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Abstract: We experimentally demonstrate a silicon chiral mode switching device by dynamically
encircling exceptional point at 2 jum waveband, with high purities (> 95%) for both TE, and TE;
modes in a broad bandwidth (85 nm).

1. Introduction

The non-Hermitian system containing open boundaries has attracted attention in quantum mechanics,
thermodynamics, acoustics, and optics, due to their novel physical phenomena, such as exceptional point (EP) [1,
2]. EPs are the degenerate singularities of the eigenvalues in a non-Hermitian system. In photonics, a wide range
of optical configurations tailoring gain and loss, including microcavities [3], gratings [4], coupled waveguides [5],
and photonic crystals [6], have been presented to provide diversified intriguing effects of EPs such as topological
light control [7], sensing enhancement [8], and chiral mode switching [9].

Among them, chiral mode switching has been theoretically and experimentally verified in recent works [9-11].
For these devices, the mode state of the output port only depends on the encircling direction (clockwise and
anticlockwise) rather than the input mode. Encircling a moving EP is proposed to shrink the adiabatically
changing structure [10]. Then, a new encircling-EP paradigm containing Hamiltonian hopping overcomes path-
dependent losses, to enable ultra-high efficiency chiral mode switching [9]. To further shorten the device length,
fast parametric evolution along the parameter space boundary of the system Hamiltonian can obtain a more
compact structure [11]. Note that these reported chiral mode switching devices are developed in the silicon
photonics platform for the telecommunication wavelength. Besides, the 2 m waveband recently attracts more
attention for many important applications. However, enabling high-performance chiral mode switching devices at
2 pm is still a great challenge.

In this paper, we propose a novel silicon structure of high-performance chiral mode switching at 2 pm
waveband for the first time by using the double-coupled photonic crystal waveguide. In the non-Hermitian
system, the tailored loss is from the reflected loss of the photonic crystal waveguide, which could be adjusted by
changing the diameter of the nanohole. Numerical simulation results show that the presented silicon chiral mode
switching device has high performance in mode purity ( > 98.7%), transmission efficiency ( < 0.6 dB), and broad
bandwidth (> 500 nm). The chiral mode switching device with favorable performance has been fabricated in the
standard silicon photonic platform and provides the basis for high-performance chiral transmission devices (such
as optical isolators, optical switches, and optical logic gates).

2. Design and simulation
2.1 Structure design

Fig. 1 illustrates the schematic of the proposed chiral mode switching device, which includes two silicon coupled
photonic crystal waveguides. Each photonic crystal waveguide is a silicon-on-insulator (SOI) strip waveguide
with a series of nanoholes. Here, we choose the SOI wafer with a 340-nm-thick top-silicon layer, a 2-pm-thick
buried-oxide layer, and a 1.5-pm-thick silicon dioxide (SiO2) upper-cladding. The width of the input waveguide
(Wein = 1.25 pm) is equal to the width of the output waveguide (Wgoutr = 1.25 pm). The 1.25-pm-width
waveguide supports two modes (TEo, mode and TE; mode) with low loss. The widths of two different photonic
crystal waveguides Wy and Wp are:

w, —Aw *sin [ (x —0) z/40] (0 < x < 40) w, (0<x<67)
W,,, =W, —Aw*cos[(x—40) 7/80] (40 <x <60) W, =< W, —Aw=sin[(x—67)z/40] (67 <x<87) (1)
w, (60 < x <127) w, — Aw * cos[ (x —87) z/80] (87 < x <127)
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where wo is 0.6 um, and Aw is 0.1 pm. x is the propagation distance increases from O pm to 127 pm. The pitch of
the upper photonic crystal waveguide Ay keeps the constant of 0.2 pm, while the pitch of the down photonic
crystal waveguide Ap and the gap d of two waveguides are varying, which can be given by the following
equation:

d, +d, *[(X—O)/2O]2 (0 < x < 40) 0.2 um (1<n<200,291<n <490)

0.3 um (201<n <208, 283 < n < 290)

0.4 um (209 < n <216, 275< n < 282)

d, =1d,+2*d (60<x<67) A, = )
0.5 um (217 < n < 224,267 <n<274)

