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Abstract: We present a broadband integrated photonic polarization splitter and rotator (PSR)
using adiabatically tapered coupled waveguides with subwavelength grating (SWG) claddings.
The PSR adiabatically rotates and splits the fundamental transverse-magnetic (TM) input to
the fundamental transverse-electric (TEp) mode in the coupler waveguide, while passing the
TE input through the same waveguide. The SWGs work as an anisotropic metamaterial and
facilitate modal conversions, making the PSR efficient and broadband. We rigorously present our
design approaches in each section and show the SWG effect by comparing with and without the
SWG claddings. The coupling coefficients in each segment explicitly show a stronger coupling
effect when the SWGs are included, confirmed by the coupled-mode theory simulations. The
full numerical simulation shows that the SWG-PSR operates at 1500-1750 nm (=250 nm)
wavelengths with an extinction ratio larger than 20 dB, confirmed by the experiment for the
1490-1590 nm range. The insertion losses are below 1.3 dB. Since our PSR is designed based on
adiabatical mode evolution, the proposed PSR is expected to be tolerant to fabrication variations
and should be broadly applicable to polarization management in photonic integrated circuits.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Silicon (Si) photonics on a silicon-on-insulator (SOI) wafer is a promising photonic integrated
circuit (PIC) platform, with its compatibility with the well-established complementary metal-
oxide-semiconductor (CMOS) process. The large index contrast between silicon and oxide
cladding confines telecommunication light at hundreds of nanometers, allowing a compact circuit
footprint with multiple functionalities. The waveguide asymmetry in height and width leads
to a birefringence, resulting in polarization-dependent transverse-electric (TE) and transverse-
magnetic (TM) modes. To fully utilize the polarizations in a PIC, polarization controlling
components such as polarization beam splitter (PBS) [1-7], polarization rotator [8—11], and
polarization splitter-rotator (PSR) [12-30] are required to be integrated on a chip. The PSR is a
component that splits TE and TM inputs into two separate paths and then rotates one polarization
to the other orthogonal one while keeping the other polarization status the same (usually, it
rotates TM input to TE, while keeping TE input to TE). In this way, polarization status inside
the circuit can be consistent regardless of input polarization. The mixed polarization input will
also be separated into two different paths, sorting out the polarization status. Thus, PSRs play
a significant role in the polarization-transparent PICs [31-33], polarization-entangled photons
[34,35], coherent optical transceivers [36,37], and on-chip optical communications [38].

A PSR is essentially composed of two modal conversions, i.e., polarization split and rotation.
Two mechanisms, i.e., mode-coupling and mode-evolution, can be utilized for manipulating
waveguide modes, and PSRs were designed with either mode-coupling [12-17], mode-evolution
[18-27], or hybrid (that uses both mode-coupling and mode-evolution) [28-30] approaches.
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Mode-coupling is based on matching the modal phases; thus, it generally exhibits a relatively
short device length but high sensitivity to fabrication imperfections and limited bandwidth. In
contrast, mode-evolution works by gradual change in the modal index, reducing the geometric
sensitivity that allows tolerance to fabrication errors and broader bandwidth in the trade of a
longer device length.

Recently, subwavelength grating (SWG) metamaterials have been used to enhance the perfor-
mances of many Si photonic devices, providing additional degrees of freedom to engineer modal
properties [39—44]. SWGs work as a homogenized anisotropic medium whose effective index and
anisotropy can be engineered by changing the filling fraction and tilting angle [45,46]. Using these
modal engineering capabilities, SWGs have been used to reduce the skin depth and manipulate
the dielectric perturbation of guided modes for lower crosstalk [47—49] and engineering the
birefringence to design various PBSs [2—7]. For example, a notably high extinction ratio >50
dB PBS was demonstrated with an extreme suppression of waveguide crosstalk [5], and an
ultra-broadband PBS having a bandwidth >200 nm was demonstrated with SWGs [2—4].

In this paper, we present a broadband PSR design with SWG metamaterials. The PSR is
designed to rotate the TM input to TE, then split it into a coupled waveguide while keeping the TE
input in the same waveguide without rotation. Both modal conversion sections, i.e., rotation and
splitting, are designed based on adiabatic evolution by tapering the waveguide cores, providing
broadband and fabrication tolerance to our device. Compared to conventional strip-based designs,
the SWGs enhance coupling strengths, leading to highly efficient modal conversions with shorter
device lengths and broader bandwidth. In the following, we present our design and optimization
processes, compare them with a conventional strip design, and numerically and experimentally
demonstrate the broadband SWG-based PSR on an SOI platform.

