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Abstract: The standard silicon photonic platforms provide three-step silicon etching, i.e., 220 nm for
full etching, 70 nm for shallow etching, and 130 nm (or 150 nm) for slab etching. Previously reported
mode-evolution-based polarization rotators and splitters (PSRs) usually employ 130 nm-etched
slab waveguides for adiabatic TM0-to-TE1 conversion, however, they are not compatible with the
platforms adopting 150 nm-etching techniques. In this paper, we demonstrate a broadband PSR
based on 70 nm-etched slab waveguides, which is compatible with all the platforms. The PSR consists
of a bi-level taper and an inverse-tapered coupler. The length of the polarization rotator shrinks
from hundreds to only thirty microns by employing the 70 nm-etched slab waveguides, while a high
efficiency of >95% is achieved, covering an ultra-wide bandwidth from 1250 nm to 1650 nm. The
proposed PSR shows superior performance over S, C, and L bands. Low cross-talk of <−20 dB and a
loss of <1.5 dB are experimentally confirmed over a wavelength range of 75 nm.

Keywords: polarization delivery; silicon photonics; silicon passive devices

1. Introduction

Silicon photonic is one of the most attractive techniques for realizing high-density
optoelectronic integrated circuits on a single chip because of its potential advantages, such
as low power consumption and compatibility with the advanced manufacturing process
of microprocessors, known as the complementary metal-oxide-semiconductor (CMOS)
process [1,2]. This technology is based on high-index-contrast materials, allowing for tight
optical confinement on the nanometer scale. On the other side, this property also leads
to strong birefringence and polarization dependence in the waveguides. To solve this
problem, polarization diversity devices, including polarization beam splitters (PBSs) [3–10],
polarization rotators (PRs) [11–14], and polarization splitter–rotators (PSRs), are widely
equipped on the integrated circuits, acting as the fundamental building blocks in many ap-
plications, such as polarization multiplexing [15] and coherent optical communication [16].
Among them, PSRs are often preferred because they convert both orthogonal polarizations
to fundamental transverse electric (TE0) polarization, so that the rest of the functional
devices can work in the same polarization.

Recently, various PSRs have been reported based on either the hybrid mode coupling
or mode evolution mechanism. To separate and rotate the fundamental transverse mag-
netic (TM0) mode, the former ones usually convert TM0 mode to a hybrid mode (partial
TE and partial TM) using asymmetric waveguide structures and then convert it to TE0
mode [17–19]. These kinds of devices are highly efficient at operation wavelength and
relatively compact in footprint. However, they are intrinsically wavelength dependent and
fabrication sensitive due to the coupling mechanism. The latter ones consist of an adiabatic
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polarization rotator (APR) and a mode de-multiplexer (MD). Firstly, the APR converts
TM0 mode into the first-order quasi-TE (TE1) mode, typically using a bi-level adiabatic
taper [20]. Afterwards, the TE1 mode can be separated and converted to TE0 mode using
MD structures such as adiabatic couplers [21–24] or Y-branches [25]. Benefiting from the
adiabatic mechanism, the bandwidth and fabrication tolerance of devices can be effectively
improved. However, the length of devices is also expansively increased (hundreds of
microns) to complete the mode evolution process. Efforts have been made to shrink the
size of MDs by employing structures such as multimode interference couplers [26,27] and
asymmetrical directional couplers [28], but the optimization of the footprint of APRs is
still challenging. In [29], the APR is shortened by optimizing the bi-level taper using the
particle swarm optimization (PSO) method, but the adiabatic character is no longer kept so
that multiple devices are designed for different working bands.

