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ABSTRACT: Integration of phase-change materials
(PCMs) created a unique opportunity to implement
reconfigurable photonics devices that their performance
can be tuned depending on the target application.
Conventional PCMs such as Ge-Sb-Te (GST) and Ge-
Sb-Se-Te (GSST) rely on melt-quench and high
temperature annealing processes to change the
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organization of the molecules in the materials’ crystal. Such a reorganization leads to different optical, electrical, and
thermal properties which can be exploited to implement photonic memory cells that are able to store the data at different
resistance or optical transmission levels. Despite the great promise of conventional PCMs for realizing reconfigurable
photonic memories, their slow and extremely power-hungry thermal mechanisms make scaling the systems based on such
devices challenging. In addition, such materials do not offer a stable multi-level response over a long period of time. To
address these shortcomings, the research carried out in this study shows the proof of concept to implement next-generation
photonic memory cells based on two-dimensional (2D) birefringence PCMs such as SnSe, which offer anisotropic optical
properties that can be switched ferroelectrically. We demonstrate that by leveraging the ultrafast and low-power
crystallographic direction change of the material, the optical polarization state of the input optical signal can be changed.
This enables the implementation of next-generation high-speed polarization-encodable photonic memory cells for future
photonic computing systems. Compared to the conventional PCMs, the proposed SnSe-based photonic memory cells offer
an ultrafast switching and low-loss optical response relying on ferroelectric property of SnSe to encode the data on the
polarization state of the input optical signal. Such a polarization encoding scheme also reduces memory read-out errors and
alleviates the scalability limitations due to the optical insertion loss often seen in optical transmission encoding.

KEYWORDS: ferroelectric materials, phase-change materials, photonic memory, optical storage cells, polarization

encodable photonic memories, optical polarization

1 Introduction

Photonic integrated circuits (PICs) have been deployed in a wide
range of applications, from sensing and high-speed communication
to energy-efficient optical computation in artificial intelligence (AI)
accelerator systems [1-5]. More recently, phase change materials
(PCMs) have been integrated with photonic devices to achieve
reconfigurable photonic systems, such as photonic memory to
selectively manipulate the light propagation to store data on the
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phase state of the PCMs [6—13]. The phase transition of PCMs
leads to a drastic nonvolatile change in the material’s optical and
electrical properties, enabling the dynamic switching of PCM-based
devices (i.e., multiple optical transmission or resistance levels).
Despite the nonvolatile optical and electrical properties,
conventional PCM-based photonic memory cells based on Ge-Sb-
Te (GST) or Ge-Sb-Se-Te (GSST) rely on power-hungry and slow
thermal mechanisms to initiate the phase transition via breaking
down and changing the organization of the molecules in the PCM’s
crystal. This makes PCMs inefficient for memory applications [6, 7,
10, 14].