2. Schematics and design

2.1. Schematics of the polarization rotator and splitter

The proposed PSR is designed on a 220 nm thick SOI platform. Figure 1(a) illustrates the
schematic of the PSR, which consists of two modal conversion sections: mode rotation and
mode splitting. The PSR has one input and two output ports; the TEy and TMj inputs are
routed to waveguide-A (red trace) and waveguide-B (yellow trace), respectively. In the mode
rotation section, waveguide-A is tapered as wa=450-700 nm along the taper length L, for the
modal transition from the TMj to the TE;. In the following mode splitting section, a coupled
waveguide-B is introduced and linearly tapered as wg=150-500 nm along the taper length L,
while keeping the width of waveguide-A the same as wa=700 nm. With this, the TE; mode
in waveguide-A can smoothly couple to the TEjy mode in waveguide-B. Due to a large phase
mismatch with other modes, the TE( input will not be converted/coupled throughout the entire
sections and will pass to the waveguide-A output. The gap between two waveguides is set to
8=Wswg + 2807=350 nm, where wgy;=250 nm and g,¢=50 nm. The periodicity and the filling
fraction of SWGs are set to A=100 nm and p=0.5, respectively. The air serves as a cladding to
break the vertical symmetry and achieve efficient polarization conversion [50,51]. The yellow
arrow in Fig. 1(a) represents the guided path of the TMj input toward the TE( output, and Fig. 1(b)
shows the corresponding field profiles in each modal transition (i.e., TMgy —TE;ao —TEgp).
Due to a strong modal overlap, the injected TM(y mode is converted to the TE, transitional mode,
and then it adiabatically couples to the TEy mode in the waveguide-B output. The red arrow in
Fig. 1(a) indicates this guided path of TE; mode, and Fig. 1(c) shows the corresponding mode
field profiles. For the TE, input, it neither converts nor couples to other modes and passes
through the output waveguide-A. S-bends are added at the output ports to smoothly transit from
SWG to strip waveguides. In the following sections, we will present the design and optimization
of each section in detail and compare our SWG-PSR with conventional strip-PSR.
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Fig. 1. (a) The schematic of the proposed polarization splitter and rotator (PSR) with
subwavelength gratings (SWGs). Blue and grey represent Si and SiO», respectively. The
PSR consists of two sections: mode rotation and mode splitting. Waveguide-A is tapered
wa=450-700 nm along the L, followed by a constant width w =700 nm. Waveguide-B
starts at the mode splitting section and is gradually tapered wg=150-500 nm along the Ly,.
The red and yellow arrows mark the paths of the TEy and TM inputs, respectively. The
mode profiles at each transition section: (b) TM( (yellow path) and (c) TE (red path) inputs.
The Si height, SWG period, and SWG filling fraction are set to /=220 nm, A=100 nm, and
p=0.5, respectively.

2.2. Mode rotation section

First, the mode rotation section is designed to rotate the TMy to TE; while keeping the TE, input
the same. The vertical asymmetry with an air cladding leads to a coupling between the TMy and
TE|, and the adiabatic tapering smoothly translates their modal conversion. This conversion can
be optimized by engineering the taper width w4 (z) and the taper length L. Figure 2(a) shows
the cross-sections of waveguide-A, with (left) and without (right) SWG claddings. The case of
a strip waveguide without SWG claddings is shown here for comparison to examine the effect
of SWG cladding. Note that SWG is modeled using the effective medium theory (EMT) with
permittivities &, = &, = g) and &; = £, which follow [52]:

