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In this article, we report, to the best of our knowledge, for the first time, phase change material (PCM)-based
reconfigurable metasurfaces for tailoring different degrees of freedom (DoF) of the quantum emitter (QE)
emission, namely polarization and directionality, two key controlling factors in applications such as
guantum computing, communication, and chiral optics. We have used a hybrid plasmon-QE coupled
bullseye grating system utilizing the unexplored concept of composite nano-antennas in quantum
photonics as the basic building block of the structures. Carefully engineered azimuthal width profile of
the Sb,Ss/AlGaAs composite ridge and selectively controlled transition of PCM (Sb,S3) states provide
dynamic control over the amplitude and phase of the scattered radiation. Based on this methodology,
we have designed five different metasurfaces for on-demand switching of target DoFs of QE emission,
ensuring high collection efficiency due to the near-field coupling scheme. The first two metasurfaces
switch the majority of the outgoing radiation from radially polarized to circularly polarized, whereas the
next two switch the direction of circularly polarized outgoing radiation by a maximum of 9.23° while
maintaining the spin state (or polarization chirality) in the simulation environment. The third metasurface
category is capable of on-demand generation and separation of opposite spin states of outgoing
radiation by 11.48° utilizing the selectively controlled phase transition of Sb,Ss. Such reconfigurable
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Accepted 1st September 2024 multi-dimensional manipulation of QE radiation has not been investigated previously. This work proves
the vast potential of active metasurfaces to modify the DoFs of QE emission, paving the way for high-
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dimensional quantum sources for high-speed quantum communication, higher dimensional quantum
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1 Introduction

Quantum emitters (QEs) are excited quantum dots, atoms, ions,
or molecules acting as point-like light sources.* They are one of
the fundamental components of different quantum technolo-
gies such as quantum computation,”> quantum secure commu-
nication,® and quantum-enhanced metrology.* Ideally, these
technologies require single photon sources with unity efficiency
and radiation within a well-defined channel (in terms of
frequency, direction, and polarization)® and means to dynami-
cally control these channel DoFs, producing the so-called high

dimensional quantum sources.® However, stand-alone
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quantum emitters are almost invariably characterized by their
low emission rate, omnidirectionality, and poorly defined
polarization state, hindering their direct integration in
quantum technologies.”® Significant spontaneous emission rate
enhancement has been achieved by coupling QEs to properly
designed nano-structures due to the well-known Purcell
effect.>'® A high degree of directionality of QE radiation has
been obtained through far-field reshaping of the radiated
wavefront with lens and mirrors.™ Low collection efficiency is
almost invariably encountered with this approach, which is
solved by its near-field counterpart.’ Near-field coupling allows
the efficient control of the far-field emission pattern through
the non-radiative interaction of the surrounding nano-
structure, namely bullseye gratings,”® Yagi-Uda antennas,"**
nano-patch antenna,'® waveguides'” or hyperbolic meta-
materials® with the QE.

In recent years, the variant of bullseye grating system
composed of concentric dielectric circular ridges separated
from a metal film by a dielectric spacer (also popularly known as
hybrid QE-plasmon coupled metasurface) has attracted interest
owing to their high quantum yield and collection efficiency.”
However, the symmetry of the structure limits the polarization
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state and directionality of outgoing waves to radial polarization
and along the normal direction, respectively. Modern-day
quantum technologies require precise control of these degrees
of freedom (DoF) of the QE emission.> To meet these require-
ments, different modifications of the bullseye array have been
developed to control the polarization and chirality of the
outgoing photons at room temperature.*>* However, attaining
the dynamic tuning of these DoFs of quantum emission
through near-field coupling with nano-structures remains an
issue.

The dynamic/active control of polarization and/or direc-
tionality of QE emission will boost bit rates in quantum
communication, computational power, or dimensions of
quantum computing systems and unlock new applications in
the field of chiral quantum photonics,”*” taking advantage of
the resulting high-dimensional quantum source. There have
been reports of dynamic polarization control of QE radiation
using high-magnitude magnetic fields at cryogenic tempera-
tures®® and spin-state splitting through far-field coupling with
metalens.””* The latter category, however, suffers from low
collection efficiency due to the randomness of spontaneous
quantum emission and the far field coupling scheme and is not
reconfigurable in nature, limiting its applications in quantum
technologies.