In contrast to the conventional PCMs, ferroelectric materials
offer ultrafast switching speed and have been explored in low-
power electronic device applications [12, 15]. Moreover, the
switching process involves the change of polarization, i.e., the order
parameter of ferroelectric materials, thus it has also been considered
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as a phase transition, making ferroelectric materials a novel type of
PCM. However, most ferroelectric materials have two symmetric
ground states with identical optical responses, hampering their
photonic  switching/memory  applications. =~ Group IV
monochalcogenides (MXs, M = Ge or Sn; X = Sn or S) materials
are polar compounds that form a puckered layer structure similar
to that of the black phosphorus. The remarkable characteristic of
MX materials lies in their unconventional ferroelectric response with
4 ground states that allow ultrafast transitions between distinct
crystalline structures with strong optical anisotropy. As a result,
such transition enables in-plane rotation of optical axes, leading to
distinctive optical properties such as the polarization state related to
the input light, when integrated with photonic devices [15-19].
Prior work showed that the fundamental limit on ferroelectric
switching speed is set by the phonon-dispersion relation, and
specifically the group velocity for acoustic phonons in the system
(ie., speed of sound), which determines on how fast the MX’s
lattice can respond [20]. The switching of the ferroelectric states of
MX materials can be done by application of a strong electric field to
the materials’ crystal. In terms of the power requirements to change
the ferroelectric state of ferroelectric materials, thermodynamic
analysis showed that the power required for ferroelectric materials
to change their ferroelectric state can be orders of magnitude more
efficient than state of the art field-effect-transistors (FETs). Hence,
the power required to change the ferroelectric state is significantly
lower than the conventional PCMs such as GST and GSST [20-24].
Optical anisotropy arises when the optical properties of a
material exhibit directional dependence [25-27]. In semiconductor
materials, anisotropy can be attributed to factors such as crystal
structure, molecular alignment, or electronic band structure. The
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directional dependence of the refractive index of an anisotropic
material may lead to the change in the polarization state of the
input light [25]. MX materials show giant in-plane anisotropy,
making them bi-axial optical materials [26-29]. The crystalline
structure of two nonvolatile ferroelectric states along the armchair
and zigzag directions of SnSe is depicted in Fig. 1(a). More
importantly, their orthorhombic structure with Pnma space group
leads to the ferroelectric nature, allowing the in-plane crystalline
orientation of the MX materials to be changed quickly through an
ultrafast, nonthermal, and low-power electrical switching
mechanism [22, 29]. As a result, the zigzag and armchair optical
axes are swapped, in contrast to the conventional ferroelectric
materials where optical responses do not change during the
switching process. This mechanism can be exploited to implement
optically controlled reconfigurable photonic devices. Assuming a
linearly polarized light at the input, due to the birefringence
property of SnSe, when changing the crystalline orientation of SnSe,
the polarization state of the input light will change.

In this paper, we synthesized the thin film SnSe flakes on a
silicon dioxide substrate using physical vapor deposition techniques
and conducted careful optical characterization to capture the full
optical parameter tensor in the near-infrared (IR) range which
enables our design of polarization switchable waveguides.

Using our measurement set-up, we experimentally measured the
optical transmission and reflection spectrum of the SnSe sample on
a quartz substrate and then we exploited the measurement results
incorporated with the relative transmission fringe depth (RTFD)
method [30, 31] and our in-house solver based on
Levenberg-Marquardt algorithm to numerically calculate the
complex refractive index profile of the SnSe for a wide range of
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Figure1l (a) Armchair and zigzag directions (ferroelectric phase states) of the SnSe. (b) Optical microscopy image of synthesized SnSe flake for measurements.
(c) Measurement set-up to capture the intensity parameters in Eqgs. (1) and (3) to calculate transmission and reflection spectrum of the fabricated SnSe flakes on the quartz

substrate.
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wavelengths. Eventually, we imported the calculated optical
properties to a rigorous finite-difference time domain (FDTD)
solver to accurately estimate the response of the proposed SnSe-
based photonic memory cell using conventional silicon and silicon
nitride waveguides. Using accurate three-dimensional (3D) FDTD
simulations, we demonstrate the proof of concept of the fact that
ferroelectric phase states of the SnSe as well as its birefringence
properties make it a promising candidate to implement the next-
generation photonic memory cells that are able to store the data by
encoding it to the polarization state of the light instead of optical
transmission by changing the ferroelectric phase state of the SnSe.

2 Experimental

2.1 Material preparation

The thin film SnSe sample was obtained by physical vapor
deposition (PVD) method onto a clean SiO,/Si substrate. 0.5 g of
SnSe powers were placed at the center of a single-zone tube furnace
(TF55035A-1 Thermo Scientific™) and a piece of silicon oxide
substrate was placed downstream with a distance of ~ 9 cm from
the power. During the growth process, SnSe powders were heated
up to 500 °C within 70 min and were kept at this temperature for
4 h. SnSe was evaporated under this temperature and deposited
onto silicon oxide substrate under the flow of carrier gas Ar/H, with
a flow rate of 90 sccm. The growth pressure was kept at 40 Torr
through the whole process. After the growth, thin SnSe single
crystal flakes with relatively large sizes were identified and
transferred onto a quartz substrate. The film thickness measured by
atomic force microscopy (AFM; Oxford MFP-3D Origin+) was
383 nm [32, 33]. The microscopic image of a typical SnSe flake is
reported in the Fig. 1(b).

