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A compact and fabrication friendly polarization demultiplexer (P-DEMUX) is proposed and characterized to en-
able wavelength-division-multiplexing and polarization-division-multiplexing simultaneously. The proposed structure is
composed of a polarization-selective microring resonator in ultrathin waveguide and two bus channels in the silicon nitride-
silica-silicon horizontal slot waveguides. In the slot waveguide, the transverse electric (TE) mode propagates through the
silicon layer, while the transverse magnetic (TM) mode is confined in the slot region. In the designed ultra-thin waveg-
uide, the TM mode is cut-off. The effective indexes of the TE modes for ultrathin and slot waveguides have comparable
values. Thanks for these distinguishing features, the input TE mode can be efficiently filtered through the ultra-thin mi-
croring at the resonant wavelength, while the TM mode can directly output from the through port. Simulation results show
that the extinction ratio of the proposed P-DEMUX for TE and TM modes are 33.21 dB and 24.97 dB, and the insertion
losses are 0.346 dB and 0.324 dB, respectively, at the wavelength of 1551.64 nm. Furthermore, the device shows a broad
bandwidth (> 100 nm) for an extinction ratio (ER) of > 20 dB. In addition, the proposed P-DEMUX also has a good
fabrication tolerance for the waveguide width variation of —20 nm< Awg < 20 nm and the microring width variation of

—20 nm< Aw; <20 nm for a low insertion loss of < 0.75 dB and low ER of < —18 dB.

Keywords: polarization demultiplexers, wavelength-division-multiplexing, microring resonators
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1. Introduction

The optical interconnects in a silicon-on-insulator (SOI)
platform are under extensive research for low-power consump-
tion and large data capacity for data centers and supercomput-
ers. By utilizing various multiplexing technologies, the link
capacity over a waveguide can be further improved to satisfy
the increasing demand in optical communication capacity.

Researchers have done lots of efforts to exploit fresh mul-
tiplexing techniques, e.g., wavelength division multiplexing
(WDM),!'-3] mode division multiplexing (MDM),!*>! polar-
ization division multiplexing (PDM),!! and spatial division
multiplexing (SDM).!":8] The WDM system usually requires
multiple laser sources with diverse wavelengths strictly man-
aged to achieve expected performance. The MDM system is
an efficient way to improve the link capacity, and it is still
a tricky problem to enhance its performance. The footprint
of SDM system is usually large, and is bad for high den-
sity integration. Among them, the PDM system uses two or-
thogonal polarization states and doubles the link capacity in
a simple way. To realize PDM, the two orthogonal polariza-
tions should be separated, just like the polarization beam split-
ters (PBS) and polarization demultiplexer. In the past years,
lots of configurations have been reported based on strip or
slot waveguides, such as directional couplers,®-'% multimode
interference couplers,!'!! Mach—Zehnder interferometers, !
photonic crystal structures, '3 grating coupler,!'* and micror-
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ing resonators.!>~!7l Among these configurations, microring
resonators can further increase the WDM transmission capac-
ity by efficiently separating two orthogonal polarizations and
are widely used in the filtering and multiplexing of optical sig-
nals because of its unique spectral and polarization character-
istics.

The reported polarization demultiplexers used microring
resonators contained two polarizations.!'®!°1 The light of un-
desired polarization can be inevitably coupled into the micror-
ing, which degrades the performance. And, if the width of
waveguide deviates from the ideal size, the crosstalk decrease
quickly. In this paper, we present a new approach to design
polarization demultiplexer, which uses a polarization-selective
microring. The polarization-selective microring is realized
by using the ultrathin waveguide, in which the TM mode is
cut-off. The bus waveguide is based on the silicon nitride-
silica-silicon horizontal slot waveguide,*’! where the TE and
TM modes are spatially separated. Due to the unique modal
features, the coupling coefficient of TM mode between bus
waveguide and microring is nearly neglected, and TE and TM
modes of the input light can be output from drop and through
port separately. And this device can realize wavelength and
polarization demultiplexing at the same time. The simulation
results show that this new approach can restrain other polar-
ized light coupled into the microring and improve the perfor-
mance of the device.
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2. Device structure and design results

