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Abstract: We propose and simulate a compact (~29.5 pm-long) nonvolatile polarization switch
based on an asymmetric Sb,Ses-clad silicon photonic waveguide. The polarization state is
switched between TM, and TE( mode by modifying the phase of nonvolatile Sb,Se3 between
amorphous and crystalline. When the Sb,Ses is amorphous, two-mode interference happens in
the polarization-rotation section resulting in efficient TE(-TMg conversion. On the other hand,
when the material is in the crystalline state, there is little polarization conversion because the
interference between the two hybridized modes is significantly suppressed, and both TE, and
TMp modes go through the device without any change. The designed polarization switch has
a high polarization extinction ratio of > 20 dB and an ultra-low excess loss of < 0.22 dB in the
wavelength range of 1520-1585 nm for both TE(y and TMy modes.

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

1. Introduction

Silicon photonics has enabled low-cost, high-volume manufacturing of photonic integrated
circuits (PIC) by realizing numerous optical functions on a chip utilizing the well-developed
complementary metal-oxide-semiconductor (CMOS) fabrication technology [1,2]. The silicon
photonic devices, however, are polarization-dependent due to the large index contrast between
silicon and the top cladding (SiO; or air) of the waveguides [3]. To eliminate the issue, a
polarization-diverse system consisting of the polarizing beam splitter (PBS) and polarization
rotator (PR) is used to allow the components to work at a single polarization state [4]. The PR
can provide essential functionalities in a diverse polarization circuit to convert polarization.

Different PRs can be grouped into two categories based on their working mechanism: mode-
evolution and mode-hybridization-based PR. Mode-evolution-based PR typically adopts an
adiabatic taper waveguide, which enables mode conversion with the gradual change of the
waveguide structure [5,6]. In mode coupling, asymmetrical directional couplers are also broadly
adopted because the phase-matching condition can be satisfied when the structural symmetry is
broken [7,8]. Mode-hybridization-based PRs exploit special asymmetric structures to transfer
optical power through the interference of the two hybridized modes [9-11].

However, most reported PRs are designed to produce only one polarization state, and once
fabricated, their functionality cannot be changed. Reference [12] shows a polarization rotator with
a polarization conversion efficiency of -0.51 dB over a bandwidth of 80 nm based on a symmetry-
breaking silicon overlay. In Ref. [13], A. Tuniz ef al. demonstrated a modular approach that
consists of a plasmonic rotator and a focusing element to connect silicon-on-insulator waveguides
to hybrid plasmonic integrated circuits. Reference [14] demonstrated a mode converter comprised
of a silicon gradient metasurface on the LiNbO3; waveguides. The transmission efficiency was
94.4%, averaged over 1480-1580nm. In a PIC, reconfigurable polarization switches with the
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ability to dynamically set versatile polarizations are highly desired. To date, only a very few
polarization switches have been proposed. In Ref. [15], a polarization switch with a polarization
extinction ratio of ~20 dB was demonstrated by cascading three PRs based on a dual trench
waveguide and three electrically tunable phase shifters. In Ref. [16], Zhao et al. proposed and
demonstrated a polarization switch using a 1 X 1 MZI. The excess losses were about 0.6 dB, and
the polarization extinction ratios were > 20 dB for both TE and TM modes in the wavelength
range of 1530-1600 nm. However, these polarization-switching implementations are volatile and
power-hungry, and they suffer from large footprint of ~100-1000 um). A compact and nonvolatile
polarization switch that features low excess losses, high polarization extinction ratio, and broad
bandwidths can be highly transformative.

Phase-change materials (PCMs) provide an attractive solution toward compact and energy-
efficient reconfigurable photonic devices with zero static power [17-19], thanks to a nonvolatile
phase transition and large refractive index contrast between two states. Chalcogenide PCMs
such as Ge,Sb,Tes (GST) is the most commonly used PCMs, which have been employed in
multifunctional devices such as photonic memories [20,21], optical switches [22-26], and optical
neural networks [27,28] However, GST-on-silicon hybrid waveguide suffers from high absorption
loss in both crystalline and amorphous states [25], preventing its applicability to photonics. To
further reduce the optical absorption of GST, Ge,Sb,SesTe; (GSST) was developed recently by
substituting the atoms with Se atoms in GST. However, GSST still exhibits a high optical loss
at 1550 nm in the crystalline state [29]. These limitations have motivated the development of
wide bandgap PCMs such as SbySes; and Sb,S3, demonstrating ultra-low-loss photonic devices
[30-32]. In particular, SbySes exhibits no intrinsic absorption losses in both states and has a
large refractive index contrast An ~ 0.77 [30].