22 Measuring optical reflection and transmission

spectrum of SnSe

The optical transmission and reflection of SnSe sample onto quartz
substrate were measured by our in-house set-up coupled to a
Horiba iHR320 spectrometer and Horiba Symphony II InGaAs
charge-coupled device (CCD) detector in the wavelength range from
1200 to 1800 nm using polarized light along the armchair (AC) and
zigzag (ZZ) directions, respectively, generated by THORLABS
SLS301 at normal incidence. The transmission T(1) and reflection
R(1) were normalized according to the equations reported in Ref.
[34] using the reflection spectrum of a clean gold mirror (Thorlabs
PF10-03-M01) and transmission spectrum of a clean quartz

substrate
T- <§> (1-R) )

In Eq. (1), I, and I, are the intensity of light transmitted through
the film substrate system and the quartz reference, respectively, and
R, is the reflectance of quartz substrate and can be written as

R, = (%) R, )

The reflection spectrum of the SnSe can be written as

R= <<%‘> R, [(I—Rq)z]) ~T°R, (3)

m
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In Eq. (3), I,and I, are the intensity of light reflected from the
SnSe thin film and the gold mirror reference to the detector,
respectively, and R,, is the reflectance of gold mirror depending on
the property of reference mirror (Thorlabs PF10-03-P01). R,, has
values above 97% for the wavelength range of 1-2 um, hence, in
our calculations, R,, assumed to have the value of 1. Note that I, is
the intensity of the reflected light from the quartz substrate. The
schematic diagram of the experimental set-up used to measure the
optical transmission and reflection spectrum of the SnSe sample on
top of the quartz substrate is depicted in Fig. 1(c). Moreover, the
measured optical transmissions and reflections related to SnSe
sample when the polarized light aligned with armchair and zigzag
directions are reported in Figs. 2(a) and 2(b). Note that the intensity
values to calculate the transmission and reflection spectrum are
reported in Section S1 in the Electronic Supplementary Material
(ESM).

2.3 Complex refractive index calculation of SnSe

With having the transmission and reflection spectrum of the thin
film SnSe, the complex refractive index of the material could be
calculated. In this paper the RTFD method was opted to use by
solving Egs. (4) and (5) reported in Refs. [30, 31, 33] to capture the
complex refractive index of SnSe when the polarization of the input
light was aligned with SnSe’s armchair and zigzag direction

T.T,7

T(n,k) = 4
(n, ) 1—2/RR,tcos¢p + RR, 7 )
R(n, k) = R, —2v/RR,1cos¢p + R, T’ )
1—24/RR,Tc0os¢ + RR,T*
where
—1)’+K
R=ZV R g
(n+1) +k
(n—n)+k

— =1-T
o(ntn) +k ’

d d
T = exp f4nk1 ,(p:4nn1

where n, and n are the refractive indices of substrate and film,
respectively, k is the extinction coefficient of film, d is the film
thickness, and A is the operating wavelength. n, can be calculated
according to Eq. (6)

_14VR
n’“_l—\/qu (6)

To solve the above equation system, we rearranged the above
equations into the following forms according to Egs. (7) and (8)

(AR) = (R(n,k) = R..)’ 7)

(AT)" = (T(n,k) — T..)’ (8)

