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Abstract SiN-based mode-size converter with high coupling efficiency and low
polarization loss has been designed, in which length is 98.7 wm. The simulated
coupling efficiency for TE mode is 87%, and the simulated coupling efficiency for
TM mode is 81%. It is polarization-insensitive when the converter coupled with
single-mode fiber at the wavelength of 800 nm. For both TE and TM mode, the 1-dB
bandwidths are 34 nm and 32 nm, respectively, and the alignment tolerance for 1-dB
excess loss is 0.8 pm in the horizontal and vertical directions. The core part of
converter is supported with SiO, beams to prevent light leaking from the substrate,
and this converter can compress spot and couple it into the SiN waveguide effectively
and smoothly.

Keywords Silicon photonics - Single-photon communication + Mode-size
converter

1 Introduction

Quantum communication is one of the most popular research areas in the world, and
single-photon detectors are the core components for implementing quantum telepor-
tation systems which are based on single-photon transmission. Si is a good choice
for the preparation of detectors, but the absorption coefficient of Si is higher at the
wavelength of 800 nm, which is not conducive to the transmission of signals, but the
transmission loss of silicon nitride at this wavelength is low [1], so SiN is selected as
an optical transmission medium for the on-chip optical path of the quantum optical
communication. When the wavelength is 800 nm, the mode field diameter of the
silicon nitride linear waveguide is very small, and when it is directly coupled with
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the single-mode fiber, a large extra loss may occur due to the mismatch of mode field
diameters. In order to solve the huge coupling loss in direct coupling, scientists have
proposed and produced high-performance converters with high coupling efficiency
and low polarization loss. There are surface coupling based on grating couple and
edge coupling based on inverse taper. In 2011, Fang [2] produced a Si waveguide-
based converter with 1-dB bandwidth of TE and TM modes are more than 120 nm.
Jia [3] uses silicon nitride with refractive index is 1.5 as an intermediate material and
is combined with reverse tapered and cantilever structures to reduce mismatch losses
when coupled with single-mode fiber. In 2015, the IBM [4] made O-band metamate-
rial coupler and transmission loss achieved —1.3 dB between standard single-mode
fiber and silicon nano-waveguide; however, this cantilever-type converter length is
about 875 wm, which is quite long for silicon photonic devices. In 2016, our group
[5] produced cantilever-type converter with good performance such as low coupling
loss, uncorrelated wavelength, and wide bandwidth.

2 Converter Design

As shown in Fig. 1, we have designed a mode-size converter that is tapered in the
horizontal direction. The key structure of the entire converter is supported by SiO,
beams, and this suspended design prevents light signal leaking from the substrate
which reduces coupling loss. Etching only in the horizontal direction makes the
manufacturing steps and processes simpler.

The mode-size converter can be divided into three parts along the propagation
direction. The first part is a SiO; rectangular waveguide that connects with the single-
mode fiber, the second part is a taper that tapered in the horizontal direction, and
the third part is composed of SiN reverse taper that embedded in the middle of SiO,
waveguide. The compressed spot is further pressed into the SiN waveguide when
optical signal propagates to the third part. We set the thickness of the buried oxide
layer as 2 pwm, since the diameter of the single-mode fiber is between 4 and 6 pm
at 800 nm, and we choose the size of SiO, waveguide that connected to the single-
mode fiber to be 5 pm x 5 wm. We use a Gaussian light with wavelength of 800 nm
as the launching field to launch into single-mode fiber and calculate fundamental
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Fig. 1 Structural schematic diagram of converter a Main view, b top view, ¢ core structure
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Fig. 2 Simulation of the optical path and data monitoring a XZ cross section, b YZ cross section.
(Green line shows the energy in SiN. Blue line shows the energy in SiO;)

mode, and the obtained fundamental mode is used to couple with SiO, rectangular
waveguide of the converter.

In the third part, since the refractive index of silicon nitride is larger than the
refractive index of silicon dioxide, the light energy is gradually pressed into the
silicon nitride waveguide. The optical path of light propagating is simulated by
Rsoft software in the mode-size converter, as shown in Fig. 2. When the light travels
in the Z-axis direction, the spot is significantly smaller and its size is compressed
horizontally into the SiN waveguide. For both TE and TM mode, coupling efficiency
are 86 and 81%.

In order to obtain the optimal size of converter more accurately, we placed two
monitors to monitor the optical field energy in SiO; and silicon nitride waveguide,
respectively. We have obtained the coupling efficiency by changing the height, width,
and length of the silicon nitride tapered waveguide as shown in Fig. 3. Figure 3a, b
shows the coupling efficiency as the change of height and width of the SiN waveguide,
and Figure 3¢ shows the variation of the coupling efficiency with the width of the
SiN waveguide. From these figures, we can see that the coupling efficiency reaches
the highest when the height, length, and width of the SiN waveguide taper are 0.2 um
x 48 pm x 0.15 wm. Calculate some parameters by simulation, second cladding
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Fig. 3 Coupling efficiency varies with a height of the SiN, b length of SiN taper, ¢ width of the
SiN
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Si0O, taper length is 29.5 pm, second width of the end of cladding SiO, taper is
2.28 pm, third pitch of SiN waveguide tip and end of second is 6.2 pm, and the
highest coupling efficiency can be achieved.

In order to obtain performance parameters of the converter, we simulated and
calculated the device’s alignment tolerance and the coupling efficiency that varies
with wavelength. Figure 4 shows the coupling efficiency with the variation of offset,
and the alignment tolerance that produces 1-dB extra loss in the horizontal and
vertical directions are +0.8 pm. Figure 5 shows the change of coupling efficiency
as a function of wavelength, Fig. 5 shows the coupling efficiency with the change of
wavelength, for both TE and TM mode, the 1 dB bandwidths are 34 and 32 nm.

Finally, we designed a cantilever-type mode-size converter which operates at
800 nm with high coupling efficiency and low polarization loss. The heart of the
converter is supported by SiO, beams, and it has neither vertical taper nor vertical
etching.
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