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Abstract—We propose and experimentally demonstrate the
ultra-compact mode (de)multiplexers and polarization beam split-
ter (PBS) based on tapered bent asymmetric directional couplers.
The strong coupling strength introduced by tapered bent waveg-
uides significantly shortens the coupling length. As a result, high
coupling and conversion efficiencies over a broad bandwidth can be
obtained with small footprint. The coupling length of the fabricated
PBS and mode (de)multiplexers are less than 4.9 ym and 8.7 pm,
respectively. From 1534-1600 nm, the measured insertion loss (IL)
is less than 1.4 and 1.55 dB for the TE,-TEy and TE5-TEy mode
(de)multiplexers, respectively, and the crosstalk (CT) is less than
—10 dB. The fabricated PBS shows low insertion loss of 0.55 dB
and decent crosstalk of < —14 dB for both polarizations over an 85
nm wavelength range from 1505-1590 nm. Meanwhile, the larger
fabrication tolerance ensures that the proposed devices can be
readily fabricated with the standard complementary metal-oxide-
semiconductor (CMOS) process.

Index Terms—Silicon photonics, waveguide devices, polarization
beam splitter, mode (de)multiplexer.

1. INTRODUCTION

HE DEMAND of high-capacity data transmission and
T connectivity grows exponentially in the past decades [1].
Various on-chip integrated multiplexing technologies have been
developed to increase the transmission scalability of a single
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fiber, including wavelength-division-multiplexing (WDM) [2],
polarization-division-multiplexing (PDM) [3], mode-division-
multiplexing (MDM) [4] and spatial-division-multiplexing
(SDM) [5]. They can be realized by the photonic integrated
circuits (PICs) built on the silicon-on-insulator (SOI) platform
[6]. Coupled waveguide devices play an important role in such
PICs for power splitting [7], polarization beam splitting [8] and
rotation [9], mode multiplexing [10], etc. In these applications,
light coupling between different modes is essential in the pursuit
of following goals: low conversion/insertion loss, compactness,
robustness against fabrication variations, and large bandwidth.
Various approaches have been proposed and implemented to
achieve those goals, such as structures based on directional
couplers (DCs) [11], [12], sub-waveguide gratings (SWGs) [13],
inverse design [14], asymmetric Y-branch [15], multimode in-
terference (MMI) couplers [16] and adiabatic couplers (ACs)
[17]. Among them, the ACs and MMI couplers can realize the
goal of broadband and good fabrication tolerance. However, the
sizes of the devices are usually large, which are not friendly for
high-density silicon photonic integration. Asymmetric Y-branch
can achieve large bandwidth and low crosstalk, but the mode
conversion distance is relatively long. The inverse designed
structures have attracted widespread concern recently, owing to
their ultracompact size, while it is limited by the tight fabrication
errors and small critical dimensions. The SWGs have relatively
large footprint and the design and fabrication are also complex.

The DC-based structures are easy to design and fabricate,
but the coupling length and coupling strength are required to
be accurately controlled. Recently, there are more methods to
improve the performance of the traditional DC-based structures,
such as bent directional couplers [18], taper-etched directional
couplers [19], tapered asymmetric directional couplers (TADCs)
[20], and triple directional couplers (TDCs) [21], etc. In this
work, we proposed and fabricated an ultracompact, low loss,
broadband mode (de)multiplexer [(De)MUX] and polarization
beam splitter (PBS), which have the advantage of TADCs
and bent directional couplers. Compared with other DC-based
structures, our devices are very compact, with coupling length
less than 4.9 ym and 8.7 um for PBS and mode (De)MUX,
respectively. According to the analysis of fabrication tolerance,
our devices are quite robust against fabrication variations. the
measurement results show that the mode (De)MUX exhibits a
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Fig. 1. Schematics of the proposed devices in (a) 3D view and (b) top view.

conversion loss of <1.55 dB and crosstalk of <—10 dB from
1.534 pm to 1.6 pm, and the PBS exhibits a low insertion loss
of <0.55 dB and crosstalk of <—14 dB in the wavelength range
from 1.505 pm to 1.59 pm.

II. BASIC OPERATION PRINCIPLES

AsshowninFig. 1, the devices are designed on SOI wafer with
220 nm thick top silicon layer, 2 pm thick buried oxide (BOX)
and 2 pm thick upper SiO3-Cladding. For bent waveguide, the
Optical lengths (OPL) of different modes need to be calculated
to satisfy the phase-matching condition, thus: OPL = N, X
R, xXkox60 = Ny x Ry xkogx8.

