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Abstract: We design and experimentally demonstrate a polarizing beam splitter (PBS) on a
silicon-on-insulator (SOI) platform based on an asymmetric directional coupler. The asymmetric
directional coupler consists of a regular strip waveguide and a sub-wavelength grating (SWG)
waveguide. Engineering the waveguide dispersion via SWG, the phase-matching condition can
be satisfied for TM polarization over a broad bandwidth when the waveguide dimensions are
optimized. The coupling region of the realized PBS is ~7.2 um long. For the fabricated PBS,
the polarization extinction ratio (PER) is 10—45 dB and the insertion loss is 0.3-2.5 dB for TM
polarization while the PER is 14-22 dB and the insertion loss is < 0.6 dB for TE polarization
when operating in the wavelength range of 1460 —1610 nm.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Tremendous progress has been made in silicon photonic components over the last two decades,
revealing their potential to create photonic systems with small footprints, low power consumption,
high-speed operation, and low-cost packaging [1]. The silicon waveguides provide a very high
index contrast between silicon (n ~ 3.46) and its cladding, silicon dioxide (n ~ 1.45), enabling
strong confinement of light with sub-micron cross sections. However, the enhanced index contrast
and aspect ratio of silicon waveguides impose a large modal birefringence [2], making the
integrated silicon photonic devices polarization dependent. To eliminate the issue, a polarization
diversity system consisting of the polarizing beam splitter (PBS) and polarization rotator [3,4]
is used for two orthogonal polarizations [5]. Thus, PBS is an essential functional element in
the polarization diversity circuit for separating or combining different polarizations. Various
structures were proposed to realize integrated PBS, including multimode interference (MMI)
devices [6], Mach-Zehnder interferometers (MZIs) [7], topology optimized device [8], and
asymmetrical directional couplers (ADC) [9-16].

Among these structures, the ADC-based PBS provides several advantages including small size
(< 20 um), low insertion loss (IL < 1dB), and high polarization extinction ratio (PER, defined as
the ratio between the light intensity at two output ports) [17]. The ADC-based PBSs generally
consist of a regular strip waveguide and another special waveguide, thus introducing geometrical
asymmetry in the coupling region. By optimally choosing the geometrical parameters, the
phase-matching condition can be satisfied for the polarization with weak mode confinement.
For the other polarization with strong mode confinement, the phase-matching condition is
automatically broken due to the significant phase mismatch. Thus, phase-matched polarization
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can be coupled to the adjacent waveguide completely with an appropriate coupling length, while
the light in the other polarization state propagates through with negligible coupling to the adjacent
waveguide. However, the effective indices and the coupling strength are both strongly sensitive
to wavelength variation, leading to a limited working bandwidth for ADC-based PBS.

Bent directional couplers have received great interests in achieving high-performance PBS
since it features both broadband operation and compact footprint [11,14,18]. This design has also
been extended to cascaded triple-bent-waveguide DCs for realizing a compact PBS [14], which
extends the bandwidth to 90 nm with PER > 20 dB for TE mode and >15 dB for TM mode. In
Ref. [19], an excellent PBS based on cascaded triple-bent-waveguide DCs was demonstrated
with a length of only ~20 um. This PBS has a PER of > 20 dB over a bandwidth of ~135 nm. In
Ref. [16], the bandwidth of the proposed PBS is further improved to ~175 nm with PER > 20 dB
and ~120 nm with PER > 25 dB by carefully designing the ADC consisting of a taper-etched
waveguide and a slot waveguide. However, a major disadvantage of such structures is the
requirement of a two-step fabrication process.

Sub-wavelength grating (SWG) structures, where higher-order diffraction is suppressed due to
subwavelength periodicity, provide the flexibility to engineer both index profiles and dispersion
properties and have been used in various silicon photonic devices [20-23]. Benefitting from
this new degree of freedom, several PBS structures using SWG are proposed [24-28]. In Ref.
[24], the PBS based on grating-assisted contra-coupling does not require precise control of the
coupling strength and coupling length and has a PER of ~ 12 dB, but the working bandwidth is
limited to only 40 nm as the coupling strength is not strong. In Ref. [25], the PBS with SWG
structure has been realized by a simple single etch fabrication process. The major disadvantage
is that the coupling region is relatively long (> 30 pm) and the bandwidth fails to cover the entire
C band. In this paper, we demonstrate an SWG-based PBS with broad optical bandwidth and
short (~ 7.2 ym) coupling region. The embedded SWG affects the effective refractive index of
the waveguide resulting in the bandwidth broadening. A PER higher than 10 dB is demonstrated
over the 1460-1610 nm wavelength range for both TE and TM polarization. We note that, we
recently demonstrated a polarization-independent beam splitter using a similar architecture [29],
which shows the versatility of this approach.