0.6 um (225 <n < 232,259 < n < 266)

d, +d, «{1-[(x~87)/40]'} (87 <x <127) 0.7 um (233 < n < 258)

d, +d, *{1+[(x—40)/2o]2} (40 < x < 60)

d, +d, «{2-[(x~67)/20] | (67 < x <87)

where dp is 0.05 jum and dj is 0.75 pm. n is the serial number of the corresponding nanoholes. The Dy and Dp are
the diameters of photonic crystal nanohole for two waveguides. The duty cycles (fu = Dy / Au, fo = Dp / Ap) is
0.5.
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Fig. 1. Schematic of proposed silicon double-coupled photonic crystal waveguides. The device has a 340-nm-thick height and is covered by a
1.5-um-thick SiO; layer. The width of the input waveguide (Wen) is equal to the width of the output waveguide (Wgout). Wux) and Wpx, are
the widths of two different photonic crystal waveguides. The Ay and Ap are the pitches of photonic crystal waveguides. The Dy and Dp are the
diameters of photonic crystal nanoholes for two waveguides. The dy is the gap of two waveguides.

2.2 Numerical simulation
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Fig. 2. Simulated normalized electric field distributions at 2 um waveband, when TE, mode inputs from the left port (a) andgrig;‘ht) port (b),
respectively. Calculated results for the TE; and TE; modes at the output port cover an ultra-broad wavelength range of 1.75-2.25 pm,
including (c) transmittance spectra and (d) mode purities.

For the designed chiral mode switching device, a three-dimensional finite-difference time-domain (3D-FDTD)
method is used to implement the numerical simulation of light propagation. Fig. 2(a) and (b) show the simulated
normalized electric field distributions at 2 um waveband, when TEo mode inputs from the left port and right port,
respectively. One can see that when the TEo mode is input from the left port, the mode of the output port is TEg
mode. While the TEo mode is incident from the right port, the mode of the output port is TE: mode. Fig. 2(c) and
(d) display the calculated transmittance spectra and mode purities in an ultra-broad wavelength range of 1.75 -
2.25 pm, respectively. The presented chiral mode switching device could achieve high efficiency of < 0.6 dB and
high purities of > 98.7% covering a 500-nm wavelength range.

3. Fabrication and characterization

The designed device is fabricated by utilizing the standard CMOS-compatible fabrication process. The layout
pattern is defined using electron-beam lithography (EBL) and inductively coupled plasma (ICP) etching. After
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that, the grating couplers are shallowly etched down normally 150 nm by another EBL and ICP. Finally, the
PECVD (plasma-enhanced chemical vapor deposition) is used to deposit a 1.5-pum-thick SiO, upper cladding on
the top of the devices. Fig. 3 (a)-(e) show the microscopy images and SEM image of the fabricated high-
performance chiral switching device and their test structures, including grating, mode (de)multiplexer, mode
(de)multiplexer and chiral mode switching structure, and zoom-in view of chiral mode switching structure.
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Fig. 3. Microscopy images of the fabricated high-performance chiral switching device and test structures, including (a) grating, (b) mode
(de)multiplexer, (c) mode (de)multiplexer and chiral switching structure, and (d) Zoom-in view of chiral switching structure. (¢) SEM images
of photonic crystal waveguide. Experimental results of the fabricated chiral switching device: (f) transmission spectra, and (g) mode purities.

A 2-pm broadband light source is used as the source and an optical spectrum analyzer (OSA, Yokogawa
AQ6375B) is applied as the receiver for the measurement of the transmission spectra at the grating output port.
Fig. 3(f) and (g) show the measured transmission spectra and mode purities of the fabricated chiral switching
device, respectively. When the TEq mode is injected into the left port, the mode of the right output port is TEg
mode with a high purity of > 95%. While the TE; mode is launched from the right port, the mode of the left
output port is TE; mode with a high purity of > 96% and near-unity transmission efficiency in the wavelength
range of 1.945-2.03 um. The performance of the chiral mode switching device could be improved in the future by
further optimizing the fabrication process.

4. Conclusion

In conclusion, a silicon chiral mode switching device at the waveband of 2 pm has been proposed and
experimentally demonstrated by utilizing a double-coupled photonic crystal waveguide. The nanohole of the
photonic crystal waveguide could be changed to adjust the reflected loss of the waveguide. As a result, the mode
states of the output port are different when TEo mode is launched from the left or right ports. Simulated results
show that such a chiral mode switching device achieves high mode purities of > 98.7% around a bandwidth of
500 nm. The experimental results have shown that the fabricated device has high mode purities of > 95% within
the wavelength range of 1945 - 2030 nm. To the best of our knowledge, this is the first high-performance silicon
chiral mode switching device working at the waveband of 2 pm. Such device paves the way towards high-purity
and ultra-broad chiral transmission devices for a wide range of practical applications at the emerging 2 pm
waveband.
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