Figure 1 shows a 3D schematic diagram of the proposed
P-DEMUX based on a slot waveguide and a polarization-
selective microring resonator, and the inset figure illustrates
the cross sectional view of the coupling region between ring
resonator and the bus waveguide. The slot bus waveguide is
a sandwich structure composed by a silicon layer, silica layer
and silicon nitride layer from bottom to top. In such a slot
waveguide, the thickness of different material layers deter-
mines the distribution of electromagnetic field. If the silicon
is too thick, the fundamental TE and TM modes propagate
through the silicon layer and cannot be spatially separated.
With the silicon layer thickness decreasing, the TM mode will
be cutoff in the silicon layer and will be confined in the slot
layer, and the thickness of the silicon layer Ag; is chosen to be
100 nm. %1 The thickness of the slot layer &g, and the silicon
nitride layer hgiN are set to be 50 nm and 300 nm, respectively,
in consideration of propagation loss, field confinement, stress
and fabrication. The slot waveguide is surrounded by a 3 pm
upper-cladding silica layer and buried silica layer. By limiting
the width of the slot waveguide (< 650 nm), only fundamental
TE and TM modes are allowed. The electric field distributions
for the fundamental TE and TM modes in slot waveguide are
shown in Fig. 2 with W = 500 nm, and the two modes are
spatially separated. The TE mode is guided by the thin silicon
layer, and the TM mode is confined in the slot layer. The effec-
tive refractive indexes of slot waveguide and thin waveguide
for different widths are simulated by Lumerical MODE solu-
tion and demonstrated in Fig. 3(a). The polarization-selective
microring resonator is formed by an ultrathin silicon waveg-
uide, and the TM mode is cut-off with the ring waveguide
width < 700 nm. Considering the optical coupling, the width
of the polarization-selective ring is set to be 500 nm. Thanks
to the unique modal features, the input TE mode can couple to
the microring and the input TM mode will output directly from
the through port with nearly neglected coupling to the ring.

w = SiN
Hoo, sy WE Si0;
~gap* = Si

Fig. 1. Schematic configuration of the P-DEMUX and the cross section
of the coupling region between ring and waveguide.

The proposed P-DEMUX is simulated by three dimen-
sional finite difference time domain (FDTD) method. The
whole structure is composed of input and output slot waveg-
uides and a polarization-selective microring resonator. The

slot waveguide is formed from bottom to top by a silicon layer,
silica layer and silicon nitride layer. The polarization-selective
microring resonator is based on an ultrathin silicon waveg-
uide. The dependence of power coupling coefficient (k) be-
tween slot waveguide and ultrathin silicon microring resonator
on gap is simulated. As shown in Fig. 3(b), the power coupling
coefficient decreases monotonically with the increased gap for
TE modes. Owing to the cut-off TM mode in ultrathin waveg-
uide, the coupling coefficient between TM modes is nearly ne-
glected. Based on these distinct modal features and coupling
properties of the TE and TM modes, the separation of the TE
and TM modes to the drop and through ports can be realized
by further careful design.

(a) TE mode (b) TM mode

=

Fig. 2. Electric field distribution of the slot waveguide for the fundamental
(a) TE mode and (b) TM mode.
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Fig. 3. (a) Effective indexes of the slot waveguide and the thin silicon
waveguide as a function of the waveguide widths. (b) Power coupling
coefficients between the slot waveguide and microring for the funda-
mental TE and TM modes with varying gap.

As we know, the microring resonator is a polarization-
selective device, and its resonant wavelength is determined by
the effective index (nes) of the TE mode and the circumfer-
ence (L = 27tR) of the ring (mA = negrL, m is an integer). For
the thin silicon waveguide, the bend loss increases with de-
creased bend radius. In consideration of bend loss, we set the
radius R of the microring resonator to be 10 um. The gap be-
tween the slot waveguide and the ring is 178 nm to ensure the
critical coupling condition. Based on 3D-FDTD, the transmis-
sion spectra of the designed P-DEMUX is studied, where the
extinction ratio (ER) and insertion loss (IL) for both polariza-
tions at through and drop ports are calculated. The ER and IL
are, respectively, defined in the following:

T
ER == 1010g10 Tﬂ,
™
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where Ttg and Tty are the transmittance of the TE and TM
modes at the drop port for an input TE mode. In the above
equations, if the through port is used as the output port, the
similar expressions of ER and IL are figured out for an input

TM mode.
—TE —TM
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Fig. 4. Transmission spectra of TE (red lines) and TM (blue lines)
modes at (a) drop port and (b) through port.

