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Photonic Integrated Circuit for Rapidly Tunable
Orbital Angular Momentum Generation Using Sb,Se;

Ultra-Low-Loss Phase Change Material

Md Shah Alam, Rudra Gnawali, Joshua R. Hendrickson, Diane Beamer,

Tamara E. Payne, Andrew Volk, and Imad Agha*

The generation of rapidly tunable optical vortex (OV) beams is one of the
most demanding research areas of the present era as they possess orbital
angular momentum (OAM) with additional degrees of freedom that can be
exploited to enhance signal-carrying capacity by using mode division mul-
tiplexing and information encoding in optical communication. Particularly,
rapidly tunable OAM devices at a fixed wavelength in the telecom band

stir extensive interest among researchers for both classical and quantum
applications. This article demonstrates the realistic design of a Si-integrated
photonic device for rapidly tunable OAM wave generation at a 1550-nm wave-
length by using an ultra-low-loss phase change material (PCM) embedded
with a Si-ring resonator with angular gratings. Different OAM modes are
achieved by tuning the effective refractive index using rapid electrical
switching of Sb,Se; film from amorphous to crystalline states and vice versa.
The generation of OAM waves relies on a traveling wave modulation of the
refractive index of the micro-ring, which breaks the degeneracy of oppo-
sitely oriented whispering gallery modes. The proposed device is capable of
producing rapidly tunable OV beams, carrying different OAM modes by using
electrically controllable switching of ultra-low-loss PCM Sb,Se;.

1. Introduction

Orbital angular momentum (OAM)W is an
additional degree of freedom of a photon,
in addition to polarization and spin, which
can be exploited in numerous applica-
tions such as optical communications,??]
quantum optics, optical trapping,
and lithography.®l Since the develop-
ment of OAM properties of light beams,
researchers have aimed to investigate
various techniques for tuning between dif-
ferent modes. As different OAM modes
are used as bits in both quantum and
classical OAM optical communications,
the switching between OAM modes could
dramatically enhance the data ratel”l by
expanding the encoding basis.

Circularly polarized light contains
spin angular momentum (SAM) of oh
(o = £1) per photon. However, in 1992,
Allen et al. demonstrated that the optical
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vortex (OV) light also possesses OAMI!

which is expressed in Ih (I = £1, £2, £3,..))

per photon. This provides a theoretically infinite number of
channels that can be multiplexed with existing beam states
since | can take any value.”% These states can be added
to the existing beam states that use wavelength, amplitude,
phase, time, and polarization of light to encode information.
For the OV, the value of the phase’s integral of the electric field
around a path enclosing the vortex is equal to Ii, where [ is the
topological charge and % is Planck’s constant divided by 27.
This OAM constitutes an additional degree of freedom>'? as
the quantum characteristics /i do not interfere with each other.
The generation of OAM beams requires manipulation of the
polarization and spatial mode of laser light. There are several
methods to generate OAM beams which involve g-plates and
phase retarders,¥] nematic spatial light modulators,™ spa-
tially varying retarders,™ catenary optics,® interferometric
methods,!” and integrated photonics such as Si-ring resonators
with azimuthally varying grating elements”! as well as STAR
shaped outcouplers.'® Among these methods, integrated pho-
tonics could potentially provide more flexibility for tuning dif-
ferent modes at high speeds. As an example, for Si-ring resona-
tors with azimuthally varying grating elements, a single whis-
pering gallery mode (WGM) is excited by a unidirectional wave
from the bus waveguide, either clockwise or counterclockwise,
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and the resonators emit the OAM radiation vertically. Other
integrated optics approaches for generating OAM radiation
include an Archimedean spiral-shaped waveguide, > a col-
lection of subwavelength cavities designed for broadband OAM
vertical radiation,??l and phased array nanoantennas.?’!

Since the unique advantage of using optical OAM relies on
properly accessing multiple OAM states, it is therefore desir-
able to implement devices that generate rapidly tunable OAM
states of light, especially in an integrated form to afford large
scale-up and low-cost. There are several prior demonstrations
that have produced different OAM states on-chip by coupling
to different ports on a passive chip,** adjusting the operating
wavelength,”l or by introducing heaters into Si as a mechanism
for tuning.>?! However, while such devices have shown the
principle of tunability, fast tuning of OAM modes would ben-
efit from better mechanisms for tuning than was previously
explored.

In this paper, a realistic and highly realizable model of a com-
pact, integrated silicon photonic circuit with pus level switching
time composed of a Si-ring resonator with angular grating
elements, embedded with ultra-low-loss Sb,Se; phase change
material (PCM)P% is presented to generate continuously and
rapidly tunable OAM states. The switching speed is comparable
to or even exceeds that of existing literature.l”’-?%! The compact-
ness and flexibility of the device hold enormous promise for
integration with other silicon photonic components for a wide
range of applications.

2. Integrated Photonics for Cylindrical
Vector Vortices

Figure 1a represents the schematic of the OAM transceiver.
This integrated photonic device has three basic elements: an
access waveguide, circular resonator, and angular gratings on
the inner wall of the circular resonator. When the access wave-
guide is excited by a laser beam, the light is coupled into the
ring resonator. At resonance conditions, WGMs are produced
and the angular grating elements emit a vortex beam car-
rying OAM traveling normal to the ring resonator plane.”! The
emitted vortex beam is also referred to as cylindrical vector
vortices (CVVs) as it exhibits cylindrically symmetric intensity

(a) Si Ring
Si Access Resonator
Waveguide

Port 1
LY
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distribution and polarization.?%*!l The resonance mode of the
emitted wave depends on the number of grating elements,
radius, effective refractive index of the ring resonator, and wave-
length. The gratings scatter the WGMs as well-controlled OAM
states for free-space propagation in a similar fashion to wave-
guide grating couplersB®? scattering Gaussian modes, acting
as an OV emitter. When the quasi-Transverse Electric (TE)
mode of different laser wavelengths is coupled into the access
waveguide, various cavity resonances are excited, and azimuth-
ally polarized vector vortices with quantized OAM waves are
emitted from the device. Conversely, when an azimuthally
polarized vortex beam of different OAM states is applied toward
the ring resonator containing the grating elements, then at the
resonance conditions, the WGMs are confined into the ring
resonator and back-coupled into the access waveguide so that
the device acts as an OAM detector.??]