In this work, we propose a compact polarization switch based on an asymmetric Sb,Ses-loaded
waveguide connected with a regular silicon strip waveguide at the input and output ends. By
carefully designing the structures, highly efficient polarization conversion can be realized using
the interference between two hybridized modes supported in the polarization rotation section
when the Sb,Ses is in the amorphous state. In this case, the launched TEq (TM() mode completely
converts to the fundament TMy (TEg) mode with an appropriate conversion length. On the
other hand, when the Sb,Ses is switched to the crystalline state, the interference between two
hybridized modes is suppressed. Consequently, the coupling between two waveguides is minimal,
and one has a low-loss transmission for both polarizations.

2. Principle and design

Our device designs are largely motivated by experimental feasibility. Especially, we want to
ensure that the PCM can be deposited via standard sputtering and lift-off techniques (hence,
they are placed on top of the silicon waveguide) and the PCM can be switched reliably (hence,
thin enough PCM is considered). Figure 1(a) shows the schematic of the proposed polarization
switch, which consists of an asymmetric Sb,Ses-loaded waveguide connected with a regular
silicon strip waveguide at the input and output ends. Figure 1(b) shows the cross section of
the asymmetrical Sb,Ses-loaded waveguide, where a thin Sb,Se; layer is placed at the corner
of the silicon strip. In this way, the structure with cross-sectional asymmetry is introduced to
hybridize the modes. For amorphous Sb,Ses, the parameters are chosen optimally to support
two hybridized modes equally. As a result, when the TEy or TMy mode is launched from the
input and enters the polarization-rotation section, two hybridized modes can be excited with
equal mode-excitation ratios. Hence, the input TE; (TM() mode completely converts to TM,
(TEp) mode with an appropriate conversion length. On the other hand, for crystalline Sb,Ses, the
interference between two hybridized modes is suppressed due to the highly unbalanced excited
hybrid modes. We designed the device in the popular silicon-on-insulator (SOI) platform with
silicon thickness h; = 340nm. The silicon and silica refractive indices are ng = 3.455 and
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nsio2 = 1.445, respectively, at 1550 nm. The upper cladding is chosen to be SiO, for protection or
quasi-symmetry in the vertical direction. The refractive indices of amorphous Sb,Se; (a-Sb,Ses)
and crystalline SbySes (c-SbySes) are taken as 3.3058 and 4.3281, respectively. There is no
imaginary part of the index as measured via ellipsometry [33]. We note that the fundamental
insight in designing these devices is to identify the interference conditions for full constructive or
destructive interference. The mode-index from each waveguide can help calculate the interference
condition. However, to find the exact condition of interference, we need to perform extensive
electromagnetic simulations.

(a)

TM(amorphous) (C) ney,=2.4796

TE(crystalline)

Fig. 1. (a) Schematic configuration of the proposed polarization switch. (b) The cross
section of the polarization rotation region of the polarization switch. (c-d) Electric field
profiles of the two lowest-order hybridized modes with a-SbySes at the wavelength of
1550 nm.

As mentioned above, the polarization rotation region is designed to equally excite two
lowest-order hybridized modes when the Sb,Ses is in the amorphous state. In this case, two-
mode interference happens in the polarization-rotation section with a beat length given by
L=L.=n/(Bop—B1), where By and (3 are, respectively, the propagation constants of two hybridized
modes. Figures 1(c) and 1(d) show the calculated electric field profiles where strong polarization
hybridization can be observed. Here, we use the polarization conversion efficiency (PCE, defined
as the ratio of the desired polarization to the sum of both polarizations at the output port) to
analyze the performance of polarization conversion, which can be expressed as follows [9]:

L
PCE = sin®(20)sin” | =
sin“(26)sin (ZL

c

) % 100% (1)

Here, 8 denotes the polarization rotation angle of the two lowest-order eigenmodes, defined as
[34,35]:
[ n*(x.y) - H(x, y)dxdy
Q

// n*(x,y) - Hyz(x, y)dxdy
Q

tan(d) = R =

2

where R is the polarization rotation parameter, n(x,y) is the refractive-index distribution, and the
magnetic-field components H,(x,y) and H,(x,y) are the transverse and horizontal components
of the specified eigenmode, respectively. The optical axis rotation angle 8 =45° is required to
realize a 100% polarization conversion with a conversion length of L = L.