Metasurfaces have significantly altered the global land-
scape of photonic design over the last few decades due to their
distinct ability to independently control the phase and
amplitude of the photons scattered from the constituent nano-
antennas.’® This has led to the generation of electromagnetic
waves with well-defined polarization, amplitude, and wave-
front. The integration of the phase change material, graphene,
PIN diode, varactor diode, liquid crystal, magnetic field-based
switching and micro-electromechanical system (MEMS) as the
switching mechanism with these meta-devices has led to the
dynamic/active control of polarization, direction, and wave-
front of the outgoing waves.*° Phase change materials
(PCM), namely vanadium dioxide (VO,), Ge,Sb,Tes; (GST),
antimony trisulfide (Sb,S;), Ge,Sb,Se,Te; (GSST), due to their
chemical and thermal stability, fast and repeatable switching,
provide the most viable path for commercializing tunable
metasurfaces.*® As a first stepping stone for integrating active
metasurfaces in the quantum photonics realm, two recent
reports have used PCM-based nano-structures to dynamically
tune the Purcell enhancement.*>** However, the inability of
these works to produce on-demand switching of the polariza-
tion or direction, which are considered to be the basic DoFs of
QE in quantum technology, means the true potential of
tunable/active metasurfaces has not been explored adequately
in the field of quantum photonics.** To the best of our
knowledge, reconfigurable active metasurface for tailoring
direction and polarization of QE emission has not been re-
ported to date.

In this work, we report PCM-based tunable bullseye grating
metasurfaces for dynamic polarization and directionality
control of QE emission. The composite ridge array of Sb,S;/
AlGaAs is separated from the metallic layer by a dielectric,
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forming the hybrid QE-plasmon coupled bullseye metasurface.
This structure combines the well-known azimuthally varying-
width bullseye antenna used for controlling polarization of
QE emission* with the concept of composite nano-antennas
used in phase gradient meta-surfaces.**** Such composite
structures provide greater control over the phase of scattered
light on each point of the device through the smart choice of
individual material width profiles but have not been explored
properly in the field of quantum photonics. The fast and
repeatable switching of the PCM, Sb,S;, through electrical or
optical excitation***” gives the meta-devices their tunability.
Proper engineering of the phase and amplitude profile of the
light scattered by the Sb,S;/AlGaAs composite ridge allowed
the proposed metasurfaces to dynamically change the
outgoing emission direction or polarization or both when the
PCM phase transition occurs. Finite-difference time-domain
(FDTD) simulations show an excellent collection efficiency of
around 98% for all the metasurfaces due to the near-field
coupling scheme of the hybrid QE-plasmon coupled meta-
surfaces. The first category of PCM-based metasurfaces (PMS),
PMS-1R and PMS-1L, dynamically switches the outgoing
photons from radially polarized (RP) to the right (RCP) and left
(LCP) circularly polarized states, respectively, as Sb,S; transi-
tions from an amorphous to a crystalline state. The second and
third classes of metasurfaces require the selective control of
the PCM state in two quadrants of the bullseye grating. This
allows the second metasurface generation proposed in this
article (PMS-2) to dynamically deflect the outgoing circularly
polarized waves while maintaining the same spin (circular
polarization) state. The third class of metasurface, PMS-3,
allows the on-demand switching of spin states accompanied
by a spatial shift of 11.48° of outgoing photons utilizing
selective transition of the Sb,S; phase. Such reconfigurable
multi-dimensional tailoring of QE radiation using meta-
surfaces has not been investigated in previous literature. The
ability of our designed novel PCM-based bullseye grating
structures to dynamically modify one or more DoFs of QE
emission, along with the excellent collection efficiency, is ex-
pected to pave the way for further integration of active meta-
surfaces in the field of quantum photonics.