2. Design and simulation

The PBS is designed for silicon-on-insulator (SOI) platform with 220 nm silicon layer on the top
of the SiO, box layer. No upper cladding is used. Figure 1(a) shows a schematic of our SWG
PBS, which is based on an ADC consisting of a normal silicon strip waveguide and an SWG with
corrugations on the inner sidewall. The top view of the coupling section is shown in Fig. 1(b). An
S-bend after the coupling region is used to separate and decouple two waveguides. The offsets for
the S-bend are L, = 6 um, and L, =2 um, respectively. For the SWG, the period (A), the duty cycle
(f) and the corrugation width (W) are chosen as 240 nm, 0.5 and 130 nm, respectively, taking
into account the minimum feature size allowed by the fabrication process. Since TM polarization
has a much stronger evanescent coupling than TE polarization for 500-nm-width waveguide, we
satisfy the phase-matching condition for TM polarization in our design to minimize the length of
the coupling region and thus a short PBS is obtained.

Figure 2(a) shows the TM coupling-length dispersion curves with different SWG duty cycle f.
The coupling length is given by L. = Ao / 2(ntmo-rTM1 ) Where ntyvo and nty; are, respectively, the
effective indices of the first order (even) and second order (odd) supermodes for TM polarization
in the two-waveguide system, 1o = 1550 nm is the wavelength. Here the mode effective indices
are calculated using the finite-element method (FEM, Lumerical MODE Solutions). For the
conventional directional coupler (f = 1), the coupling length exhibits a variation of 6L.=~10
um as wavelength range from 1450 nm to 1650 nm. When the duty cycle is chosen as f = 0.9,
the dispersion for TM polarization can be quite flattened over the calculated wavelength band.
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(b)

Fig. 1. (a) Schematic of the proposed PBS device; (b) the top view of the coupling section.

However, such a high duty cycle will cause fabrication difficulties. To determine the optimal f,
we calculate the TM polarization extinction ratio spectra for the actual device using 3D finite
difference time domain (FDTD) method, while the PERs are defined as 10log,,(PIE /PTE

through/ = cross

and 10log,,(PTM P&%ugh), for TE and TM polarizations respectively. From the spectra shown

in Fig. 2(b), when the duty cycle is chosen to be f=0.5, the PER is 10-39dB over a broad
wavelength range from 1480 nm to 1650 nm.
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Fig. 2. (a) Calculated TM coupling length dispersion curves with varied SWG duty cycle f;
(b) Calculated TM polarization extinction ratio spectra with varied f.

In order to obtain the optimal width for the SWG waveguide and the length of the coupling
region, the light propagation in the full SWG PBS is calculated via 3D FDTD simulation. The
mesh in the simulations are set to be dx =dy=dz=20nm to satisfy the simulation accuracy
requirement for the subwavelength structures. The coupling region has a length of L, = NXA,
where N is the number of SWG periods in the coupling region and A is the period. The gap (g)
between the two waveguides is chosen to be 200 nm to ensure reliable fabrication of the coupling
region. Figure 3 shows the simulated transmission of launched TM input at the wavelength
of 1550 nm as the period number N of the SWG in the coupling region varies when choosing
different widths for the SWG waveguide (Wg=0.555 um, 0.56 um, 0.565 pm, and 0.57 um).
Note that the power to the through port almost becomes zero in the case of Wg=0.555 um
when choosing the period number appropriately (N = 30), which indicates that a complete cross
coupling from the strip waveguide to the SWG waveguide is happening.
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Fig. 3. The simulated transmissions at the through port as the function of the period number
N with different width of SWG waveguide (Wg=0.555um, 0.56pm 0.565um and 0.57um)
when the TM mode is launched.

The optimized parameters are summarized as follows: W =480 nm, Wg =555 nm, W¢ = 130 nm,
g=200nm, A=240nm, f =0.5, N =30 and Lc = 7.2 um. Figures 4(a) and 4(b) show the simu-
lated light propagation in the designed PBS when the TM and TE modes are launched from the
input ports. From the profiles, the input TM light could be evanescently coupled to the cross
with negligible residual power at through port, while the input TE light goes directly into the
through port without coupling. Figures 4(c) and 4(d) show the calculated spectral response for
both polarizations from a wavelength range of 1450 nm to 1650 nm. The ILs are calculated
as IOIOgIO(P;{Eou W/ Pgm) and 10log,o(PIM / PE;’IM), for TE and TM polarizations respectively.
We find that the EFM mode transmission is wavelength-sensitive, primarily due to the intrinsic
wavelength dependence of the evanescent coupling length. Nevertheless, the designed PBS has a
bandwidth as broad as 170 nm (1480-1650 nm) for achieving a PER of > 10 dB. In contrast, the
transmission of the TE mode is less wavelength-sensitive. For the TE mode, one has a PER of
>10dB and a low loss of < 0.4 dB over a broad wavelength range from 1450 nm to 1650 nm.
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Fig. 4. Simulated light propagation along with the device for (a) TM polarization and
(b) TE polarization, and transmission at through and cross port for (¢) TM polarization
(Insert: enlarged view of the transmission at the cross port) and (d) TE polarization. Here,
Wa =480nm, Wg =555nm, Wc =130nm, g =200 nm, A =240nm, f =0.5, N =30.
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3. Fabrication and measurement