The polarization rotation angle 6 is closely associated with the width (w},) and height (/) of
the Sb,Ses. To determine the structure parameters appropriately, we analyze the field distribution
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of the hybrid modes supported in the asymmetric waveguide. Figure 2 shows the optical axis
rotation angle @ as a function of w, and h, with different strip widths (ws) when it is in a-Sb,Se;
and c-Sb,Sej state at 1550 nm. Since we aim to achieve polarization conversion in the Sb,Se;
amorphous state, we need to choose the appropriate parameters along the contour line with
6 = 45° as shown in Figs. 2(a)-(c). We find a range of w;, and ), that can achieve 100% conversion
efficiency (corresponding to different conversion lengths) in the amorphous state. We note that,
to ensure reliable phase transition with high endurance, the PCM layer should be thin and of
lower volume. From the figure, one can find that a small strip width wg with lower volume (as
well as smaller wy, and hy) is preferred to achieve modulation of the optical axis rotation angle. To
achieve highly unbalanced excited hybrid modes in the crystalline state, it is essential to deviate
the rotation angle 6 away from 45° (as shown in Figs. 2(d)-(f)). However, due to the asymmetry
of the structure with c-Sb,Ses, the input polarized light will still be partially transformed into the
orthogonal mode. Two different beat lengths will be generated corresponding to the two states
of SbySes. Here, the beat lengths of a-Sb,Ses and c-Sb,Ses states are represented by L.—, and
L_, respectively. The L._. can be carefully designed to be half of L._,, allowing the transfer of
optical power to orthogonal mode and back again.

w, =370 nm w, = 400 nm w, =450 nm
@510 ©) 510 e ©) 210 p—— %0°
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Fig. 2. The calculated polarization rotation angle 6 with varied wp and hp, with different
strip width wy in the SbySes (a)-(c) amorphous and (d)-(f) crystalline state, respectively.

Figure 3(a) shows the calculated transition loss due to the mode mismatch at the junction as a
function of wy in the a-Sb,Ses state, including input (TL-in) and output (TL-out) transition loss.
The transition losses are calculated from the overlap integral between the input/output waveguide
at the ends and the asymmetric Sb,Ses-loaded waveguide at the polarization rotation section. We
used the finite difference eigenmode (FDE) method (Lumerical MODE Solution) to perform the
mode analysis. It is noted that the TL-out increases as the silicon strip width w; increases, while
the TL-in remains as low as ~0.05 dB. Hence, we choose w; = 370 nm to minimize intrinsic
loss and ensure single-mode operation. Figure 3(b) shows the total transition w), loss in the
a-Sb,Se; state and beat length ratio (L.—q/L.-.) for different (%, is chosen optimally to ensure
the 8 = 45°). he transition losses are below 0.08 dB as the width w;, increases. To ensure that
the polarization switch has high performance in both a-Sb,Se3 and c-Sb,Sejs states, we choose
wp =285nm and &, = 35nm (point A in Fig. 2(a)), in which a relatively low TL can be obtained
while the beat length ratio is ~2. The corresponding conversion length is calculated as compact
as Le—g = ~29.5um.
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Fig. 3. (a) Calculated transition losses as a function of silicon strip width wy in the a-Sb, Se;
state. (b) Calculated beat length ratios L.—a/L.—c and total transition loss in the a-Sb,Sej
state as the wp varies. All the simulations are based on the optimal geometry parameters to
ensure the 8 =45° in the a-Sb, Sejy state.