In Egs. (7) and (8), R,, and T., are the experimentally measured
reflection and transmission spectrum of SnSe, respectively. By
minimizing (AR)" and (AT)’ using Levenberg-Marquardt
algorithm [35], n and k can be calculated. In our calculation a set of
(n, k) is accepted as a solution only if (AR) + (AT)* < 1x 107,
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Figure2 (a) Experimentally measured optical transmission and reflection results for the fabricated SnSe on the quartz substrate when the polarization of the light is
aligned with SnSe’s zigzag direction. (b) Experimentally measured optical transmission and reflection results for the fabricated SnSe on the quartz substrate when the
polarization of the light is aligned with SnSe’s armchair direction. (c) Calculated complex refractive index profile when the polarization of the light is aligned with zigzag
direction. (d) Calculated complex refractive index profile when the polarization of the light is aligned with armchair direction. (e) Proposed SnSe-based photonic memory
cell to encode the data on the phase-change stemmed polarization change of the light. (f) Schematic of a propagating optical planewave geometry when the polarization is
linear (phase shift between the electric field components is either zero or 6.28 rad). (g) Schematic of a propagating optical planewave geometry when the polarization is

circular (phase shift between the electric field components is g rad).
3 Results and discussion

3.1 Optical properties of SnSe

In this section, we show the capability of SnSe to implement next-
generation photonic memory cells using the light polarization to
store the data instead of optical transmission which is the working
principle of the conventional PCM-based photonic memory cells.
SnSe is group IV monochalcogenide compounds with birefringence
property, meaning that the optical refractive of the material is
different for x, y, and z axes directions. The complex optical
refractive index tensor of SnSe can be written as

n,, + ik, 0 0
0 n,, +ik,, 0 9)
0 0 n. +ik..

The transmission and reflection of the thin film SnSe are
depicted in Figs. 2(a) and 2(b). Observe that for the C-band
operating wavelength, the summation of reflection and
transmission in both zigzag and armchair direction is unity,
meaning that the material’s absorption is significantly low.

Having the measured optical transmission and reflection
spectrum, we numerically solved Egs. (4) and (5) using an in-house
solver based on the Levenberg-Marquardt algorithm to capture the
complex refractive index of SnSe. The calculated results are shown
in Figs. 2(c) and 2(d). Observe that when the alignment of the
polarization of the input light changes from SnSe’s armchair
direction to zigzag direction, the real part of the optical refractive
index changes for about 37%. This means that assuming polarized
electromagnetic planewave interacting with the material, different
electric field components of wave will develop different phase
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velocities. Assuming the armchair direction aligned with the z-
direction and zigzag direction aligned with the y-direction, the
optical refractive index tensor of SnSe at operating wavelength of
1550 nm can be written as

415 0 0
0  4.42+0.016i 0 (10)
0 0 3.21+0.048i

Note that in this study, the refractive index of the bulk SnSe at
operating wavelength of 1550 nm reported in Ref. [36] is used for
the vertical component of the refractive index tensor along the x-
axis. Moreover, there are other methods such as the one reported in
Ref. [37] to capture the complex refractive index of materials. The
results for complex refractive index of SnSe using the method in
Ref. [37] are shown in detail in Section S2 in the ESM. Next, the
characterized optical properties of SnSe derived in this section then
will be imported in FDTD simulations in the next section to show
how the ferroelectric phase change of SnSe can change the optical
polarization properties of the input polarized light. In addition, the
same set of calculation has been performed for a 31 nm thin SnSe
sample in Section S3 in the ESM to verify the fact that optical
properties are independent of the thickness of the sample.

3.2 Polarization-encodable SnSe-based photonic memory
cells

The polarization of transverse electromagnetic planewaves describes
the geometrical orientation of the oscillations related to its electrical
and magnetic fields components. To better understand this,
assuming a transverse optical planewave signal propagating in the
free space with E, and E, electric field components excited, if the

y
phase shift between the two excited components is zero, then the
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optical signal will maintain a linear polarization with polarization
angle of zero, as depicted in Fig. 2(f). This means that the optical
planewave propagates with 45° of deviation with respect to x and y
axes in the free space along the z-axis. Similarly, if we induce a 90°
phase shift between the two excited electric field components, then
the polarization of the input optical signal will be circularly
polarized as it propagates with a circular geometry along the
propagation direction (z-axis) in the free space, as is depicted in
Fig. 2(g). Note that as the polarization angle of the planewave
changes, its position on the Poincare sphere also changes due to the
change of the Stokes parameters related to the propagating
polarized light.