g = pesi + (1 = p)eair (1a)
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where, €s; and €, are the permittivities of silicon and air, respectively. The filling fraction is
set to p=0.5. The width of SWGs and offset gap are fixed at wyy,=250 nm and gor=50 nm,
respectively. The offset g is introduced to avoid significant scattering from the sharp corner,
reducing the insertion loss. Figure 2(b) plots the effective refractive indices neg of the guided
modes in SWG-clad (solid lines) and strip (dashed lines) waveguides. Blue, orange, and yellow
represent TEg, TMy —TE;, and TE; - TMy modal indices, respectively. Because the TE has a
considerably higher effective index than other modes, it passes through the tapered waveguide
without coupling to other modes. However, for the TM input, there is a mode hybridization near
wa = 650 nm, translating TM, to TE; (following the trajectories of orange lines). The trajectories
are chosen to have smooth modal transitions rather than abrupt change. Based on this, we taper
the waveguide-A width as wa =450-700 nm, fully covering the TMy —TE; modal conversion.
Here the insertion of SWGs will cause a stronger hybridization, which makes the modal transition
more efficient, shortening the required conversion length. To compare the hybridization strength
between SWG-clad and strip waveguides, we evaluated the local coupled-mode coefficients given

by [53,54]:
_we 1 dei(x,,2) _,
o 4 Bu—Pm ﬂ 0z E,/(x,y) - Emi(x, y)dxdy 2

where, the subscript i= x, y, and z and &(x, y, z) is the relative permittivity distribution of the
waveguides. The E,, and E,, are the normalized electric field components of the local modes m
and n, and the f3,, and B3, are the corresponding propagation constants. The local perturbation
described by de(x, y, z)/ 0z is implemented by having discrete cross-sections with a 2 nm step
size along the tapering direction. Figure 2(c) shows the numerically calculated k = &, + ky + &,
of SWG-clad (solid) and strip (dashed) waveguides as a function of wa. The «y, y, and «, are
coupling coefficients from each field components, collectively affecting the overall coupling
coefficient k. Note that the « of the SWG is much higher than that of the strip, which will make
the transition via SWG more efficient than the strip waveguide without SWG claddings.

To confirm the TMy to TE; modal rotation and their conversion efficiency (CE) per the
taper length Li;, we performed the eigenmode expansion (EME) simulations. We launched
the TMy mode while linearly tapering the waveguide-A as wa=450-700 nm. Figure 2(d)
shows the top view of the EME simulation domain, and Fig. 2(e) plots the CE of SWG-clad
(orange) and strip (blue) waveguides. The solid and dashed lines show the modal conversions of
TM to TE; and TM, to TM), respectively. The circles are the calculated results of the local
coupled-mode theory using the « from Fig. 2(c), further confirming our numerical approaches
[53,54]. As the taper length increases, the CEs of the modal rotation approaches 100%, which is
the notable characteristic of mode-evolution-based modal transition. Between SWG-clad and
strip waveguides, as expected from Fig. 2(c), the SWG exhibits a shorter conversion length than
the strip case (To achieve CE >99.50%, L;;=40 pm is required for SWG and L;; =65 pm for strip).
This is due to the stronger coupling strength induced by the SWG-clad than the strip waveguide.

g1

(1b)

2.3. Mode splitting section

In the mode splitting section, a coupler waveguide-B is introduced to split the TE; mode, which
was rotated from the TMj in the first section. An adiabatic tapering of the waveguide-B will
allow the mode evolutionary transition from the TE; mode in the waveguide-A to the TEy mode
in the waveguide-B while keeping the TE, input in the waveguide-A. To optimize this transition,
we simulated the modal evolution by varying the wg of the coupled waveguides schemes as in
Fig. 3(a): SWG-clad (left) and strip (right). Figure 3(b) shows the simulated n.g of the coupled
SWG-clad (solid lines) and strip (dashed lines) waveguides as a function of wg for the tapered
widths as 150-500 nm. The width of waveguide-A is fixed to wa=700 nm. The blue, orange,
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Fig. 2. (a) Schematic cross-sections of the SWG-clad (left) and strip (right) waveguides. (b)
Numerically simulated effective refractive indices neg of SWG-clad (solid lines) and strip
(dashed lines): TE( (blue), TMy — TE; (orange), and TE; — TM (yellow). The black
dashed line indicates where wa =700 nm. (c) Calculated local coupling coefficient x between
TMj and TE| modes using Eq. (2): SWG-clad (solid) and strip (dashed) waveguides. (d)
Top view of the rotation section along the linear taper length L;;: SWG-clad (upper) and
strip (lower) waveguides. (e) Simulated mode conversion efficiencies (CEs) when TMg
mode is launched: SWG (orange) and strip (blue). Solid and dashed lines show TM to TE
and TM, to TM( conversions, respectively. Geometric parameters are set to /=220 nm,
Wswg=250 nm, and g,f=50 nm.