Where kg , 6 are the wavenumber in the vacuum and the angle
of the coupling region, respectively. N,, , R, and N, , R, are
the effective refractive indices and radii of the upper and bottom
bent waveguides. The required equation can be simplified as
follow: N, x R, = Ny X Ry.

R issettobe 15 um for both mode (De)MUX and PBS, which
is large enough to achieve a low-loss for different modes and
relatively compact size. The gap (W) between two waveguides
is set to be 150 nm, in order to simplify the fabrication. For
the upper waveguide, the width (W) remains unchanged, and
the width (Wy,) of the bottom waveguide gradually increases
from W5 to W3. The radii of the upper and bottom waveguides
are given by: R, = Ry — W, /2 and R, = R1 + W, + W2,
respectively.

Using the finite difference eigen mode (FDE) method, we
calculated the relation between mode effective refractive indices
and width of bent waveguide at wavelength of 1.55 ym. By
using these parameters, the N.;; x I of the TEg, TMy, TEq,
TE- modes in the bent waveguides is calculated. For the mode
(De)MUX and PBS, the introduced tapered bent structure of
the bottom waveguide relaxes the phase matching condition,
resulting in good robustness against variations in fabrication.
Meanwhile, compared to the TE; mode, the weaker confinement
of bent waveguide for TMy, TE; and TE; make them easier
to couple into the bottom waveguide, which results in stronger
coupling strength between two waveguides. This is the reason
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Fig.2.  Productof Neyy x R for the guided modes of the upper and bottom
waveguides as a function of the waveguide width for the waveguide at the
bending radii of R1 = 15 pm.
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Fig. 3. Mode conversion loss for the TE{-TEq and TE2-TE, respectively.
TABLE I
THE DEVICE PARAMETERS FOR MODE (DE)MUXS
W, W 0 Ry
e W™ om) m)  (degree)  (um)
TE;-TE, 685 250 380 32.84 2.5
TE,-TE, 1035 250 380 32.76 5

why the proposed structures are much shorter than those DC-
based structures.

III. MODE (DE)MULTIPLEXER
A. Structure and Design

To implement efficient mode conversion based on this struc-
ture, we use the following parameters: Wo = 250 nm, W3 = 380
nm and the W, is determined with the relationof N.yy x R and
waveguide width in Fig. 2. In order to satisfy the phase matching
condition, the width of upper waveguide is chosen to be 0.684
pm and 1.035 pm for TE; and TE,; modes, respectively. And
the bend radius Ry is chosen to be 2.5m and 5 pm for the TE;
and TE; mode (De)MUX, which helps filtering out the undesired
high-order modes at through port and ensure low loss TE; mode
propagation at the same time.

To complete the design, we need to calculate the angle (6)
of the coupling region, the coupling length (L.) is denoted as
L. = 0 (rad) x Ry .Asshown in Fig. 3, we use 3D Finite-
Difference Time-Domain (FDTD) method to sweep 6, and the
value 32.84° and 32.76° show the best conversion efficiency for
the TE;-TE( and TE2-TE, respectively.

Finally, the device parameters for mode (de)multiplexers are
listed in Table I.
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Fig. 4. Simulated mode propagation in the TE1-TEp mode (de)multiplexer
for the input (a) TE; mode and (b) TEg mode. And the TE2-TEp mode
(de)ymultiplexer for the input (¢) TE2 mode and (d) TEg mode.
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Fig. 5. Simulated transmission spectra of the (a) TE1-TEq and (b) TE2-TEq
mode (de)multiplexer link over the wavelength range from 1.5 pm to 1.6 pm.

The simulated light propagation at the wavelength of 1.55
pm is shown in Fig. 4. High-order TE-polarized light is input,
and coupled from the TE; and TE; modes in the upper bent
waveguide into the TEy mode in the bottom bent waveguide,
whereas the input TE light can go directly along the through
port with negligible losses. As we can see, the small bend can
cause inter-mode crosstalk due to the asymmetric field distribu-
tion [22], thus we calculate the mode crosstalk introduced by
mode conversion and tight waveguide bends, which we adopt
the maximum crosstalk values from the output modes of in the
through and cross ports in the transmission spectra.

Asdepictedin Fig. 5, in the case of TE;-TEy mode (De)MUX,
the insertion loss and the crosstalk are less than 0.65 dB and -12.4
dB from 1.5 pm to 1.6 pum for both input TE; and TEy modes.
While in the case of TE>-TEy mode (De)MUX, the IL and the
CT are less than 0.55 dB and -13 dB for both input TE, and TE,
modes in the wavelength range from 1.5 ym to 1.6 pm.
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Fig. 6. Simulated fabrication tolerance to deviation of (a) the gap (W) and

(b) the width (AW) for the mode (de)multiplexers.