The Jones vector of the output CVVs carrying OAM can be

represented by:[(3334

1 ) .
o xz{melﬂrc“w[}]wmelﬂfclw[_l.]} )

1

where lyc = p — g is the Topological Charge (TC),”) and o (j0] < 1)
is the transverse spin state in the near field evanescent wave at
the sidewalls of the ring resonator due to grating perturbation.
For the transverse SAM, left (right) handed spin is defined as
0> 0 (< 0). g and p are the numbers of the grating elements
around the circular resonator and the WGM azimuthal mode
order (numbers of the optical periods in WGMs), respectively.
The number of the optical periods is defined as:

_ 2 iﬂef{ (2)
where n.g and R are the effective index of the WGMs and the
inner radius of the circular resonator, respectively, and A is the
wavelength of illumination which is around 1550 nm for the
proposed design.

The total angular momentum (TAM) of the emitted par-
axial OV beam can be considered as the sum of the OAM and
SAM components which are associated with the spatial proper-
ties and polarization of light respectively.*¥ The angular phase

Figure 1. a) Schematic of the Si-ring resonator with angular grating elements for OAM generation. b) Electric field intensity inside the ring and access

waveguide at resonance wavelength 1550.85 nm.
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variation in the transverse component of CVVs is a linear func-
tion of the cylindrical coordinate ¢ and can be written as:?4

@, =(hcptop) (3)

where Ircg = (p — q)@ arises from the first order diffraction
of the grating elements (OAM) and + o¢ corresponds to the
local transverse spin state (SAM) while counter-clockwise
CCW (+) or clockwise CW (=) WGMs travel around the ring
resonator. When the polarization at the grating scatterer loca-
tion reaches one of the circular polarizations (LHCP: 6=+ 1,
RHCP: o= - 1) then the superposition reduces to (lrc £ 1)¢. On
the other hand, the z component (along the CVVs propagation
direction) of the SAM and OAM carried by the CVVs can be
represented by:[34

L.=(hc—0)h 4)

where # is the reduced Planck constant. Here, the TAM of the
zZ component,

JZ=SZ+LZ=ZTCh=(p_q)h (5)

is conserved with the azimuthal mode order p of WGM and the
number of grating elements g regardless of the transverse spin
state (SAM). This is due to the rotationally symmetric anisot-
ropy orientation of the scatterer grating elements.

Here, an integrated OAM generator/transceiver is designed
using a Si ring resonator which is built on top of a standard
220-nm-thick Si-on-Insulator (SOI) wafer. This is chosen for
compatibility with foundry processing in the future. The width
of the access waveguide and ring resonator is 550 nm, and the
inner radius of the ring resonator is 9.45 um. The length and
width of the grating elements are kept at 15% of the grating
period (A) (81.7 nm). The coupling gap between the access
waveguide and the circular resonator is kept at 120 nm. The
number of grating elements is chosen to be 104 to achieve an
OAM wave with a topological charge ( Iz¢ = p — q) = 0 within
the range of 1540 to 1550 nm. The Si waveguide and the ring
resonator with grating elements are on top of a 2-um thermal
oxide (SiO,) and buried in 1.5 pm of LPCVD (low pressure
chemical vapor deposition)/PECVD (plasma enhanced chem-
ical vapor deposition) Si;N,. The topological charge ( lrc=p —q)
can take any integer value depending on the difference of p and
g. According to Equation (2), p increases with the increase of
the effective refractive index of the ring resonator but decreases
with the increase of the wavelength of the excited beam for a
fixed radius ring resonator. A 3D finite element method model
(COMSOL Multiphysics) is used to perform numerical simu-
lation to find the resonance wavelengths for different OAM
modes. Port 1 (Figure 1a) is excited with TE 01 mode and wave-
lengths are tuned from 1510 to 1585 nm. Figure 1b shows the
electric field intensity inside the ring resonator while it is at
resonance and emits CVV carrying OAM wave with [ = — 1.
Figure 2 represents the intensity and the corresponding phase
of the different emitted OAM waves radiated normal to the
ring resonator plane toward (+ z) direction at different reso-
nant wavelengths. According to Equation (5), the z component
of radiated CVVs represents TAM which equals the topological
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charge of the OAM wave (I;c). Figure 2a,b represents the |E,?
and the phase of the z component of the radiated wave respec-
tively. According to Figure 2b, the proposed ring resonator radi-
ates OAM waves with l;c =+3,+2,+1,0, -1, -2, -3, — 4
at 1511.60, 1521.20, 1531.00, 1540.50, 1550.85, 1561.25, 1571.55,
and 1581.90 respectively. The corresponding radiation efficien-
cies are found to be 25.7%, 25.4%, 29.8%, 26.6%, 28.5%, 26.1%,
29.2% and 29.5% respectively. The TAM Iy £ 1 (due to OAM
and SAM in the transverse components (I, I,)) depends the
transverse spin o (+/-) and rotation of the WGMs (CCW/CW) in
the ring resonator as can be observed in Figure 2c (I), Figure 2d
(phase of E,, @), Figure 2e (phase of E,, ¢,). Figure 2f repre-
sents the phase difference of E, and E.,@, —¢, =F7 /2 which
demonstrates the existence of SAM in CVVs along with the
OAM. From Figure 2d-f, it is observed that the radiated CVVs
possess RHCP for Iy > 0, while LHCP for l;¢ < 0 along with
the OAM. The Free Spectral Range (FSR) is found to be close to
10 nm. Increasing the radius of the ring resonator reduces the
value of the FSR and increases the number of modes in a given
spectral range.

3. Rapidly Tunable OAM Generator
and Transceiver

For a specific design, the number of grating elements is fixed.
Therefore, tuning different OAM modes at a specific wave-
length requires the change of the effective refractive index of
the ring resonator hence changing the WGM order. Similarly,
a large refractive index change is required to tune different
modes for a larger FSR. At the expense of increasing the Si-
ring size, the adjacent mode can be brought closer. However, to
make the device more compact, we have considered a 9.45-um
ring in which the adjacent modes are separated by =10 nm.
Traditionally, PCMs allow for tuning of the refractive index
due to the inherent dielectric constant contrast as the material
transitions from a glassy to a crystalline state in response to a
thermal stimulus.[?3>-%] Ags such, the effective refractive index
of the ring resonator can be tuned by introducing a PCM film
with a larger refractive index contrast between the amorphous
and crystalline states. The PCM film can be closely placed on
top of the ring resonator in the cladding region as shown in the
schematic diagram of Figure 3a. By recurrently switching the
phase of the PCM, the effective refractive index can be rapidly
varied to tune different OAM modes. There are several types of
PCMs that can provide a significant amount of refractive index
change while changing the phase from amorphous to crystal-
line states and vice versa. However, most of them are very lossy
at the telecom band. For example, a complex refractive indices
for amorphous and crystalline states are 4.2402 + i 0.05094 and
6.1095 + i 0.72127, respectively, for GSTP® and 4.2 + 1 0.034 and
5.5 + i0.27, respectively, for GeTe.?”) Therefore, they are not
suitable for designing a tunable OAM device as any high-Q
resonance will be washed out. However, Sb,Se; and Sb,S; are
promising ultra-low-loss PCMs at 1550 nm.[l The amorphous
and crystalline refractive indices of Sb,Se; are 3.285 +i0, 4.05 +
i0 (An = 0.765 + i0) respectively and for the Sb,S are 2.712 + i0,
3.308 + i0 (An = 0.596 + i0) respectively. Although they have a
comparatively low refractive index contrast, but a thin film of
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Figure 2. Generation of different OAM modes from Si ring resonator with grating elements by tuning wavelengths from 1510 to 1585 nm. Ring radius