The tunable anisotropic optical refractive index of the SnSe can
be used to selectively change the optical polarization of the input
optical signal. This phenomenon can be used to implement next-
generation reconfigurable photonic memories by integrating SnSe
with conventional photonic devices. When a polarized optical
signal interacts with a material with anisotropic optical properties,
different components of the electric field develop different phases as
a function of propagation length. Assuming a linearly polarized
light at the input of the waveguide/SnSe cell depicted in Fig. 2(e),
changing the lattice direction of the SnSe leads to achieving changes
in polarization angle for a fixed geometry as different components
of the electric field develop different phase shift along the
propagation direction [38-40]. The experimentally characterized
anisotropic refractive index profile of the SnSe in its distinct phase
states can be imported into the FDTD solver provided by Ansys
Lumerical to carry out the precise 3D FDTD electromagnetic
simulation with a uniform 8-nm mesh size in all directions with a
perfectly matched layer (PML) boundary condition [41]. For the
proposed novel SnSe-based photonic memory cell, two different
structures where the material for the waveguide is chosen to be
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silicon and silicon nitride are considered in this paper. Note that in
the simulation presented in this work, the propagation direction is
always considered to be the z-axis, the x-axis is along the thickness
of the waveguide and SnSe and the y-axis is along the width of the
waveguide and SnSe (see Fig. 2(e)). We start the performance
analysis of SnSe-based photonic memory cells by simulating the
optical loss of a SnSe-based photonic memory cells for: (a) When
the armchair direction is aligned with the propagation direction
and (b) when the zigzag direction is switched to the propagation
direction. The results related to the optical loss for the two
waveguide case studies are depicted in Fig. 3. Observe that for both
silicon and silicon nitride waveguides, as the thickness of the SnSe
increases, the optical loss per unit length also increases and the
contribution of the SnSe width to the memory cell’s optical loss is
not as significant as the SnSe’s thickness. Note that in our
simulation study presented in this paper, the width of the
waveguide is always equal to the width of SnSe. Moreover, observe
that for the same design, the overall optical loss for silicon nitride
waveguides (see Figs. 3(d) and 3(e)) is slightly higher than that for
the silicon waveguides (see Figs. 3(a) and 3(b)). The reason for this
is that at 1550 nm operating wavelength, the refractive index of
silicon nitride is measured to be about 2 and for silicon is 3.48. Such
a high refractive index value related to silicon compared to silicon
nitride leads to higher mode confinement in the SnSe rather than
the silicon nitride waveguide compared to the case where silicon
waveguide is used. Note that in all of the simulations presented in
this study, the thicknesses of silicon and silicon nitride waveguides
are considered to be fixed at 310 and 600 nm, respectively,
according to the CEA-leti foundry process-design-kit (PDK).

To calculate the polarization angle as a function of the length, the
complex electric field components (E, and E,) of the input linearly
polarized light are captured along the propagation length of the cell.
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Figure3 Design-space exploration of SnSe-based photonic memory cells using 3D FDTD simulations. (a) Optical insertion loss for silicon waveguide loaded with SnSe,
and the propagation direction is aligned with SnSe’s armchair direction. (b) Optical insertion loss for silicon waveguide loaded with SnSe and the propagation direction is
aligned with SnSe’s zigzag direction, (c) Design-space exploration of polarization angle contrast between zigzag and armchair directions when silicon waveguide is used.
(d) Optical insertion loss for silicon nitride waveguide loaded with SnSe and the propagation direction is aligned with SnSe’s armchair direction. (e) Optical insertion loss
for silicon nitride waveguide loaded with SnSe and the propagation direction is aligned with SnSe’s zigzag direction. (f) Design-space exploration of polarization angle
contrast between zigzag and armchair directions when silicon nitride waveguide is used. The Red crosses on the figures denote the chosen design for SnSe-based photonic
memory cell related to each case study. Note that the operating wavelength for all of the results is 1550 nm and the thicknesses of the waveguide for silicon and silicon
nitride waveguides are considered to be fixed at 310 and 600 nm, respectively, according to the CEA-leti foundry PDK.
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The maximum propagation length of the cell in our simulations is
set to be 20 um. Having the complex electric field profile along the
length of the cell (z-axis), the polarization angle as a function of cell’s
length can be calculated according to Eq. (11)