and yellow represent TEgs, TEgg —TE A, and TE;o —TEo modal indices, respectively. As in
the rotation section, the TEga mode does not experience any modal conversion due to the large
effective index difference. However, for the TE;5 and TEgg modes, the mode hybridization is
shown near wg ~350 nm with an avoided mode crossing. This hybridization helps the TE; 5 mode
be coupled to TEgg, following the trajectory of the yellow line in Fig. 3(b). This coupling between
the TE; 5 and TEog modes is more evident in the local coupling coefficient calculations shown in
Fig. 3(c). Similar to Fig. 2(c), Eq. (2) was used for this calculation but between TE|4 and TEqp
modes. Notice the stronger « with the SWG than the strip configuration. The SWG introduces a
large coupling coeflicient, facilitating the modal conversion; thus, a shorter conversion length is
expected for the SWG-clad waveguides. To confirm this, we conducted the EME simulations for
the mode splitting with adiabatically tapered coupled SWG-clad and strip waveguides. From
the modal simulations in Fig. 3(b), we chose the wg=150-500 nm for our tapering width and
linearly tapered along the L, to ensure the conversion. Figures 3(d) and 3(e) show the top views
of the linearly tapered mode splitting sections with SWG-clad and strip waveguides, respectively.
Figures 3(f) and 3(g) show the mode CEs of TE s to TEgp (solid lines) and TE;4 to TE s
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Fig. 3. (a) Schematic cross-sections of the mode splitting section: coupled SWG-clad (left)
and strip (right) waveguides. (b) Simulated ne of SWG-clad (solid lines) and strip (dashed
lines) waveguides: TEgp (blue), TEgg — TE | (orange), and TE{5 — TEgg (yellow).
(c) Calculated local coupling coefficient between TE| 4 and TEqp using Eq. (2): coupled
SWG-clad (solid) and strip (dashed) waveguides. Top views of the splitting section with
coupled (d) SWG-clad and (e) strip waveguides, where wa =700 nm and wg=150-500 nm.
Simulated conversion efficiencies (CESs) as a function of the taper length Ly, for the (f,g)
TE | A and (h,i) TEga inputs: coupled (f,;h) SWG-clad and (g,i) strip waveguides. Different
colors represent gap sizes: g=150 nm (blue), 250 nm (orange), 350 nm (yellow), and 450
nm (purple), and other parameters are /=220 nm and g,¢=50 nm.
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(dashed lines) transitions as a function of the taper length L, for the coupled SWG-clad and
strip waveguides, respectively. The yellow circles represent the calculated CE results from the
local coupled-mode theory using the coefficients in Fig. 3(c), again, confirming the EME results.
Different colors represent different gaps g=150 (blue), 250 (orange), 350 (yellow), and 450 nm
(purple) while fixing gog=50 nm. Other parameters are the same as in Fig. 1. In both SWG-clad
and strip cases, a higher CE between TE |5 and TEp is shown for a narrower gap g, obviously
due to a stronger coupling. For the strip case [Fig. 3(g)], extensively long coupling length is
required, which is the typical limitation of mode-evolution-based adiabatic transition. However,
with the SWGs, the coupling length can be shortened due to a stronger coupling [Fig. 3(c)], as
shown in Fig. 3(f). To ensure that the TE(, input stays in the same waveguide-A, TEya to TEga
conversion efficiencies are also simulated in Figs. 3(h) and 3(i), respectively, for the SWG-clad
and strip cases. It is clearly seen that there are almost negligible couplings, as mentioned, due to
the large index differences.