2 Structure layout

We have used the well-known bullseye configuration consisting
of concentric circular nanoridges as the basic building block for
our metasurfaces. The array of circular ridges is separated from
the back metal layer (silver, Ag) by a dielectric (silicon dioxide,
Si0,), forming the hybrid plasmon-QE coupled meta-device.*® A
generalized representation of the phase change material (PCM)-
based metasurfaces (PMS) used in this work is shown in Fig. 1.
The Sb,S;/AlGaAs-based circular ridges in this figure have been
drawn in a generalized way to summarize the different func-
tionalities of the metasurfaces (dynamical switching of the
directionality or polarization states or both of outgoing radia-
tion). All the metasurfaces have been simulated using the finite-
difference time-domain (FDTD) method in the commercial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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software Lumerical FDTD Solutions. Perfectly matched layer
(PML) boundary conditions were used in all three directions. In
the simulation environment, the quantum emitter (QE) is rep-
resented as a vertically oriented electric dipole placed at the
center of the nanoridge array at a distance of 50 nm from the
SiO, top surface along the positive z-axis.”*** We chose the
wavelength for the dipole source to be 802 nm, which coincides
with the zero-phonon line of the nickel-nitrogen complex (NES)
center of the diamond when pumped with 695 nm pulsed laser
excitation at room temperature.** For maximum emission
intensity of the QE, the excitation source should be linearly
polarized with polarization aligned with the dipole (z-axis) while
propagating along either x or y direction in Fig. 1.>%

The QE (dipole source in FDTD simulations) couples radi-
ally diverging non-radiative surface plasmon polaritons (SPP)
supported by the Ag-SiO,-air interface. The SPPs are scattered
by the system of nano-ridges into outgoing free-propagating
photons. The x-y plane cross-sectional view of a single ridge
of the five metasurfaces is shown in Fig. 2. The number of
nano-ridges in the bullseye grating controls the collection
efficiency of outgoing radiation.** Since a close to 98% collec-
tion efficiency is observed in this work for all structures with
eight nano-ridges, this number has been kept constant
throughout. All the structures utilize a hybrid ridge configu-
ration combining Sb,S; and Al,Ga;_,As layers with azimuth-
ally varying widths. Careful design of the individual layer
(AlGaAs and Sb,S;) widths and the composition (x) of Al,-
Ga; _,As allows us to dynamically control the directionality or

,,"'RP/LCP/
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polarization states or both the scattered beam as PCM state
transition occurs, as schematically shown in Fig. 1(a). Sb,S;
was selected as the PCM due to its high refractive index and
low absorption coefficient in both the amorphous and crys-
talline states at our desired frequency. The mole fraction of Al
(x) in Al,Ga; ,As for PMS 1, 2, and 3 used in our calculations is
1, 0.7, and 0.7, respectively. The exact choice of the Al,Ga; ,As
composition depends on the desired functionality of the
respective PMS and will be discussed in detail in Sections 3.1,
3.2, and 3.3. The optical properties (complex relative permit-
tivity) of the two states of Sb,Ss;, AlAs, and Al, ,Ga, 3As have
been taken from previously reported results.”*>* The Palik
model was used in our simulations for the relative permittiv-
ities of Ag and SiO,.*® The complex relative permittivities of all
the materials input to the FDTD simulation environment are
shown in Fig. S3 of the ESI.{ The heights of Al and SiO, have
been kept constant at 50 nm and 200 nm, respectively, for all
the five PMSs. We chose the values to ensure non-radiative SPP
modes from the QE can be coupled to Al-SiO,-air, Al-SiO,-
Sb,S; (for both amorphous and crystalline states) and Al-SiO,-
Al,Ga; ,As (x = 1, 0.7) stacks. The results and simulation
setups for these calculations are shown in Fig. S1 of the ESL}
The other parameters, 7; and the height of the ridge array (%),
have been chosen to engineer the scattering phase and
amplitude to achieve the desired directionality and polariza-
tion state of the outgoing photons. The calculation of P is
based on effective medium theory. The detailed calculations
can be found in Section 1 of the ESL.}

Sio,

-

Sb,S,/AlGaAs composite
ridges

Upper
Half

y Low:!