Figure 4(a) illustrates the transmission properties of TE
and TM modes at the drop port of the microring resonator
with W = WR = 500 nm. As expected, the TE mode shows
strong resonance at wavelengths of 1528.2 nm, 1539.79 nm,
1551.64 and 1563.79 nm. The TM mode almost outputs from
the through port, and at resonance wavelength very weak light
goes through the drop port. Hence, the input TE and TM
modes can be efficiently separated at the resonance wave-
length with an ER as high as 33.21/24.97 dB and IL as low
as 0.346/0.324 dB for the TE/TM mode at 1551.64 nm. The
field evolution along the propagation distance of the designed
P-DEMUX for TE mode and TM mode input is illustrated in
Fig. 5. For TE mode, its field shows a significant resonant
phenomenon in the microring resonator and is output from the
drop port. While for the TM mode, the field directly goes
through the through port.

The fabrication error tolerance of the proposed P-
DEMUX is also simulated by 3D-FDTD. By using thin-film
deposition or thermal oxidation, the thickness of the slot and
the strip thickness of the horizontal waveguide is well defined
and under better control.!?!! The main fabrication error comes
from the photolithography and etching process. The error of
the waveguide width is the dominant factor that influences the
performance of the device. Here we define Aw, and Aw; as
waveguide width and microring width deviation, respectively.
When the waveguide width has an increase of Aw, or Awy, the
gap between these waveguides will decrease a value of Aw, or
Aw;. The range of Aw, and Awy is from —20 nm to +20 nm.
The simulation results are shown in Fig. 6.

(b) TM

y (hm)

-10 0 10 -10 0 10
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Fig. 5. Light propagation along the proposed P-DEMUX for the (a) TE
mode and (b) TM mode.
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Fig. 6. The ER and IL of the proposed P-DEMUX for the TE port and TM
port with (a) the waveguide width and (b) the micro-ring width variation
from —20 nm to +20 nm.

Table 1. Performance comparison between the reported and present P-DEMUXs based on microring resonators.

Reference IL (TE/TM) ER (TE/TM) Tolerance with ER < —18 dB
[15] 0.45/0.26 dB 29.85/24.23 dB “1nm < Aw; < 1 nm
- < <
[18] 0.39/0.84 dB 22.36/20.09 dB 13 nm < Awg < 12nm
—3nm < Aw; <3 nm
—10nm < Aw, < 1
[19] 0.61/0.42 dB 18.04/19.89 dB Onm < Awg < 10 nm
—1.5nm < Aw; < 1.5 nm
— < <
This work 0.346/0.324 dB 33.21/24.97 dB 20nm < Awg < 20 nm

—20 nm < Aw; < 20 nm

The ILs of both modes are insensitive to the fabrication
error and the maximum value is 0.75 dB when the waveguide
width deviates from the designed value by 20 nm. The ERs
of the TE and TM modes show different behaviors. The ER of
the TE mode changes approximately linearly with the increase
of width. Since the coupling between the slot waveguide and
ultrathin microring becomes strong gradually, the TE mode

will almost output from the drop port at the resonance wave-
length, which leads to the increase of the ER. For the ER of
the TE mode is above 27 dB with the considered fabrication
error, the ER of TM mode is the key to decide whether this
device is fabrication friendly or not. For the width deviation
from —20 nm to +15 nm, the ER of the TM mode will main-
tain above 20 dB, which shows that such a fabrication error is
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quite large for the complementary metal oxide semiconductor
(CMOS) fabrication. The performance comparison for previ-
ously reported P-DEMUX based on micro-ring resonators is
listed in Table 1. In this paper, the polarization-selective mi-
croring resonators is used, which can neglect the coupling of
unexpected polarization light (TM mode) into the ring. The
simulated ERs for TE and TM light are better than the reported
results. In particular, compared with the traditional rings with-
out polarization-selective function, the width fabrication toler-
ance of slot waveguide and microring shows great advantages.
The comparison results verify the effectiveness of our device
in increasing tolerance and ER.

3. Conclusion

In conclusion, using polarization-selective micro-ring
resonators, we proposed P-DEMUX based on the silicon
nitride-silica-silicon horizontal slot waveguide. The proposed
device shows a high ER for both TE (33.21 dB) and TM modes
(24.97 dB). At the resonance wavelength of 1551.64 nm, an IL
of 0.346 dB and 0.324 dB for the TE and TM mode is obtained.
It is worth noting that the microring resonators based on ultra-
thin waveguide is polarization-selective to work with reso-
nances for TE polarization only. This proposed polarization-
selective device shows a good tolerance to fabrication.
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