Generally, commercial multiproject wafer (MPW) services provide standard etching
depths, including 220 nm for full etching and 70 nm for shallow etching. As to the slab
waveguides, the foundries offer different etching depths, i.e., 130 nm (AMF, Singapore) and
150 nm (IMEC, Ghent, Belgium; HOPHO, Chengdu, China, etc.) [30]. Previously reported
PSRs adopt the APR based on bi-level tapers with 130 nm-etched slab waveguides, the
length of which is typically above 100 µm [20,23]. However, these kinds of PSRs are not
compatible with all the MPW services. In comparison, here, we demonstrate an APR-
based PSR that is compatible with all the MPW services, offering etching depths of 220 nm
and 70 nm. A novel APR based on bi-level taper with 70 nm-etched slab waveguides
is proposed, and a high efficiency of >95% for TM0-to-TE1 conversion is achieved over
1250 nm to 1650 nm with only 30 µm device length. By connecting the APR to a mode
de-multiplexer, we predict this PSR has a low loss of <1 dB and low cross-talk of below
−20 dB over S, C, and L bands. This PSR is fabricated through the commercial MPW
program, and the measurement results show a cross-talk of <−20 dB and loss of <1.5 dB
within the bandwidth of 1500–1575 nm, which well matches the prediction.

2. Device Design

The schematic diagram of the proposed PSR is shown in Figure 1a, in which the dark
blue regions indicate the rib waveguide that has a height of H = 220 nm, and the light
blue regions indicate the partially etched slab waveguides with a height of Hs = 150 nm.
The strip waveguide with a width of 0.5 µm (Win) is used for the injection of TE0 and
TM0 modes. This PSR consists of two parts: a bi-level taper performing the APR and an
inverse-tapered coupler as the MD. Between them, a tapered structure with a length of Lt
is inserted for components connection and size transition. The whole device is covered
by a SiO2 upper cladding. When TE0 mode is injected, it propagates through the device
without any conversion and outputs from the through port. When TM0 mode is injected,
it will first be converted to the TE1 mode by the APR and then coupled to the TE0 mode
in the cross-port. The electric intensity profiles in the cross-section along the propagation
direction are illustrated in the insets. Specifically, the height of the MD is designed as
150 nm to match the output of PR. Since the propagation of TM0 polarization within the
waveguides of 150 nm in height would be lossy due to the mode leakage, the MD can
further filter the residual TM0 mode to enhance performance. At the output of PSR, the
height of through/cross-ports are gradually increased to 220 nm using the negative tapers.
Both output ports will finally access the single-mode waveguide for high-order mode
elimination and device interconnection. The detailed parameters and corresponding values
are listed in Table 1.
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Figure 1. (a) The schematic diagram of the proposed PSR. (b) The 3D schematic diagram of the
APR. (c) The calculated effective refractive indices of the first three modes as a function of the width
variation for both slab and rib waveguides.

Table 1. Parameters and values of the PSR.

Parameters Values (µm) Parameters Values (µm)

Win 0.5 Wt1 0.95
Wr 0.1 Wt2 0.65
Ws 1.1 Wc1 0.2
Lt 5 Wc2 0.5
Ls 100 H 0.22
G 0.2 Hs 0.15

A bi-level taper with an asymmetrical cross-section is specially designed to realize
adiabatic polarization rotation from TM0 mode to TE1 mode, as shown in Figure 1b. The
length of the APR is labeled as Lp. The width of the slab is symmetrically increased from
Win (fixed at 500 nm for easy connection with single-mode waveguide) to Ws, and the width
of the rib decreases from Win to Wr. Taking the fabrication precision into consideration, Wr
is set as 100 nm. Ws is set as 1.1 µm for the broadband phase matching between TM0 and
TE1 mode. The effective refractive indices of the first three modes (TE0, TM0, and TE1) at
1550 nm are calculated as a function of the width variation for both slab and rib waveguides,
which is depicted in Figure 1c. The Mode 0 and Mode 1 are originally set as TE0 and TM0
mode, respectively. When TE0 mode is injected to the APR, the index variation along the
propagation is depicted by the red line. This mode will propagate through the bi-level taper
without conversion because its index maintains a high-level, and no mode hybridization
appears during the propagation. In the case of TM0 injection, the index variation is depicted
by the black line. The mode hybridization occurs at the widths of around 0.36 µm/0.71 µm
for the rib/slab waveguides, the electric intensity field of the hybrid mode is shown in the
inset. As the width of rib/slab further decreases/increases, the hybrid mode will finally be
converted to the TE1 mode according to the mode evolution theory [31].