Furthermore, we analyzed the fabrication tolerance of the
proposed mode (De)MUX using 3D-FDTD method by changing
the waveguide width and the gap (W,). The performance of
mode (De)MUX is more sensitive to the width of unchanged
waveguide, so the width variation (AW) of upper waveguide
W, is changed to investigate the fabrication tolerance. Fig. 6
show the calculated IL and CT as a function of AW and the gap
Wg. As the gap Wg varies from 100 to 167 nm, the IL and CT
are below 1 dB and -10 dB for the TE-TE, and TE>-TE; mode
(De)MUX. And the IL and CT are less than 1 dB and -10 dB
within the waveguide width variation AW of +40 nm~-23 nm,
+35 nm~-25 nm for TE;-TE( and TE»-TE, respectively. The
asymmetric directional coupler suggested only 5 nm fabrication
error is acceptable [23], and for the optimized taper asymmetric
directional coupler, the IL can remain less than 1.8 dB with the
fabrication error in range +10 nm [24].

B. Fabrication and Measurement

The fabrication procedures of the devices are as follow. First,
electron-beam lithography (EBL) was applied to define the
patterns of devices, then the patterns were transferred onto the
silicon layer by inductively coupled plasma (ICP) dry-etching.
Finally, a 2-pum-thick SiOs upper cladding was deposited on
the devices with plasma enhanced chemical vapor deposition
(PEVDC) process. The microscope images of the fabricated
mode (De)MUZX links are shown in Fig. 7, and a pair of reference
grating coupler is also fabricated on the same chip to normalize
the spectral responses.

In the measurements, the light from a tunable laser (Keysight
81600B) was adjusted by a polarization controller (PC) and
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Fig. 7. Microscope photos of the fabricated mode (De)MUX links.
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Fig. 8. Measured transmission spectra of the fabricated (a) TE;-TEqp and

(b) TE2-TE( (De)MUX link.

coupled into and out of the chip by fibers. The output light was
collected by a power meter and a photodetector to characterize
the transmission performance. Fig. 8(a) shows the measured
transmission spectra of the mode (De)MUX link of TE;-TE,.
When the TE(y mode is launched at the port I1, the mode IL and
CT are lower than 0.5 dB and -10 dB from 1.525 ym to 1.6 pm.
When the TE; mode is launched at the port 12, the mode IL
and CT are lower than 1.4 dB and -10 dB over the wavelength
ranging from 1.533 pm to 1.6 yum. The measurement results of
TEs-TEp mode (De)MUX link are shown in Fig. 8(b), for the
TE; mode launched from I1 and 12 separately, the mode IL and
CT are less than 1.55 dB and -10 dB in the wavelength range
from 1.534 pm to 1.6 pm. The deviation of loss from the simu-
lated value may result from the imperfection introduced during
the fabrication.

Table II compares the reported experimental mode
(de)multiplexers, the devices we proposed exhibit a very com-
pact footprint with high performance. Optimal Euler curves [25]
or Bezier curves [26] can be adopted to improve the inter-mode
crosstalk due to the mode mismatch at the interface when the
multimode straight and bent waveguides and bent waveguides
with different radius are interconnected. Meanwhile, using cas-
caded tapered bent ADCs, the crosstalk can also be further
reduced.

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

TABLE II
COMPARISON OF THE REPORTED FABRICATED SILICON MODE
(DE)MULTIPLEXERS
Ref/ CT Coupling  Bandwidth
Type IL (dB) (dB) length (nm)
Year
(um)
[211/  TE,-TE, 2.3 <-14 48 1500 - 1600
2021
[271/  TE|-TE, 0.56 <-9.1 60 1513 - 1619
2018 (1550nm)
[28]/  TE,-TE, 1.1 <-24 150 1513 - 1619
2017 TE,-TE,
[29]1/ TE,-TE, 1.5 <-6 7.66 1525 - 1565
2020 TE,-TE, 0.5 <-8
[30]/ TE-TE, 2 <-8 242 1520 - 1580
2020
this TE,-TE, 14 <-10 ~8.7 1534 - 1600
work TE>-TE, 1.55
28 F 7 =i -
.~ 0.58um
27 P -
B f ‘ ]
> 0.52pum
Z 25t a
= -+ TM,,R,
o 2 ——TM,R,
23 : . . -
0.20.25pm 0.3 0.4 0.5 0.6 0.7
Width (um)
Fig. 9. Productof Ny x R for the TMg mode of the upper and bottom

waveguides as a function of the waveguide width for the waveguide at the
bending radii of Ry = 15 pm.