is 9.45 um. Different OAM modes of | = 43, + 2, +1, 0, -1,

—2, -3, — 4 are generated at 1511.60, 1521.2, 1531.00, 1540.50, 1550.85, 1561.25, 1571.55,

1581.90 respectively. a) Longitudinal component of electric field intensity (|E,J?) of different OAM modes [ =43, + 2, +1, 0, -1, =2, =3, — 4. b) Spiral
phase of longitudinal component of electric field E, of different OAM modes. c) Total electric field intensity of emitted CVVs containing total angular
momentum (TAM) of ltc £ 1. d) Phase of transverse E, component of the emitted vortex beam (with topological charge I7c £1). e) Phase of transverse

E, component. f) Phase difference between transverse E, and E, (E
vortex beam along with the OAM.

Sb,Se;/Sb,S3 can be placed very close to the Si-ring resonator
as they are lossless. Therefore, by switching the film between
its two phases, a reasonable amount of effective refractive index
change is incurred and thereby different OAM modes can be
tuned. This can be attributed to the Figure of merit that defines
optical PCMs: mainly the contrast of refractive index versus the
increase in extinction coefficient.

For the initial design, a 9.45 um (inner radius) ring reso-
nator with 110 grating elements and a 105-nm-thin Sb,Se;
(PCM) film ring on top of the Si ring separated by 50 nm thin
Si3Ny film is chosen to enable tuning between different OAM
modes at 1550 nm wavelength. The width and the thickness
of the ring resonator are considered to be 550 and 220 nm
respectively which are the same as the above designed OAM
generator at different wavelengths. The phase of the PCM film
ring is considered to be thermally partially switched by 120 nm
thin indium tin oxide (ITO) film ring heater. The inner/outer
radius, and width of the PCM and ITO rings are considered to
be the same as the Si ring resonator. The ITO film is selected
as it can be prepared as of optically very low loss*l and moder-
ately thermally conductive. Figure 3a,b shows the schematics
of the tunable OAM generation by partial phase change. The
FEM analysis is conducted to achieve different OAM modes at

Adv. Optical Mater. 2022, 10, 2200098 2200098 (4 of 13)

« (F7/2)) showing the presence of spin angular momentum (SAM) in the emitted

1550 nm by considering different levels of partial switching of
the PCM. Figure 3c—g represents the generation of different
OAM modes and their corresponding emission efficiencies by
partially changing the phase of the Sb,Se; film. For the sim-
plicity of the analysis, the overall refractive index of the Sb,Se;
film is considered to be between 3.285 (fully amorphous) and
4.05 (fully crystallized) as an effect of partial crystallization.
The validity of the “overall refractive index of the PCM film”
approach is supported by comparing the result of this approach
with a “different amorphous and crystalline layer inside the
PCM film” approach in Figure 3g. The effect of variation of
the different parameters of the proposed tunable OAM device
on the OAM radiation efficiency such as the coupling gap
between the access waveguide and the Si ring resonator, the
width and extrusion length of the grating elements, and the
presence or absence of the grating on the PCM and the ITO
film ring layers are analyzed. Figure 3b represents the sche-
matic of the initial proposed design of the tunable OAM device
with the presence of multilayer gratings. Initially, the grating
elements are considered to be on the Si ring resonator only
and the coupling gap, width, and extrusion lengths are kept
the same as the above designed OAM generators at different
wavelengths, that is, 120 nm and 15% of the grating period
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Figure 3. Generation of different modes of OAM waves at 1550 nm by embedding Sb,Se; PCM: a,b) Schematic of tunable OAM generator consisting
of Si waveguide, ring resonator with angular gratings, and105-nm-thick Sb,Se; PCM placed on top of the ring with a separation of 50 nm. The Si wave-
guide is on top of a thermally evaporated SiO, layer and buried by a Si;N, layer. a) Simple Schematic of tunable OAM generator. b) Simple Schematic
of tunable OAM generator with multilayer grating elements. c) Longitudinal component of electric field intensity (|E,|%) of different OAM modes | =-3,
—2,-1,0,+1, +2, 43, coupling gap =120 nm, width/length of grating element = 81.7 nm, grating elements on Si ring resonator only. d) Spiral phase of
longitudinal component of electric field E, of different OAM modes. €) Longitudinal component of electric field intensity (|E,|?) of different OAM modes
[=-3,-2,-1,0,+1, +2, +3, coupling gap = 60 nm, width of grating element = 81.7 nm, extrusion length of grating element = 100 nm, multilayer (Si,
PCM, ITO) grating elements. f) Emission efficiency of OAM waves for different device parameters (coupling gap between access waveguide and ring
resonator, grating element’s extrusion length, and presence/absence of grating elements at the sidewall of PCM and ITO rings) conditions. Circles cor-
respond to coupling gap of 120 nm, grating width/length = 81.7 nm, Si ring grating only; squares correspond to coupling gap of 60 nm, grating width
=81.7 nm, grating extrusion length =100 nm, Si ring grating only; and triangles correspond to coupling gap of 60 nm, grating width = 81.7 nm, grating
extrusion length = 100 nm, grating elements are present at all (Si, PCM and ITO ring) layers. g) Electric field distribution inside the access waveguide
and rings, and generated | = —2 OAM wave for partially switched 105 nm PCM film. 90 nm thin layer is considered as amorphous (refractive index of
4.05) and 15 nm layer is considered as crystalized (refractive index of 3.28) with curvature interface between them. The corresponding generated wave
is analogous to overall refractive index of 3.48 of PCM layer.