) av

o) ~Tun” ( )~ (

In Eq. (11), the first term denotes for the phase shift of the E, and
the latter term denotes the phase shift of E, as a function of length.
The achieved polarization angle contrast between the armchair and
zigzag phase states of SnSe for silicon and silicon nitride waveguide
as a function of SnSe’s width, thickness, and length is depicted in
Figs. 3(c) and 3(f). Observe that the rate of change in the
polarization angle contrast for silicon nitride waveguide is faster
than silicon one due to weaker mode confinement in the silicon
nitride waveguides compared to silicon waveguides. Additionally,
note that the effect of SnSe thickness is more significant than its
width to induce the polarization angle contrast (see Figs. 3(c) and
3(f)). Considering the example maximum limit of 0.05 dB/um for
optical loss per unit length for the SnSe-based photonic memory
cells [5], an example design with the SnSe thickness of 27 nm and
widths of 500 and 1000 nm is considered for the cell based on
silicon and silicon nitride waveguides, respectively. Such designs
offer a relatively high polarization angle contrast while satistying the
given loss requirements (see Fig. 3(c)). Note that the chosen upper
bound for optical insertion loss is significantly lower than the
conventional optical transmission-encodable GST-based photonic
memory cells which offer minimum 0.21 dB/um optical insertion
loss [6].

The polarization angle (6) of the input polarized optical signal as

imag (E, (L))
real (E, (L))

imag (E, (L))
real (E, (L))

a function of the propagation length along the z-axis for the chosen
design related to SnSe-based photonic memory cell using silicon
waveguides for the two ferroelectric phase states of zigzag and
armchair is depicted in Fig. 4(a). Moreover, the corresponding
Stokes parameters of S, and S; (S, =E’+E’=1, §,=E; —
E’=0, S, =2EE,cos(Af), and S; = 2E,E,sin (Af), where A0
is the polarization angle contrast between SnSe’s armchair and
zigzag directions) as a function of length are depicted in Figs. 4(b)
and 4(c), respectively. Recall that the location of a polarized
electromagnetic wave can be determined by its Stokes parameters.
Furthermore, in this paper we opted to maximize the contrast in
the S, parameter related to the polarized light. Observe that when
the SnSe’s length is 5.6 pm, the maximum contrast of AS, =1.86
with A@ =2.4 rad between the two ferroelectric states can be
achieved. This means that changing the phase state of the SnSe
from armchair to zigzag direction or any intermediate state leads to
the polarization state change of the light on the Poincare sphere
within the range of S,E[-1, 0.86] at the output of the cell. This
design leads to minimum loss of 0.28 dB when SnSe is in the
armchair direction and 0.084 dB when the SnSe is in the zigzag
direction.

The same analysis is carried out when the waveguide material is
silicon nitride, and the results are reported in Figs. 4(d)—4(f). Note
that for silicon nitride waveguide, due to its lower refractive index
value, higher widths should be picked to ensure lossless propagation
of input polarized light in the absence of SnSe layer. Observe that
considering the mentioned loss requirement and the chosen design
related to silicon nitride waveguides, when the length of SnSe on
top of silicon nitride waveguide is 5 um, the maximum AS, = 1.64
with A = 2.2 rad can be achieved (see Figs. 3(f) and 4(d)—4(f)).
This design leads to a minimum 0.19 dB and maximum 0.238 dB of
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Figure4 (a) Simulated polarization angle as a function of propagation length for the SnSe-based photonic memory cell using silicon waveguides when the width and
thickness of the waveguide and the SnSe is 500 and 27 nm, respectively. (b) S, parameter of the SnSe-based photonic memory cell using silicon waveguide as a function of
the length. (c) S, parameter of the SnSe-based photonic memory cell using silicon waveguides as a function of the length. (d) Simulated polarization angle as a function of
propagation length for the SnSe-based photonic memory cell using silicon nitride waveguides when the width and thickness of the waveguide and the SnSe is 1 pm and 27
nm, respectively. (e) S, parameter of the SnSe-based photonic memory cell using silicon nitride waveguides as a function of the length. (f) S; parameter of the SnSe-based

