in which each guided mode acts as an independent data channel has
attracted much attention. Silicon-based optical mode switches are indispensable for reconfigurable on-chip mode division
multiplexing. Previously, these switches have been demonstrated by a Y-junction combined with a multimode interference
coupler and phase shifters, Y-junction couplers combined with 2X2 multimode interference couplers, and microrings.
Although these devices can have good performance, sustained power consumption is required to maintain the switch
states, which means they are volatile. In addition, due to the high refractive index contrast of the silicon-on-insulator
platform, a strong polarization dependence would be formed. Thus, non-volatile polarization-insensitive silicon-based
optical mode switches are highly desired. Owing to their outstanding properties, phase change materials are considered
attractive candidate materials for realizing non-volatile integrated optical devices. To the best of our knowledge, non-
volatile polarization-insensitive silicon-based optical mode switches employing phase change materials are never discussed
before. Therefore, we wish to propose, design, and analyze a non-volatile polarization-insensitive silicon-based 12

optical mode switch using phase-change materials.

Methods The proposed non-volatile polarization-insensitive silicon-based 1X 2 optical mode switch using phase-change
materials is composed of a polarization beam splitter, a polarization beam combiner, two directional couplers with phase-
change materials operating in the TE, and TM, modes, a polarization-insensitive silicon waveguide crossing, and two-
mode converter operating in the TE, and TM, modes. The proposed polarization beam splitter/combiner is based on a
triple-waveguide coupler comprising two silicon waveguides on both sides and a Si-Si;N, hybrid waveguide in the middle.
By optimizing the structural parameters in the coupling region, a low-insertion-loss, and high-polarization-extinction-ratio
polarization beam splitter/combiner can be obtained. For the two directional couplers with phase-change materials, a
tapered silicon waveguide and a Si-Ge,Sb,Te;-ITO hybrid waveguide are employed to form the coupling region. The finite
difference time domain method and particle swarm optimization algorithm are adopted to optimize the coupling region to
obtain low insertion loss and excellent crosstalk. Similarly, the two-mode converters are based on counter-tapered
couplers. With an aim at achieving high conversion efficiency in a wide wavelength range, the corresponding coupling
regions are optimized through the finite difference time domain method and particle swarm optimization algorithm. The
proposed polarization-insensitive silicon waveguide crossing consists of two orthogonal multimode waveguides in which the
input and output tapers are mirror-symmetrical. The finite difference time domain method and particle swarm optimization
algorithm are employed to optimize these tapers and finally realize low insertion loss and excellent crosstalk. As a result, a
non-volatile polarization-insensitive silicon-based 1X2 optical mode switch with good performance can be achieved by

tuning the phase state of phase-change materials.

Results and Discussions The functionality of the designed non-volatile polarization-insensitive silicon-based 1X 2 optical
mode switch is executed well (Fig. 13). When Ge,Sb,Te; is in the amorphous state, the input TE, and TM, modes are
transformed into TE, and TM, modes and emerge from the port output,. The input TE, and TM, modes will propagate
forward and come out from port output,, if Ge,Sb,Te; is in the crystalline state. When the designed device is operating in
TE polarization, the crosstalk is less than —13.12 dB and the insertion loss is smaller than 1. 37 dB within a bandwidth
from 1535 nm to 1569 nm (Fig. 14). For TM polarization, within a bandwidth from 1535 nm to 1569 nm, the designed
device exhibits a crosstalk of lower than — 17. 39 dB and an insertion loss of smaller than 1. 61 dB. The corresponding
fabrication tolerance is also discussed (Fig. 16). The waveguide width variation AW and the variation of Ge,Sb,Te;

thickness Ah exert great influence on the crosstalk and insertion loss of the designed device. Thus, the waveguide width
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and Ge,Sb,Te; thickness should be precisely controlled. Ge,Sh,Se, Te, can be employed to improve the crosstalk and

reduce insertion loss further (Table 5).

Conclusions We propose a non-volatile polarization-insensitive silicon-based 1X2 optical mode switch using phase-
change materials. The proposed optical mode switch consists of a polarization beam splitter, a polarization beam
combiner, two directional couplers with phase-change materials operating in the TE, and TM, modes, a polarization-
insensitive silicon waveguide crossing, and two-mode converter operating in the TE, and TM, modes. The polarization-
insensitive mode switching behavior is realized by adjusting the phase state of phase-change materials. The finite difference
time domain method and particle swarm optimization algorithm are employed to design and analyze the presented device in
detail. For the designed non-volatile polarization-insensitive silicon-based 1X2 optical mode switch using Ge,Sb,Te;,
when the TE; mode is input, the insertion loss is lower than 1. 37 dB and the crosstalk is less than —13. 12 dB within a
bandwidth from 1535 nm to 1569 nm. As the TM, mode is input, the insertion loss is smaller than 1. 61 dB and the
crosstalk is lower than —17. 39 dB within a bandwidth from 1535 nm to 1569 nm. The results can provide references for

optimizing the design of non-volatile polarization-insensitive optical mode switches.

Key words integrated optics; silicon-based photonics; optical mode switch; polarization-insensitivity; non-volatility
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