(81.7 nm) respectively. The simulation results of Figure 3c,d
correspond to these design parameters. From Figure 3c,d, it is
observed that lTC = — 3, ch = — 2, lTC = - 1, lTC = 0, lTC =+ 1,
lrc =+ 2, lyc = + 3 can be achieved by partially changing the
phase of the Sb,Se; from amorphous to crystalline by consid-
ering overall refractive index as 3.3375, 3.48, 3.62, 3.735, 3.8275,
3.9125, and 3.9875 respectively. The corresponding emission
efficiency are found to be 3.08%, 2.42%, 1.43%, 1.21% 0.71%,
0.45% and 0.28% respectively (Figure 3f). The lower emission

Adv. Optical Mater. 2022, 10, 2200098 2200098 (5 of 13)

efficiency is attributed to the leaking of the optical power from
the Si ring resonator to the high refractive index (around 4
while crystalized) 105 nm Sb,Se; film ring. Moreover, the pres-
ence of 120 nm lossy ITO film ring on top of the PCM film ring
causes absorption while light circulates inside the rings. With
the increase of the crystallization fraction more optical power
leaks from Si ring resonator and confines to the chalcogenide
layer. Therefore, the efficiency significantly decreases with
the increase of the crystallization fraction. The efficiency can
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be improved by engineering the coupling between the Si ring
and the access waveguide to the critical coupling point.[*42
Moreover, the width and extrusion length of the grating ele-
ments contribute to the emission efficiency to some extent. The
grating elements’ width of 15% of the grating period and extru-
sion length of 100 nm are found to be optimized dimensions to
radiate OAM wave with the present condition. Hence, the radia-
tion efficiency increases by around a factor of two or higher by
using 100 nm grating length and reducing the coupling gap to
60 nm. The overall refractive index of PCM of 3.3325, 3.4875,
3.617, 3.7265, 3.8255 3.910, and 3.9865 correspond to lyc = — 3,
I’TC:_ZI LTC:_l’ I’TCZO’ I’TC:+17 lTC:+27 LI*C:+3I'CSP€C-
tively with radiation efficiency of 5.77%, 4.79%, 3.23%, 1.63%,
1.08% and 0.64% respectively. Furthermore, introducing the
multilayer grating elements at the sidewalls of the PCM and
ITO rings significantly improves the radiation efficiency. The
8.65%, 7.65% 5.26%, 4.63%, 3.31%2.41% and 2.45% radiation
efficiencies are achieved for l;c == 3, ljc == 2, lpe=—1, byc =
0, lic =+ 1, ltc =+ 2, lyc = + 3 respectively at PCM’s average
(overall) refractive index of 3.3235, 3.479, 3.609, 3.7255,3.816,
3.901, and 3.977 respectively as shown in Figure 3e,f. Instead
of considering the average refractive index of the PCM as frac-
tional phase change, if the PCM film is considered to be two
or more layers of amorphous and crystalline area, then similar
types of results can be achieved. Figure 3g shows that lyc = —
OAM wave can be emitted from the device, if the 105 nm PCM
is considered to be two different layers consisting 90 nm amor-
phous layer and 15 nm crystalline layer of curved interface.
This result resembles that of the partially crystalize/amorphize
105 nm Sb,Se; film with an average refractive index of around
3.48. Therefore, the proposed simplified approach of consid-
ering the average refractive index in between the amorphous
and crystalline refractive index is good enough to represent the
partial phase change and to estimate the emission efficiency of
the different OAM modes.

4. Comparison of Different Design Options
for Tunability

A PCM can be reversibly switched between phases either opti-
cally, electrically, or thermally- using micro/nano heater. For
optical switching, the desired fraction of phase change can be
achieved by controlling laser pulse duration and pulse power.[2°l
The advantage of optical switching is that it does not require
any electrically conductive material (which is usually lossy) to
be placed on top of the PCM, hence it can provide efficient
OAM emission with a very simple design. Moreover, optical
switching is inherently faster than the thermal switching which
can provide rapidly tunable OAM waves. On the other hand,
the electrical and thermal switching options provide more
compact integrated photonic device option with the expense of
comparatively lower efficient OAM generation due to the use
of electrically conductive lossy material which adversely affects
the emission efficiency. However, ITO is an optically trans-
parent conductive material for which the imaginary part of
the complex refractive index can be controlled and minimized
by controlling the parameters of the film fabrication proce-
dure.* Theretofore, it is still possible to generate a moderately
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efficient OAM wave with the presence of ITO. In this work,
to achieve the desired fraction of phase change of the Sb,Se;
film, four different types of realistic designs using ITO-based
nano-heater circuits are proposed as shown in Figure 4a—d. A
rapid switching of Sb,Se; film using joule heating of the ITO
based nano-heater circuits can be achieved using the proposed
design. The Sb,Se; film needs to be cooled down from above
its crystallization temperature (200 °C) to crystallize the amor-
phous Sb,Se; film.?l To achieve reamorphization, the tempera-
ture should be raised to the melting point (610 °C) and needs to
be cooled down faster than the crystallization speed, leaving it
in an amorphous state.

The feasibility of the reversible switching for the proposed
designs to tune OAM modes from I =— 3 to [ =+ 2 at 1550 nm
depends on the effective change of the refractive index of the
ring resonator which can be evaluated by Equation (6):

2 iﬂeff _ ( 6)

For our design, the number of grating elements is 110, the
inner ring radius is R = 9.45 um, and A = 1550 nm. Therefore,
the effective index of the ring resonator should be tuned to
2.7932, 2.8193, 2.8454, 2.8715, 2.8976, and 2.9237 to generate
l=-3,-2,-1, 0, +1, +2, respectively. The phase of the appro-
priate fraction of cladding Sb,Se; film needs to be changed by
applying a pulse voltage of proper magnitude and pulse dura-
tion on the nano-heater to achieve the required effective refrac-
tive index to tune the OAM waves from |=—3to [ =+ 2.