The length of APR (Lp) is swept from 20 µm to 70 µm to investigate the conversion
efficiency over an ultra-wide band from 1250 nm to 1650 nm. The simulation is carried
out by using the 3D finite-difference time-domain method (3D FDTD). Figure 2a shows
the results in a form of 3D surface graph. We can see that an efficiency of above 90% is
achieved over the whole band when Lp reaches 20 µm. As the length exceeds 30 µm, the
efficiency for this band achieves 95% or above, indicating a highly efficient conversion
from TM0 mode to TE1 mode with a compact footprint. Figure 2b shows the optical power
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distribution when TM0 mode is injected to the APR (Lp is set as 30 µm), in which the
polarization evolution along the propagation axis is also shown. Three wavelengths of
1250 nm, 1450 nm, and 1650 nm are selected to examine the performance of the APR. We
can see clearly the rotation from input Ez components (TM-polarized) to the Ey components
(TE-polarized), while the input TM0 modes are effectively converted to TE1 modes at all
the wavelengths. We can also observe that the location of mode evolution trends to right
shift for long wavelengths because the phase-matching point moves along the propagation
direction as the wavelength increases.

Figure 2. (a) Calculated conversion efficiency over a bandwidth of 1250–1650 nm for different lengths
from 20 µm to 70 µm. (b) Optical power distribution and the modal field evolution along the
propagation axis of the APR at the wavelengths of 1250 nm, 1450 nm, and 1650 nm.

As illustrated in Figure 1a, an inverse-tapered coupler is employed as the MD which
routes the TE0 and TE1 modes to desired output ports. The TE0 mode would propagate
through the MD without conversion and output from the through port, while the TE1 mode
would couple to TE0 mode and output from the cross-port. The design principle of MD
is similar to [20] but is applied to the waveguides with a height of 150 nm. The width
of the through waveguide decreases from 0.95 µm to 0.65 µm, whereas the width of the
cross-waveguide increases from 0.2 µm to 0.5 µm. The length of the taper is set as 100 µm
for the adiabatic mode evolution, and the gap between the tapers is fixed as 0.2 µm. By
connecting the APR with MD, the simulated optical power distribution in the designed
PSR is shown in Figure 3a. At the wavelength of 1550 nm, the injected TE0 mode outputs
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from the through port directly. Meanwhile, the TM0 mode is converted to TE0 mode and
outputs from the cross-port. When TE0 or TM0 mode is injected, the transmissions of both
TE0 and TM0 modes from the through/cross-ports are monitored and shown in Figure 3b,c,
respectively. At a wavelength range of 1450 nm to 1650 nm, the insertion losses (ILs) of
the desired mode are less than 1 dB for both polarizations, and the cross-talk induced
by the unwanted modes are lower than −20 dB. The proposed PSR exhibits a superior
performance with a broad operating wavelength covering S, C, and L bands.

Figure 3. (a) Simulated optical power distribution along the designed PSR in case of TE0 or TM0

injection. Transmission spectrum for (b) TE0 injection and (c) TM0 injection.