3. Simulation and performance

To verify the expected performance of the proposed polarization switch, we simulate the structure
using a 3D finite-difference-time-domain method (Lumerical FDTD Solution). We restrict the
simulation workplace of 34 um X 3 um X 4 um in the three dimensions with perfectly matched
layers (PML) used as boundaries. Our simulation employs mesh grid sizes of Ax = Ay = 20nm
and Az = 22nm. To denote the thickness of Sb,Ses; and ensure an accurate field distribution,
we use a mesh grid size of Az = 5nm to override the SbySe; domain. Figure 4 depicts the
evolution of Ey and E, components along the light propagation direction when the TEg mode
(Ey component dominant) is launched into the input port in the a-SbySe; and c-SbySe; states,
respectively. From Figs. 4(a) and 4(b), the Ey component gradually vanishes in the rotation
section. In contrast, the E, component begins to appear and becomes dominant in the output
section when it is in the a-Sb,Ses state. At the end of the polarization-rotation section, almost all
the power is transferred to the orthogonally TMy mode in the a-Sb,Ses state. The residual TEg
power is negligible, indicating efficient conversion from input TE( to output TMy mode. On the
other hand, the Ey component first weakens and strengthens when switched to the c-Sb,Se; state,
as shown in Figs. 4(c)—4(d). The initial weakening happens even in the c-SbySes state. There
are two excited and differently weighted hybrid modes (the balance of two hybrid modes in the
polarization conversion part is broken since the rotation angle 6 deviates from 45°). There is
little polarization conversion since only a small amount of field interference between the hybrid
modes occurs. This can be verified from Figs. 4(c)—4(d), which show that TEy mode is first
partially converted to TM(y mode and then back to TEy mode. Figure 4(e) shows the mode profile
distribution at different locations. One can find that there is an evolutionary process, i.e., in the
a-Sb,Ses state, the input TEg mode is converted to hybridized mode at the polarization-rotation
section and then output as TMy mode. In contrast, the output light remains TE-polarized despite
a small amount of interference between the two hybridized modes in the c-Sb,Ses state.

Figure 5 shows the calculated polarization extinction ratio (PER) and excess loss (EL) spectra
to assess the performance of the polarization switch. Here, the PER and EL in the a-Sb,Se; state
are defined as [36]:

PER = 10log,o(Trg-1v /TrE-TE) (3)

EL = —10logo(T7re-1Mm) “)

Similarly, when it is switched to the c-Sb,Se; state, the corresponding PER and EL are defined
as:
PER = 10log,(Trg-1£/TrE-TM) 5
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Fig. 4. Normalized electric field (a) Ey and (b) E, propagation profiles of the designed
polarization switch with SbySes in the amorphous state; Normalized electric field (c) Ey and
(d) E, propagation profiles of the designed polarization switch with Sb,Ses in the crystalline
state. (e) Field intensity profile of the device at the corresponding positions in (a). All the
profiles are simulated when TEy mode is launched at the input end at 1550 nm.

EL = - 1010g10(TTE—TE) (6)

where Tre_7y and Tre_7E are the TM and TE transmittance for the launched TE; mode.
Figures 5(a)-5(b) show the calculated spectral responses of the designed polarization switch
with Sb,Ses in the amorphous and crystalline states when TEy mode is launched. When operating
in the a-Sb,Se; state, a PER > 20 dB and EL < 0.07 dB can be achieved across the 1520-1585 nm
wavelength, while PER (EL) reaches 39.7dB (0.04 dB) at central wavelength, as shown in
Fig. 5(a). When it is switched to the c-Sb,Se; state, almost no polarization rotation is observed,
and the input TEg mode has an EL of < 0.22 dB and a high PER of > 20 dB in the wavelength range
of 1520-1585 nm without polarization conversion. Furthermore, the transmission performance of
the polarization switch for the launched TMg mode is also analyzed. The simulations show that
the PERs are > 20 dB in both the a-Sb,Se; and c-Sb,Se; states over a broad wavelength band
from 1520 nm to 1585 nm. Besides, the designed polarization switch shows low EL < 0.03 dB in
the a-Sb,Ses state and EL < 0.13 dB in the c-Sb,Ses state, respectively. SbySes is an ultra-low
loss PCM that exhibits negligible intrinsic absorption losses (k < 107?) in both states [26,33].
However, recent research characterized waveguides with long SbySes (25 nm thick and 500 nm
wide) patch lengths of 200-800 um [30]. The results show that in the amorphous phase, the loss
of any length is within the error range of insertion loss (+0.9 dB), even for patches approaching
a millimeter in length. In the crystalline phase, the propagation loss was measured as 0.01 dB
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Fig. 5. Wavelength dependence of the PER and EL for the proposed polarization switch
with a-SbySes (a) and c-SbySes (b) for the launched TE; modes; wavelength dependency of
the PER and EL for the proposed polarization switch with a-Sb,Sej3 (c) and c-SbySes (d)
for the launched TM modes. The orange-shaded areas represent the wavelength range of
PER >20dB.