Design 1: Figure 4a represents the schematic of an ITO nano-
heater based OAM generator. A 220-nm-thick Si-ring reso-
nator with a 9.45 um inner radius and 110 azimuthal grating
elements and a closely placed access waveguide can be used
to generate OAM waves. The ring resonator and access wave-
guide are covered with a very thin layer of Si;N,. A Sb,Se; PCM
ring of the same radius as the Si ring is placed on top of the
Si-ring resonator. Five different ITO nano-heaters are placed
in between each grating element as shown schematically in
Figure 4a. The nano-heaters are connected in a series with the
corresponding nano-heaters of each grating element according
to the connection shown in Figure 4a. Each ITO nano-heater is
connected to a different ultra-short pulse voltage source. V;, V,,
V3, V,, and Vj are applied at Port 3, Port 4, Port 2, Port 5, and
Port 1, respectively, corresponding to the first grating element.
All five ports of the 110th grating element are connected to the
electrical ground. Initially, the high fraction of the Sb,Se; PCM
is considered to be in an amorphous state and excites an OAM
wave of | = — 3. By applying a pulse voltage, V, at Port 3, a small
fraction of the Sb,Se; element is crystallized to excite an OAM
wave of the | = — 2 mode. Similarly, by applying V; and V,, an
l=—-1mode, by V;, V, and V5 an I = 0 mode, by V;, V,, V3 and
V,an =+ 1mode, and by V3, V,, V3, Vy4and Vs an I =+ 2 mode
can be excited. The amorphization voltage, a comparatively
higher voltage with a shorter pulse, is then applied to all of the
ITO nano-heaters to reamorphize the necessary fraction of the
Sb,Se; ring to achieve an | = — 3 mode. Initially, the required
pulse voltage amplitude and pulse duration can be experimen-
tally evaluated.

Design 2: Figure 4b represents a tunable OAM wave gener-
ator with multilayer Sb,Se; PCM and ITO nano-heaters. In this

l=p-q=
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Figure 4. Schematic of ITO micro/nano heater-based OAM generator: a) design 1, b) design 2, c) design 3, and d) design 4.

case, three different layers of ITO rings are placed on top of
three different Sb,Se; rings of the same radius as the Si ring
instead of five segmented ITO nano-heaters. Similar to design
1, the Si ring resonator with azimuthal grating elements and
an access waveguide is buried within a very thin (50 nm) Si;N,
layer. Then, three successive thin Sb,Se; ring layers and ITO
ring layers are placed on top of the Si ring resonator. Layers 1
(Ly), 2 (Ly), and 3 (L;) of ITO rings are connected to three dif-
ferent ultra-short pulse voltage sources V;, V;, and V;, respec-
tively. The layer closest to the Si ring resonator (L;) has more
impact while L; has the lowest impact in affecting the overall
effective refractive index of the Si ring resonator by changing
the phase of the PCM film. Initially, a high fraction of Sb,Se;
layers is considered to be in an amorphous state which can
excite | = — 3. Therefore, by applying different voltages at dif-
ferent layers other OAM modes can be excited according to
Table 1. After achieving an | =+ 2 OAM mode, higher voltages
with a shorter pulse are applied on all nano-heater layers (L;, L,,
and L3), and the appropriate fraction of the Sb,Se; rings can be
brought back to an amorphous state to achieve an I = - 3 OAM
mode.

This design has the flexibility to be used in direct electrical
switching by applying voltage across the two different ITO
layers. In this case, ITO layers act as electrodes only not as
heaters and the heat generation is caused by the joule heating
of Sb,Se; film due to current flow through itself.*’]

Design 3: Figure 4c represents another tunable OAM gener-
ator consisting of bi-layer Sb,Se; rings and only one ITO ring
nano-heater sandwiched between them. This is a more simpli-
fied design compared to designs 1 and 2. Similar to designs 1
and 2, the Si-ring resonator and access waveguide are buried
within a very thin Si;N, layer, and two thin Sb,Se; ring layers
are separated by a thin ITO nano-heater ring placed on top of
it. A tunable OAM wave can be generated by applying a pulse
voltage of different magnitudes or pulse duration. In this case,
only one nano-heater acts as a heat source and raises the tem-
perature of both the Sb,Se; rings simultaneously. The magni-
tude of the pulse voltage and the pulse duration can be experi-
mentally determined to excite different OAM modes.

Adv. Optical Mater. 2022, 10, 2200098 2200098 (7 of 13)

Design 4: Figure 4d represents the simplest design for a tun-
able OAM generator. In this design, only one Sb,Se; ring and
one ITO nano-heater are used. By applying varying pulse volt-
ages of different magnitudes or pulse duration, several OAM
modes can be tuned by changing the phase of the appropriate
fraction of the Sb,Se; film ring from amorphous to crystalline
and vice versa. In order to achieve the same number of OAM
modes as design 3, a comparatively thicker Sb,Se; ring is
required which needs to be reversibly switchable which can be
challenging due to the poor thermal conductivity of the Sb,Se;
film.

The comparison of the designs is summarized as follows.

The main advantage of the first design is that it provides
more controllability by applying five different voltage pulses at
the same layer. However, this design has two main challenges:

1) Sb,Se; film rings should be thicker to cover a specific
number of OAM modes which need to be reversibly switch-
able through thermal heating.

2) The long, thin ITO nano-heaters passing through all grating
elements are prone to break due to fabrication failure and
overheating.

Table 1. Generation of different OAM modes by applying pulse voltages
at different layers.

Pulse voltage V3 Pulse Pulse OAM mode
voltage V, voltage V; (U]
-3
L - -2
L -1
Ls L, 0
L, L +1
Ly L L +2
L3 (higher voltage L, (higher voltage Ly (higher voltage -3

shorter pulse) shorter pulse) shorter pulse)
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The second design overcomes the drawbacks of the first design:

1) It requires comparatively thinner Sb,Se; films to accommo-
date more OAM modes.

2) Ttuses three wider ITO rings as nano-heaters which are more
robust and not prone to failure.

However, the main disadvantages of the second design are:

1) It requires multilayer fabrication steps.

2) Multiple ITO layers reduce the OAM wave intensity.

3) The third Sb,Se; film layer has less effect on tuning OAM
modes as it is comparatively far away from the Si-ring resonator.

The third design is a simplified version of design 2. There-
fore, it has the same advantages as design 2 but overcomes the
drawbacks:

1) It only requires three different layers (two Sb,Se; layers and
one ITO layer sandwiched in between) which reduce the fab-
rication complexity, and the OAM wave radiation intensity is
less affected.

2) Itrequires only a single voltage source. In this design, differ-
ent OAM modes can be achieved by tuning the magnitude
and pulse width of the single voltage source. Although it uses
fewer multilayers, it is a compromise between designs 1 and
2 with more tunability and a robust design with more out-
comes.