3. Fabrication and Measurement

The proposed device was fabricated through a commercial MPW run (HOPHO Inc.,
Xingu Industrial Park, Shuangliu District, Chengdu City, China). It was processed on an
SOI wafer with a 220 nm top silicon layer and a 2 µm buried oxide layer. To define the
pattern of the devices, 193 nm-deep ultraviolet (UV) photolithography was used, while
inductively coupled plasma (ICP) was used to etch the silicon layers. Finally, a silica
upper-cladding was deposited on the structure by a plasma-enhanced chemical vapor
deposition (PECVD) process. Grating couplers (GCs) are implemented for light coupling
from fibers; the periods of grating couplers for the TE and TM modes are 620 nm and
984 nm, respectively. The fill factor and etching depth of the grating couplers are 0.5 and
70 nm, respectively. Figure 4a shows the optical micrograph of the fabricated PSR; the
rectangles covering the PSRs are the trenches that have no influence on the device. To fully
characterize the performance, four test structures with the same geometry but different
GCs are fabricated. A tunable laser (Santec TSL-550) is used as the source and an optical
power meter is used to measure the optical power.
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Figure 4. (a) Optical micrograph of the fabricated devices. (b) Transmission responses of the reference
grating couplers.

The transmission spectra of the reference grating couplers are shown in Figure 4b.
The maximum coupling efficiencies of TE0 and TM0 grating are 5 dB/facet and 6 dB/facet,
accompanied with an attenuation of around 12 dB at the long wavelengths. Limited by the
tunable range of lasers and the bandwidth of GCs, the measurement is carried out within
a bandwidth from 1500 nm to 1575 nm. The experimental results are shown in Figure 5
(solid curves). As a comparison, the simulation results are also attached in Figure 5 (dashed
curves). We see that for TE0 injection, the IL is less than 1 dB, and the cross-talk is below
−20 dB for the whole band. For TM0 injection, the IL increases as the wavelength rises
up because the sidewall roughness of the MD induces extra propagation loss for the TE1
mode. However, the IL for TM0 injection is still less than 1.5 dB, while the cross-talk is kept
below −20 dB over the band. However, the transmissions of the TE-TE Cross, TE-TM Thru,
TE-TM Cross, TM-TE Thru, and TM-TM Thru ports are far lower than the simulation results
at the long wavelength. Since the grating coupler introduces a huge power attenuation at
the long wavelength, the cross-talk cannot be detected due to the limited sensitivity of the
power meter. Similarly, the transmission of the TM-TM Cross-port is also out of detection
for the whole band.

Figure 5. Measured transmission spectra for the (a) TE0 and (b) TM0 injection.

Table 2 shows a comparison among reported APR-based PSRs on the SOI platform.
We can find that the APR of our design has an apparently compact size. Additionally,
the proposed PSR exhibits a nice performance over a broad bandwidth. We note that the
measured results are limited by our experimental setup. A broader operation bandwidth
would probably be obtained if either the laser source is updated or the GCs are further
optimized. We will make efforts to fix these problems in our future work.
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Table 2. Performance comparison of APR-based PSRs on the SOI platform.

Reference APR Length
(µm) IL (dB) Cross-Talk

(dB)
Bandwidth

(nm)
Etching Depth

(nm) Exp./Sim.

[20] 100 1.6 −13 50 220/130 Experiment
[21] 53.5 0.2 −15 320 220/130 Simulation
[22] 53.5 0.73 −12.1 110 220/130 Experiment
[25] 70 1 −14 100 220/130 Experiment
[27] 100 0.6 −17.6 110 220/70 Experiment

This work 30 1 −20 200 220/70 Simulation
This work 30 1.5 −20 75 220/70 Experiment

4. Conclusions

We experimentally demonstrated a broadband PSR based on a bi-level taper and
an inverse-tapered coupler. The device is designed with a 150 nm-high slab waveguide
that suits the active silicon photonics platform. The footprint of the APR is significantly
shrunken from hundreds to tens of microns while maintaining a high conversion efficiency
of >95% over 1250 nm to 1650 nm. Connecting the APR with the mode splitter, the device
exhibits a low loss of <1 dB and a cross-talk of <−20 dB over a broadband from 1450 nm to
1650 nm. The proposed PSR is fabricated through the commercial MPW program, and the
loss of <1.5 dB and cross-talk of <−20 dB are confirmed for a bandwidth of 75 nm. This
device offers a promising solution for ultra-compact PSRs and potential applications in
integratable optical communication links and optical interconnection networks.
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