IV. POLARIZATION BEAM SPLITTER
A. Structure and Design

The proposed structure can also be used to realize polarization
beam splitting. The width of bottom waveguide increases from
Wy = 250 nm to W3 = 580 nm, and according to the phase
matching condition, the width (W,) of upper waveguide is
chosen to be 520 nm, shown in Fig. 9. It is well known that
TM mode has a higher bending loss than TE; mode, then the
radius (Rg) of 2 um is adopted at the through port to filter out the
residual TM-polarized light. As the design procedure of mode
(De)MUX, the value of coupling angle (6) is chosen to be 17.6°
which exhibits the best insertion loss for both TE; and TM,
modes.

Fig. 10(a) and (b) show the light propagation for input TMq
and TE( mode, respectively. When the TM mode is launched
in the upper waveguide, the light is coupled and output from the
cross port, while the input TE; mode is output from the through
port. Fig. 10(c) show the simulated IL and CT when the input
is TEp and TM( mode, respectively. The IL and CT are lower
than 0.46 dB and -12 dB in the wavelength ranging from 1.5 to
1.6 pm.

The fabrication tolerance of the PBS is also investigated. As
shown in Fig. 11, we simulated the impact of the waveguide
width variation AW and the gap W, on the CT and IL of the
designed PBS at 1.55 psm. Within the waveguide width variation
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Fig. 11. Simulated fabrication tolerance to deviation of (a) the width (AW)
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AW of £ 40 nm, the results show that the IL and CT are less
than 0.33 dB and -13.7 dB for input TEy mode, while the IL and
CT are less than 0.68 dB and -10 dB for the input TMy mode.
When the gap W, varies from 100 to 170 nm, the IL and CT are
lower than 0.7 dB and -10 dB for the input TEj and TM modes.

B. Fabrication and Measurement

Following the same fabrication procedures of mode
(De)MUX links, we also fabricated the designed PBS on SOI
wafer. Fig. 12 displays the microscope and scanning electron
microscopic (SEM) images of the fabricated PBSs together with
test structures. Two identical PBSs connected with TE- and TM-
type grating couplers (GCs) are fabricated, respectively, which
are to characterize the transmission spectra of input TE- and TM-
polarized light. The reference straight waveguides with TE-type
and TM-type grating couplers are also fabricated, respectively,
to normalize the transmission spectra.
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Fig. 13.  Measured transmission spectra of the fabricated PBS.

TABLE III
COMPARISON OF THE REPORTED FABRICATED PBSS ON SOI PLATFORM

Ref/ L CT (dB) Coupling Bandwidth
Year (dB) length (um) (nm)
[31]/ 2 <-30 26 1520 - 1610

2017
[32]/ 2 <-20 71.5 1522 - 1599
2019
[33]/ 5 <-10 7 1535 - 1565
2019
[34]/ 1.53 <-1422 6 1527 - 1580
2021
[35]/ 1.39 <-11.98 26.44 1510 - 1590
2019
this 0.55 <-14 ~49 1509 - 1590
work

The measured transmission spectra in TE- and TM- polar-
izations are shown in Fig. 13. The measured IL and CT are
below 0.55 dB and -14 dB from 1.505 to 1.59 pm for the input
TE- and TM- polarizations. Table III lists the comparison of
our device with some reported PBSs fabricated on SOI wafer.
Our PBS performs an ultra-compact coupling length, low-loss
within broad bandwidth range. The polarization crosstalk can
be further improved with cascaded structures [11].

V. CONCLUSION

In conclusion, we have proposed and demonstrated the ultra-
compact, high-performance silicon mode (de)multiplexers and
PBS employing tapered bent asymmetric directional coupler.
The structure of tapered bent asymmetric directional coupler
significantly reduces the coupling length, which are less than
8.7 pm and 4.9 pm for the introduced silicon mode (De)MUX
and PBS. Also, the fabrication tolerance analysis exhibits great
robustness against the variations of the width and gap. Our
experimental results reveal that, in the wavelength range of
1534-1600 nm, the IL are less than 1.4 and 1.55 dB for the
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TE;-TE( and TEs-TEy mode (De)MUX, respectively, and the
crosstalk is less than -10 dB. The fabricated PBS has a low loss of
0.55 dB and decent crosstalk of <-14 dB for both polarizations
from 1505-1590 nm. In further work, the crosstalk of the mode
(De)MUX and PBS can be further improved with cascaded
structures [11] and optimal curves [25], [26], etc. Moreover, this
mode (De)MUX can be readily extended to higher order mode
(De)MUX. Owing to excellent CMOS compatibility, good scal-
ability, low insertion loss, compact footprint, and broad band-
width, we believe that the proposed devices can be potentially
integrated with other multiplexing schemes to further increase
the transmission capacity in high-density optical network.
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