The fourth design is the simplest and uses only a single layer
of Sb,Se; film and one ITO nano-heater. This design is easier to
fabricate and tune to different OAM modes. However, the main
challenge is that:

It requires a thicker Sb,Se; film compared to design 3 for
achieving the same number of OAM modes which is diffi-
cult to fully reamorphize as the amorphization requires the
Sb,Se; film to melt and cool down at a higher rate than the
crystallization speed. Therefore, it has the challenge to tune
more OAM modes by reversible switching of comparatively
thicker Sb,Se; film compared to other designs which use
comparatively thinner Sb,Se; films that are split.

(@) s (b)

www.advopticalmat.de

5. Proposed Fabrication Technique

Initially, the access waveguide and the Si ring resonator can
be fabricated with regular E-beam lithography or stepper-
scanner process. Next, 50 nm thin LPCVD Si3N, layer can be
deposited on top followed by 105 nm/85 nm Sb,Se; film and
120 nm/85 nm ITO film.* For bilayer Sb,Se; design another
layer of Sb,Se; will be deposited. Finally, 50 nm low temper-
ature PECVD Si3N, will be coated on top of it (grown at sub
200 C temperatures to avoid damaging the PCM layer). After
the deposition, the sample can be spin coated with maN-2403
electron beam resist (negative resist). Then the sample will be
aligned in the high-resolution E-beam chamber to expose the
ring area only. After the e-beam exposer, the sample can be
developed by MFTM-319. Finally, the sample will be etched to
remove Sb,Se; and ITO except from the ring region.

6. Thermal Modeling of the Switching Behavior
of the Sb,Se; Film Using an ITO Nano-Heater

We have investigated the effectiveness of the simplest design
(design 4) with only one Sb,Se; ring and one ITO nano-heater
ring using rigorous finite element calculations. We have con-
sidered a 220-nm-thick, 550-nm-wide Si access waveguide and
ring resonator (Figure 5a). The device model is based on a
standard SOI wafer. Therefore, the Si waveguide and the ring
resonator are on top of the thermal oxide (SiO,) and buried in
50-nm LPCVD Si3N, layer. A 105-nm-thick Sb,Se; ring, followed
by a 120-nm-thick ITO nano-heater open ring with extended
electrodes, is considered to be on top of the Si-ring resonator.
The width of the Sb,Se; ring and ITO nano-heater are consid-
ered 600 nm (slightly larger than that of the Si-ring resonator).
The Sb,Se; and ITO rings are covered by 1.5-um-thick Si;N,
that could be grown via PECVD at a temperature lower than the
melting temperature of Sb,Se; (=610 °C). We performed FEM
simulations in COMSOL Multiphysics software to find the rela-
tion between the amplitude and pulse duration of the applied
pulse voltage with the phase change of the fractional volume

=—100 nm (3]

(d) (e) N
) (h) O]
S T —— -
1
| |
100 150 200 250 300 °C

Figure 5. Temperature distribution in 105 nm Sb,Se; film of tunable OAM generator while applying 1 s pulse voltage of different amplitude
across the ITO nano-heater. a) Schematic of the tunable OAM generator using single layer Sb,Se; film and ITO film nano-heater ring. b—i) Tem-
perature distribution along the cross-section of the Sb,Se; film, the horizontal color bars represent the temperature in °C, the black contour
line represents the boundary of 200 °C inside the Sb,Se; film. b) 13.0 volts, c) 13.5 volts, d) 14.0 volts, €) 14.5 volts, f) 15.0 volts, g) 15.5 volts,

h) 16 volts, and i) 16.5 volts.
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of the Sb,Se; layer from amorphous to crystalline state. The
material properties of Sb,Ses;, ITO, Si3Ny,, and Si used in this
simulation are taken from published literature.*>=1 Figure 5
represents the cross-sectional view of the temperature distribu-
tion in Sb,Se; film at 1 us when 1 us pulse voltages of different
magnitude are applied. From Figure 5b-i it is observed that by
changing the magnitude of the pulse voltage from 13 volts to
16.5 volts, the 105 nm Sb,Se; can be transformed from partially
to fully crystalized. As shown in Figure 5, around 3.5% of the
volume fraction of the Sb,Se; ring film exceeds the crystalliza-
tion temperature of 200 °C for a 13-volt 1 us pulse. Around 15%,
30%, 45%, 60%, 80%, 90%, and 100% of the Sb,Se; film reach
200 °C or above when 13.5, 14, 14.5, 15, 15.5, 16 and 16.5 volts of
1 us pulses are respectively applied. Therefore, different volume
fractions of the Sb,Se; layer can be crystallized by applying 1 us
pulses of different magnitudes. This change of phase of Sb,Se;
introduces the change of effective refractive index of the Si-
ring resonator with azimuthal grating elements, and different
OAM modes can be generated while the access waveguide is
excited with TEy; mode of same wavelength. However, the most
challenging aspect of this process is to reamorphize the crys-