photonic memory cell using silicon nitride waveguides as a function of the length.
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optical insertion loss, depending on the ferroelectric phase state of
SnSe on top of the silicon nitride waveguide. Note that the achieved
optical insertion loss values for SnSe-based photonic memory cells
when silicon and silicon nitride waveguide is used are significantly
lower than the conventional GST-based photonic memory cells
with minimum 1 dB loss reported by Refs. [6, 9].

The polarization ellipse, the location of the polarized light on the
Poincare sphere, and the geometry of the propagating
electromagnetic wave for the designs picked in Fig. 4 when the
SnSe is in the armchair and zigzag direction are depicted in
Figs. 5(a)-5(d). Observe that when integrating with silicon and
silicon nitride waveguides, and when SnSe has the armchair state,
the polarization ellipse is close to the linear polarization while as the
phase state of the SnSe changes to zigzag state, the light takes the
elliptic polarization with higher ellipticity angles, which matches
with the results presented in Fig. 4.

4 Conclusions

One of the fundamental bottlenecks in the conventional PCM-
based photonic memory cells is that they rely on the power-hungry
and time-consuming amorphous-crystalline phase transitions of the
PCMs to encode the data on the optical transmission levels. In this
study, for the first time, we showed the great potential of addressing
the fundamental limitations related to conventional PCM-based
photonic memories using a new class of PCMs called MX materials,
namely SnSe. We first synthesized the SnSe flakes to experimentally

(a) Lgpse = 5.6 pm
E,, E., and combined fields

1 Polarization ellipse

Poincare sphere
Lc

P N

(c) Lgpse = 5 pm
E,, E., and combined fields

Polarization ellipse

X

Rc

characterize their optical properties for a wide range of operating
wavelengths. Then, using rigorous 3D FDTD simulations, we
showed the great promise of integration of SnSe with conventional
photonic components such as photonic waveguides to implement
polarization-encodable photonic memory cells. Compared to
conventional optical transmission-encodable PCM-based photonic
memories, SnSe-based photonic memories take advantage of
optical polarization change to store the data on the material state.
Moreover, the simulation results showed the significantly lower loss
of the material compared to the conventional PCM-based photonic
memory cells. In addition, we demonstrated that unlike the
conventional PCM-based photonic memory cells, the proposed
SnSe-based photonic memory cell’s read-out is less sensitive to
optical insertion loss as the data can be encoded in optical
polarization levels rather than the optical transmission levels which
can be affected by optical insertion loss. The study presented in this
paper paves the way to realize next-generation scalable, ultrafast,
energy-efficient, and high-performance photonic computing
systems.

Electronic Supplementary Material: Supplementary material
(intensity spectrum of transmitted light through and reflected light
from SnSe and quartz substrate sample; second method to calculate
the complex refractive index profile of SnSe; optical properties of
31-nm SnSe thin film; and SnSe’s material yield) is available in the
online version of this article at https://doi.org/10.26599/NR.
2025.94907198.

(b) Lspse = 5.6 pm
E,, E., and combined fields

1 Polarization ellipse

(d) Lsyse = 5 pm
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Figure5 The geometrical shape of the polarized electromagnetic wave, the polarization ellipse, and its location on the Poincare sphere for the designs mentioned in Fig. 4
when (a) silicon waveguide is used with SnSe in armchair direction, (b) silicon waveguide is used with SnSe in zigzag direction, (c) silicon nitride waveguide is used with
SnSe in armchair direction, and (d) silicon nitride is used with SnSe in the zigzag direction.
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