3. 3D FDTD simulation

From the coupled-mode and EME simulations in Section 2, we set the wgwe=250 nm and g,¢=50
nm (thus, the gap is g=wgws + 2g0#=350 nm), then chose the taper lengths as L;;=50 um and
L=250 pm (thus, the total device length is L=L¢; + L»=300 um). These taper lengths are
selected to be sufficiently long enough to achieve conversion efficiencies close to 100% [from
Figs. 2(e) and 3(f)]. Then, to examine the spectral performance of the designed SWG-PSR, we ran
the three-dimensional (3D) finite-difference time-domain (FDTD) simulations for the optimized
parameters above. The other parameters are the same as in Fig. 1. Figures 4(a) and 4(b) show the
top views of the simulated mode field profiles (|E|) while exciting the TEy and TMy modes at the
input (left side), respectively. The free space wavelength is at 49p=1550 nm. The mode profiles
clearly show that the TMy input is converted to the TE; through the first tapering, then the TE,
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Fig. 4. Full 3D FDTD simulation. (a,b) Top views of the simulated mode field profiles (|E|)
along the designed SWG-PSR at 4=1550 nm: (a) TE( (b) TMy inputs. (c,d) Numerically
simulated transmission spectra at the output ports of the waveguides-A (/,, solid) and B (I,
dashed) while varying SWG filling fraction p = 0.45 (blue), 0.5 (orange), and 0.55 (yellow):
(c) TEg and (d) TMy inputs. The taper lengths are set to L1 =50 pm and Li»=250 pm. Other
parameters are the same as in Fig. 1. The solid black line shows the IL <1 dB. The black
dashed line is a guide to —20 dB transmission.
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is cross-coupled to the TEy mode in the waveguide-B [Fig. 4(b)]. For the TE, input, it passes
through the waveguide-A without coupling to the waveguide-B nor converting to other modes
[Fig. 4(a)]. In this way, TEy and TM(y modes are separated while the TM(y mode is converted
to the TE(y mode at the waveguide-B; thus, only one polarization status exists at the outputs
while sorting out the different polarization inputs. Figures 4(c) and 4(d) show the corresponding
spectral transmissions for the TEy and TM inputs, respectively. The solid and dashed lines
represent the output powers at the waveguide-A (/) and B (Ip), respectively. Different colors
represent different filling fractions of SWG: p = 0.45 (blue), 0.5 (orange), and 0.55 (yellow). Due
to the adiabatic nature of the design, a broadband polarization split-rotation is shown, having
>250 nm (1500-1750 nm) bandwidth for the extinction ratio of ER >20 dB and the insertion loss
of IL<1 dB. This is difficult to achieve with a traditional strip waveguide-based PSR because it
would necessitate extremely long taper lengths, as shown in Fig. 3(g), which may cause additional
issues such as scattering losses and fabrication non-uniformity. In addition, the variations in
SWG filling fractions p = 0.50 + 0.05 do not affect on the device’s performance much, suggesting
its fabrication tolerance within +5 nm. Even though the fabrication imperfections may alter the
modal properties in each cross-section, the smooth modal transition characteristics, as shown in
Figs. 2(b) and 3(b), still hold, making SWG-PSR very robust to fabrication errors.