www.advopticalmat.de

tallized Sb,Se; layer because it requires the temperature to be
raised above the melting point (610 °C) and to cool down faster
than the crystallization kinetics. At the same time, the temper-
ature of the ITO film must stay well below its melting point.
The thermal conductivities of the PCM and the surrounding
material are important for raising the temperature of most or
all of the volume fraction of the PCM film above the melting
point while keeping the temperature of the ITO well below its
melting point.’%32 The thermal conductivity of ITO®33] and
silicon nitride!* are more than two orders of magnitude higher
than the thermal conductivity of Sb,Se; (0.037 W mK™).14]
Figure 6a—i shows a comparative study of the temperature
distribution and cooling rate inside the two different thick
(105 nm corresponding to design 4 and bi-layer 85 nm corre-
sponding to design 3) Sb,Se; film when comparatively higher
voltages of shorter pulse are applied in ITO nano-heater to
almost completely melt the Sb,Se; and bring the film back to
the amorphous state by rapid cooling. The blue solid lines in
Figure 6a,d represent the maximum temperature of ITO film
of around 1250 and 1480 °C for the proposed design (4 and
3) when 33 volts and 30 volts 650 ns pulse are applied across
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Figure 6. Temperature and cooling rate versus time at the center and along the depth of the ring (as shown in the inset of (a) and (d)) for applied
650 ns pulse voltage across the ITO ring of tunable OAM generators. The solid lines represent temperature in °C, dotted lines represent cooling rate.
(a—c) corresponds to design 4: single layer 105 nm thick Sb,Se; and 120 nm thick ITO ring; (d—f) correspond to design 3: bilayer 85 nm Sb,Se; and
sandwiched 85 nm thick ITO film ring). 33 and 30 volts are applied for design 4 and design 3, respectively. Blue lines (solid/dotted) represent the
temperature and cooling rate of the ITO layer at the interface of ITO and Sb,Se; film. The green, red, cyan, and purple (solid/dotted) lines in (a—c)
represent the temperature and cooling rate of Sb,Se; film at 25, 50, 75, and 100 nm depth from the ITO and Sb,Se; film layers’ interface, respectively.
But, for (d,e) the green, red, cyan, and purple (solid/dotted) lines correspond to that of 20, 40, 60, and 75 nm depth. g-i) Heat dissipation in bi-layer
Sb,Se; film and surrounding region. Temperature distribution at g) 750 ns (after 100 ns of the pulse turned off), h) 1500 ns, and i) 2500 ns.
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the ITO ring respectively. In this case, the Sb,Se; film up to
around 100 nm depth out of 105 nm depth is completely melted
(>610 °C) at 650 ns (Figure 6a), and similarly up to around
75 nm depth out of 85 nm depth is melted (Figure 6d) as shown
by the purple lines. Figure 6b,e represents temperature and
cooling rate for the first 100 ns after the applied pulse voltage
is switched off (from 650 ns to 750 ns). It is observed that
within less than the 100 ns both the films (design 4: 105 nm
Sb,Se; and design 3: bi-layer 85 nm Sb,Se;) cool down to solid
(<610 °C). The cooling rate of a film depends upon the tempera-
ture and thermal conductivity of the film and the surrounding
materials. The cooling rate of ITO is initially much higher
than that of Sb,Se; as shown by the dotted blue lines and the
thicker 120 nm ITO (Figure 6b) cools faster than the thinner
85 nm ITO (Figure 6e). However, the thinner Sb,Se; cools
faster than that of the thicker Sb,Se; as observed comparing the
red, green, cyan and purple dotted lines in Figure 6b,e. From
Figure 6¢.f, it is observed the 85 nm Sb,Se; film (of proposed
design 3) completely goes blow the crystallization temperature
(200 °C) within 1900 ns while it takes up to around 3000 ns for
the 105 nm film (design 4) to reach below the crystallization
temperature. Therefore, although it is possible to crystallize a
thicker layer of Sb,Se; film, it may not be possible to reamor-
phize most of the comparatively thicker Sb,Se; film. Therefore,
considering the crystallization and re-amorphization of a larger
fraction of the Sb,Se; film while maintaining tunability of more
OAM modes, it is preferable to use design 3 which has two
split 85-nm Sb,Se; layers with an 85 nm ITO nano-heater sand-
wiched between them compared to design 3 of thicker film.
Figure 6g—i represents the temperature distribution in bi-layer
PCM film and the surrounding region. After the generation of
high heat by the applied electric pulse both the ITO and the
PCM cool down within a few microseconds due to the presence
of a comparatively larger volume of higher thermally conduc-
tive material (Si3N, and ITO). From Figure 6g it is observed
that at 750 ns of applied 650 ns pulse the temperature of most
of the surrounding region reaches below 500 °C except inside
the PCM layer. The temperature of the surrounding region
goes below 300 and 200 °C within 1.5 and 2.5 us respectively.
It is to be noted that the refractive index of the PCM which
depends on the crystallization fraction based on the tempera-
ture distribution and the cooling rate of the thermal excitation
process should be stable to achieve a stable OAM wave. How-
ever, there is a transition moment to switch from one OAM
mode to another OAM mode. At this transition moment, the
PCM will be heated and then cooled down to a steady state level
to change its phase to a stable level. While transitioning, the
ring resonator will be off resonance but at the steady level, the
ring resonator will be at a resonance provided that the overall
effective refractive index of the ring resonator satisfies the reso-
nance condition due to phase change of the PCM. This implies
that through the transition, there will be little output from the
resonator as there is not sufficient buildup of intensity due to
off resonance, until the required partial or full switching hap-
pens and we are “locked” into resonance. At this point, the ring
resonator will continue to provide a stable OAM wave until the
PCM is heated again to switch to another OAM state.

Figure 7 demonstrates the generation of several different
OAM modes with their corresponding efficiencies for the
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proposed Si ring resonator with 85 nm bi-layer Sb,Se; and
85 nm ITO film ring in between them (design 3). The effect of
device parameters, presence or absence of grating elements at
different ring layers on OAM generation efficiency, the effect
of increase of partial crystallization on propagation mode pro-
file, and the effect of presence of lossy ITO on the OAM pat-
tern distortion and radiation efficiency have been analyzed. For
120 nm coupling gap and 81.7 nm grating length/width OAM
wave of lrc=—=3,lyc==2, lyc==1, lpc =0, lyc=+1, lyc =+ 2,
lrc = + 3 are observed at partial crystallization correspond to
the overall PCM refractive index of 3.3475, 3.48, 3.61, 3.7175,
3.81, 3.89, and 3.96 respectively with efficiency of 2.18%, 1.45%,
0.78%, 0.55%, 0.33%, 0.26%, and 0.14% respectively as shown
in Figure 7a. Figure 7b represents the corresponding phase
of the generated OAM wave. The efficiency of the generated
wave can be increased to 4.53%, 3.22%, 1.92%, 1.40%, 0.70%,
0.43%, and 0.20% by decreasing the coupling gap to 60 nm and
increasing the grating length to 100 nm similar to that observed
for 105 nm single layer Sb,Se3. The efficiency can be further
significantly increased to 715%, 5.56%,3.68%, 3.34%, 1.72%,
1.3%, and 0.77% by applying grating elements on all the ring
layers as shown in Figure 7c,f. Figure 7f shows the comparison
of the corresponding radiation efficiency. It is to be noted that
compared to the 105 nm single layer Sb,Se3 film the radiation
efficiency of 85 nm bi-layer Sb,Se; is lower which is attributed
to the proximity of the lossy ITO layer. For this design 3, the
ITO film is closer to the Si ring resonator (135 nm) compared
to that of design 4 (155 nm). Figure 7c,d represents the inten-
sity of the generated OAM wave and mode profile for multilayer
grating element with 60 nm coupling and 100 nm grating extru-
sion length. From Figure 7d, it is observed that more light is
confined into the PCM layers with the increase of the partial
crystallization of PCM which also causes lower radiation effi-
ciency. Moreover, due to the presence of 85 nm lossy ITO layer
film in between the PCM layers the intensity of the electric field
decreases while light traversing around the ring as shown in
Figure 7e. From Figure 7e, it is observed that the intensity of the
light in the ring at the right-bottom side is more compared to the
other part of the ring. This non-uniform angular intensity pat-
tern causes non-uniform radiation from each grating element,
therefore, the OAM angular intensity pattern becomes non-uni-
form as shown in Figure 7a,c. However, a uniform electric field
intensity distribution is observed inside the ring resonator when
the imaginary part of the ITO refractive index is considered to
Dbe zero. As a result, a uniform intensity distribution is observed
in the field pattern of the OAM wave. The corresponding radia-
tion efficiency is found to be 25.5% which is very high and sim-
ilar to that of the OAM generator without any PCM/ITO layers.
This simulation result implies that the complex refractive index
of the ITO is responsible for the lower efficiency and deforma-
tion of the OAM pattern (Figure 7f). Therefore, it is very impor-
tant to use an optimized ITO film fabrication process which
results in a very low value of extinction coeflicient.