um~!. Based on this, we can deduce the imaginary part k of the c-Sb,Ses to be 0.0049. We then
simulated the transmission spectra of the designed polarization switch, taking into account the
absorption loss of the c-SbySe;. When the TEy (TMy) mode is launched from the input end, the
corresponding EL of our polarization switch would be less than 0.52 dB (0.51 dB) over the entire
band for a 29.5 um long Sb,Se; patch in the crystalline state. This is still acceptable for practical
use. Overall, the performance of the proposed polarization switch is essentially the same for the
launched TEy and TMy modes.

4. Fabrication and tolerance

The proposed polarization switch based on the asymmetrical structure requires two-step E-beam
lithography processes, including one silicon strip fabrication process and the Sb,Ses lift-off
process. When manufacturing errors occur, the modal field distribution will deviate from the
designed values in both a-Sb,Se3 and c-Sb,Sej states. Consequently, the optical axis rotation
angle is no longer 45°, and the optimal polarization conversion length changes. To verify the
robustness of the designed polarization switch, we analyze the fabrication tolerances on the
alignment accuracy ox and the deviated width Aw,, of SbySes Figures 6(a) and 6(b) show the PER
and EL of the device as a function of alignment accuracy dx (the distance between the Sb,Se;
layer and the edge of the silicon strip as shown in the inset) when TE( mode is launched. When
it is in an amorphous Sb,Sej state, the device attains an EL <0.19 dB and PER > 14 dB with
o0x =35nm, as shown in Fig. 6(a), while the EL < 0.4 dB and PER > 12 dB can be achieved in the
crystalline state which is shown in Fig. 6(b). Figures 6(c) and 6(d) show the PER and EL as a
function of fabrication errors Aw,. The PER is > 12 dB in both Sb,Se; states with Awp, = £10nm,
while the EL is < 0.2 dB for the a-Sb,Se; state and < 0.38 dB for the c-Sb,Ses state, which is still
acceptable. The properties of the polarization switch are more sensitive with alignment accuracy,
posing a challenge to fabrication. But a more efficient heating method, such as using a monolayer
graphene heater which allows for thick SbySes [26], may improve the fabrication tolerances.
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Fig. 6. PER and EL of the designed polarization switch at the wavelength of 1550 nm
with the deviation of (a-b) 6x and(c-d) Awp when in the amorphous and crystalline state,
respectively. The smooth lines are guides to the eye to understand the trend.

5. Conclusion

We have proposed and designed a high-performance polarization switch based on an asymmetric
SbySes-loaded waveguide. The polarization states of light can be switched by tuning the state of
the low-loss phase change material Sb,Se;. Two-mode interference occurs in the polarization-
rotation section for the amorphous state, resulting in a complete TEy-TM( conversion with the
appropriate conversion length. However, there is negligible polarization conversion when it
transitions to the crystalline state because the interference between the two hybridized modes is
depressed. Consequently, one has a low-loss transmission for both polarizations. A 3D-FDTD
simulation has been given for the optimal design of the polarization switch. The ELs are < 0.22 dB,
and the PERs are > 20 dB for both polarization modes in the 1520-1585 nm wavelength range.
Furthermore, the present polarization switch has a compact footprint of 29.5 um x 0.37 um. We
also prove that the device possesses a relatively large fabrication tolerance. Our proposed concept
of a nonvolatile polarization switch, especially its realization on a chip, will find numerous
applications for more flexible signal processing, information sensing, and photonic interconnect.
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