4. Experiment

After confirming its spectral results in Section 3, we fabricated and characterized the devices.
The devices were fabricated on an SOI wafer consisting of a 220 nm thick Si layer on top of a
2 pm thick silicon dioxide (SiO;) layer. The electron-beam lithography was used to fabricate
the devices [48]. For the characterization, two sets of devices were fabricated for the same PSR
design: one with TE input grating coupler and the other with TM input grating coupler. For the
output ports of TE excitation, TE grating couplers are employed for ports A and B; and, for the
output ports of TM excitation, TM and TE grating couplers are employed for ports A and B,
respectively, so that correctly quantify the residual signals. Figure 5(a) shows the microscopic
image of the fabricated device layout, where I;,, Ix, and Ig denote the optical powers at the
input, waveguide-A, and waveguide-B, respectively. Bottom zoomed-in views show (right)
tapered waveguide-A for rotation, (middle) asymmetric coupler consisting of waveguide-A and
waveguide-B for splitting, and (left) adiabatic transition from the SWG-cladded waveguides to
strip waveguides. The red and yellow arrows indicate the guided paths of TEq and TMj inputs,
respectively. We used a custom-built grating coupler stage to measure the spectrum transmissions.
Fiber arrays were used to couple in and out a tunable laser source to the chip, and a polarization
controller after the laser source regulated the input polarization state. The output light signals
were then sent to the photodetectors via other ports of the same fiber array. Figures 5(b) and 5(c)
show the characterized transmission spectra of TE (blue) and TM, (orange) inputs, respectively.
Each spectrum is normalized by the corresponding reference grating coupler spectra. The solid
and dashed lines represent the transmissions at waveguide-A (/) and B (/) outputs, respectively.
Similar to the FDTD results in Fig. 4(c), the TE( input passes through waveguide-A with a
negligible coupling to waveguide-B [Fig. 5(b)], while the TM input is rotated and cross-coupled
to the TEy mode in the waveguide-B [Fig. 5(c)]. The 20 dB bandwidth of PSR is observed
over 1490-1590 nm (>100 nm), which corresponds to the FDTD results in Figs. 4(c) and 4(d)
but limited by the laser bandwidth. The ILs are also less than 1.3 dB for the given spectral
range. This large bandwidth is due to its adiabatic mode-evolution, while SWGs enhance their
conversion strength for a shorter device length. Table 1 summarizes and compares with the
previous works on PSRs, and our SWG enhanced PSR is notably competitive compared to other
designs balancing the bandwidth and the device length.
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Fig. 5. (a) Microscopic image of the fabricated PSR layout (scale bar=50 um): Iy, I,
and Ig denote optical powers at the input, output waveguide-A, and output waveguide-B,
respectively. Zoomed-in images show (right) tapered waveguide-A, (middle) asymmetric
directional coupler (waveguide-A and waveguide-B), and (left) adiabatic transition from
the SWG-clad to strip waveguides. (b,c) Experimentally measured transmission spectra at
the output waveguides-A (solid) and waveguide-B (dashed): (b) TE( (blue) and (c) TMy
(orange) inputs. The geometric parameters are the same as in Fig. 4. The black dashed line
is a guide to —20 dB transmission.

Table 1. Summary of the experimentally demonstrated ER>20 dB photonic PSRs?

Structure BWjgp (nm) IL (dB) L (um) Mechanism Clad./Etching

Ridge DC [12] 30 0.5 27 Mode-coupling SiO,/Double
Discretized SWG [13] 41 1 7.92 Mode-coupling Air/Single
Bent DC [14] 70 1 8.77 Mode-coupling Air/Single

Bent ridge DC [15] 80 3 70 Mode-coupling SiO,/Double
Taper+ADC+MMI [28] 50 1.5 70 Hybrid Air/Single
MMW+ADC+BDC [29] 85 0.57 475 Hybrid Air/Single

Taper+ADC [19] 80 1.6 475 Mode-evolution SiO,/Double

Taper+counter ADC [20] 80 0.73 313.5 Mode-evolution SiO,/Double
Taper+SWG ADC [21] 80 1.4 171 Mode-evolution Air/Single

Tapered DC [22] 85 1.5 375 Mode-evolution SiO,/Double
This Work Sim.(Exp.) 250(100%) 1.3 300 Mode-evolution Air/Single

“BWjgp (bandwidth for ER>20 dB); IL (Insertion loss); L (device length); DC (directional coupler); ADC (Asymmetric
directional coupler); MMI (Multimode interferometer); MMW (Multimode waveguide); BDC (Bent DC); Sim.
(Simulation); Exp. (Experiment).

bMeasurement is limited by the laser source bandwidth.
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5. Conclusion

In summary, we proposed a broadband silicon photonic PSR, whose conversion strengths were
enhanced by SWGs. Both rotation and splitting sections are designed based on adiabatic modal
transitions, providing broad bandwidth, but the conversion lengths are shortened in support
of SWGs. The enhanced coupling coefficients in our PSR explicitly show the role of SWGs,
which are further confirmed by both local coupled-mode theory and EME simulations. Full 3D
FDTD simulations show our PSR can operate over the 1500-1750 nm range (BW5pqg >250 nm),
and we experimentally report BWyoqg >100 nm PSR with a 300 um long total device length.
Our PSR is based on a mode evolution; thus, a high tolerance for fabrication imperfection is
expected. One can also increase the gap between the coupled waveguides for a higher extinction
ratio but in the trade of a longer device length. The total device length also could be further
shortened by optimizing the tapering widths [55]. Our PSR is designed on an SOI platform and
immediately applicable to a broad range of silicon photonic systems, such as on-chip coherent
optical communications and wavelength division multiplexing.
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