7. Conclusion

In this work, an integrated photonic device for the generation of
rapidly tunable OAM waves at 1550 nm using an ultra-low-loss

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIER.D 8|qedl|dde ay) Aq peusenoh afe sejolie VO ‘@SN Jo SN 10} Aeiq 18Ul UO A8]IM UO (SUONIPUCD-pUe-SLIeI LD A8 | 1M Afelq 1 [pUl|UO//:SANY) SUORIPUOD Pue SWIB | 3U} 8eS *[220z/0T/y2] uo Ariqitauluo Aeim ‘Aisiealun BuilueN Aq 860002202 Wope/z00T OT/I0p/Wo"AB| 1M Aleiq 1 pul|uoy//:Sdiy Wwoy papeojumod ‘02 ‘2202 ‘TL0TS6TZ



ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Refuetive | 3. 3975 3.48 3.61 3.7175 3.81 3.89 3.96

index

lrc=p—q

|E,I?

Pz

Refractive | 333 34825  3.6065  3.7165  3.8065

index

Le=p—-gq| -3 -2 -1 0 +1
Multilayer]
grating
|E,I?

Propagatio
mode

(inside the
ringsand  [i o
gratings) . - ;
Effect of extinction coefficient of ITO ® s
(e) lT =-3 =y A 0120 nm coupling Si grating
“ Ees A 060 nm coupling Si grating
Sy 4f @ A60 nm coupling multilayer
& !
g . A & grating
i o
i 2 o 2 m A A
“u: ° Q 8 8 o
|E|2 |E|2 |E, |2 Moo3 2 -1 00 41 42 43
lossy ITO considering lossless ITO Mode

Figure 7. Generation of different OAM wave modes at 1550 nm by embedding bilayer 85 nm Sb,Se; film rings with an ITO nano-heater between them.
a) Longitudinal component of generated CVVs (|E,|?) showing topological charge of OAM waves | = -3, -2, — 1, 0, +1, +2, +3 at 1550 nm wavelength by
considering overall refractive index of Sb,Se; as 3.3475, 3.48,3.61, 3.7175,3.81,3.89, and 3.96 respectively as an effect of partial phase change, coupling
gap = 120 nm, width/length of grating element = 81.7 nm, grating elements on Si ring resonator only, b) Corresponding spiral phase pattern for [ = -3,
-2, -1,0, 41, +2, + 3, ¢) Longitudinal component of electric field intensity (|E,]?) of different OAM modes | = -3, — 2, -1, 0, +1, +2, +3 for coupling
gap = 60 nm, width of grating element = 81.7 nm, extrusion length of grating element = 100 nm, multilayer (Si, PCM, ITO) grating elements. d) Mode
profile inside the ring resonator with 60 nm coupling gap, multilayer grating. The electric field tends to leak from the Si ring and confines more in the
PCM ring layer with the increase of the crystallization phase. e) Electric field intensity inside the ring resonator for lossy ITO and considering loss-
less (imaginary part of the refractive index = 0) ITO (coupling gap = 60 nm, and multilayer grating elements), and (|E?) of the generated OAM wave
considering lossless ITO. f) Efficiency of the radiated OAM wave of different modes | = -3, -2, — 1, 0, +1, +2, + 3: Circles correspond to coupling gap
of 120 nm, grating width/length = 81.7 nm, Si ring grating only; squares correspond to coupling gap of 60 nm, grating width = 81.7 nm, grating extru-
sion length =100 nm, Si grating only; and triangles correspond to coupling gap of 60 nm, grating width = 81.7 nm, grating extrusion length =100 nm,

grating elements are present at all (Si, PCM and ITO ring) layers.

PCM (Sb,Se;) and an ITO film-based nano-heater has been
demonstrated through rigorous numerical modeling. Different
design options and their corresponding advantages and draw-
backs are described in detail. FEM analysis is conducted on a
silicon ring resonator with grating elements to observe different
OAM modes at different wavelengths in the telecom band and
an ultra-low loss PCM (Sb,Se;) film with ITO nano-heater is
introduced to achieve tunable OAM emission. Initially, a simple
design is revealed using a Sb,Se; film as a tuning layer by con-
sidering the average change of refractive index of the film due
to different volume fractions of the crystallized phase to tune
various OAM modes at 1550 nm. Next, a critical analysis of dif-
ferent realistically implementable design options with an ITO
nano-heater and short pulse voltage to fractionally change the
phase of the Sb,Se; film is presented. FEM analysis is con-
ducted to demonstrate the inherent phase change dynamics

Adv. Optical Mater. 2022, 10, 2200098 2200098 (11 of 13)

within the tuning film by analyzing the temperature distribu-
tion and cooling rate of Sb,Se; film which allows us to check
the potential tunability of the proposed device. A comparative
study of ITO nano-heater based reversible phase change of a
single layer 105 nm Sb,Se; with 120 nm ITO ring and a bilayer
85 nm Sb,Se; with 85 nm ITO ring on a silicon ring resonator
is conducted. According to the thermal analysis, the bilayer
thinner Sb,Se; film is found to be more suitable than the
thicker single layer Sb,Se; to achieve more OAM modes due to
its higher cooling rate providing more possibility of reversible
switching of the large volume fraction of the PCM film. Finally,
the OAM generation of | = — 3, -2, -1, 0, +1, +2, +3 is verified
using thinner 85 nm bi-layer Sb,Se; film. However, the corre-
sponding efficiency of the bi-layer Sb,Se; film is found to be
lower compared to the single-layer 105 nm PCM layer which is
attributed to the proximity of the lossy ITO layer. An important
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conclusion from our work is that there is a compromise
between the number of achieved OAM modes and the radiation
efficiency of the different design options. This proposed design
will guide researchers toward implementing ultra-fast, tunable
OAM generation or tunable OAM transceivers using on-chip
integrated Si photonic devices.
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