The designed SWG PBSs were then fabricated using SOI wafers with a 220-nm-thick silicon layer
on top of a 3-um-thick buried oxide layer. The pattern was defined by a JEOL JBX-6300FS 100kV
electron-beam lithography (EBL) system using a positive tone ZEP-520A resist and transferred
to the silicon layer by inductively coupled plasma (ICP) etcher utilizing a gas mixture of SF¢
and C4Fs. To characterize the performance for both TE and TM polarizations, appropriately
designed grating couplers (GCs) for TE and TM polarizations were used [30], as shown in
Figs. 5(a)-5(b). The reference waveguide is the standard single-mode waveguide with the width
of 500 nm which were fabricated to measure responses for the TE- and TM- polarized light
inputs. Figures 5(c)-5(d) show the scanning electron micrographs (SEM) of the device and
the enlarged view of the coupling region. Figures 5(e) and 5(f) show the fully etched TE-type
and TM-type focusing sub-wavelength GCs [30]. We probed the devices using an optical fiber
setup. The polarization of the input light was controlled to match the fundamental quasi-TE/TM
mode of the waveguide by a manual fiber polarization controller (Thorlabs FPC526). A tunable
continuous-wave laser (Santec TSL-510) and a low-noise power meter (Keysight 81634B) were
used to measure the transmission of the fabricated devices.

I
l_E : T —

Fig. 5. (a), (b) Optical microscope image of the fabricated SWG PBS. (c), (d) Scanning
electron micrograph (SEM) of the device and the enlarged view of the coupling region. (e),
(f) SEMs of the GCs.

Figure 6 shows the measured IL and the PER of the fabricated PBS for TE and TM polarizations.
The responses are normalized to the transmission of the grating-coupled reference waveguide.
The PER at 1550 nm is ~18 dB for TE polarization and ~ 45 dB for TM polarization, and the
measured ILs are 0.31 dB and 0.84 dB, respectively. For TM polarization, the PER declines
when the wavelength is beyond the range 1520 to 1590 nm, which is partly due to the bandwidth
limitation of the grating couplers. For the fabricated PBS, the PER ranges between 10—45 dB
and the IL is 0.3-2.5 dB for TM polarization while the PER is 14-22 dB and the IL is < 0.6 dB
for TE polarization when operating in the wavelength range from 1460 nm to 1610 nm. To check
the fabrication tolerance of the present PBS, we also fabricated the devices with different core
widths on the same chip, i.e., W =W + AW, and g = g — 4AW. In the experiment, we fabricated
the PBS with AW = + 20 nm, and the measured results are shown in Figs. 7(a) and 7(b) for TM-
and TE- polarized light. The IL and the PER do not change significantly even when the width is
changed upto = 20 nm: the IL for both polarizations are lower than 1 dB, and the PER remains
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higher than 10 dB over a wide bandwidth. Such a good fabrication toleration + 20 nm is well
within the capabilities of current fabrication technologies. Finally, we present a comparison of
the silicon-based high-performance experimentally demonstrated PBSs (Table 1), from where we
can see that our device shows high performance both in terms of size and bandwidth.
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Fig. 6. The measured transmission responses at the cross and through ports for (a) TM
polarization (Insert: enlarged view of the transmission at the cross port) and (b) TE

polarization.
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Fig. 7. The measured transmission responses at the cross and through ports for (a)

TM polarization and (b) TE polarization of the fabricated PBSs with width variations of
AW = +20 nm.

Table 1. Performance comparison of several on-chip silicon PBSs.

Ref. Size (um) IL (dB) PER (dB) Bandwidth (nm)
Symmetric DC [7] 97.5 0.5 10 >175
Triple straight DC [8] 75 2.1 20 90
Bend DC [16] ~10 NA 10 <20
Triple Bend DC [12] 26 0.8 20 90
Grating [23] ~31.5 1 >20 28
This work 72 <25 >10 150

4. Summary

In conclusion, we have proposed and experimentally demonstrated a compact and broadband
PBS by utilizing an asymmetrical evanescent coupling. The coupling region of the PBS consists
of a standard strip waveguide and an SWG waveguide. The coupling length is only 7.2 um.
The SWG affects the refractive index and their dispersion properties, which is conducive to the
bandwidth broadening. Moreover, the PER and IL are 19 dB (40dB) and 0.31 dB (0.84 dB) for
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TE (TM) at the wavelength of 1550 nm. The PER is higher than 10 dB in the wavelength range
of 1450-1610nm for TE polarization and 1460—1610 nm for TM polarization. Besides, the
minimum feature size of this device is 120 nm, which can be easily realized by modern fabrication
technology. The availability of such broad, compact PBS will find numerous applications in
on-chip photonic integrated circuits.
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