/[ Half
X

(b)

(a) Generalized 3D schematic representation of the PCM-based metasurfaces (PMS) composed of concentric circular nano-ridges with

the quantum emitter at the center. The arrows represent the dynamic variation of scattered beam direction and polarization (radial (RP), right
(RCP) or left (LCP) circularly polarized) with the Sb,Ss state. (b) x—y plane cross-sectional view of the designed metasurfaces, with the radius of
the inner ridge (r)) and periodicity (P) of the nano-ridges marked. The Sb,S3s/AlGaAs-based circular ridges here have been drawn in a generalized
manner for all the metasurfaces considered and do not represent the exact construct used. The white dashed line divides the metasurface into
two halves. Separate control over the PCM state is required in the individual halves for PMS-2 and 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 29215-29228 | 29217
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Fig. 2 (a) x—y plane cross-section view of a single circular ridge of the bulls-eye array and (b) x—z plane cross-sectional view of the PMS-1
metasurface. x—y plane cross-section view of a single circular ridge of the bulls-eye array for (c) PMS-1L, (d) PMS-2R, (e) PMS-2L, and (f) PMS-3.
The insets in (c)—(f) represent the x—z cross-sections of the respective circular ridges. The dashed lines through the center in (d)-(f) represent the
two halves of the metasurface (in Fig. 1(b)) in which selective control over the PCM state is required. The thicknesses of Ag and SiO, layers are
200 nm and 50 nm for all five structures. The thickness of the ridges (h) for PMS-1R and PMS-1L is 140 nm and for PMS-2L, PMS-2R, and PMS-3is
150 nm. The total width of the ridge (w>) in (a) and (b) for PMS-1R and PMS-1L is 250 nm. The Sb,Sz width (w,) varies from 0 to 250 nm and from
250 to 0 nm with azimuthal angle (6) variation of O to 27t radian for PMS-1R and PMS-1L, respectively. wy is varied from 0 to 85 nm and 85 nm to
0 for PMS-2R and PMS-2L in (d) and (e), respectively, over the complete range of §. The width of AlGaAs (w3) is kept constant at 200 nm for both

structures. For PMS-3 in (f), w, is 240 nm and w4 is varied from 0 to 100 nm for § = 0 to = radian and 100 nm to O for § = 7 to 27 radian.

The metasurface structure PMS-1R(L) (Fig. 2(a) and (b))
dynamically switches the polarization state of the emitted
photons from radial polarization (RP) to the right (left) hand
circular polarization when Sb,S; transitions from an amor-
phous (AA state of the metasurface) to a crystalline (CC state)
phase. The third metasurface proposed in this work, PMS-2R,
schematically shown in Fig. 2(c), generates an RCP beam with
the Sb,S; in the upper and lower half of the metasurface in the
amorphous and crystalline phase, respectively (AC state of the
metasurface) (or vice versa (CA state)). When the metasurface
transitions from AC to CA (or CA to AC), the outgoing beam gets
deflected, maintaining the same polarization state (RCP). The
PMS-2L structure dynamically deflects LCP radiation when
switched between AC and CA states. PMS-3 allows the dynamic
switching of outgoing photon polarization from RCP to LCP
when reconfigured from CA to the AC state. This polarization
transition is accompanied by a deflection of the peak intensity
position, manifesting reconfigurable multifunctionality.

Circular nano-ridges with azimuthally varying widths on
SiO,/Ag have been fabricated in several previous literature
reports.”>*»*” These works also report excellent fabrication
tolerance of such structures in controlling QE emission. The Ag

29218 | RSC Adv, 2024, 14, 29215-29228

substrate can be deposited using ohmic evaporation on
a Silicon wafer. The SiO, layer can be fabricated using RF
sputtering. Further details about the alignment of the ridge
patterns and the quantum dot can be found in ref. 23. Growth of
AlGaAs for x = 0.7 and 1 can be done using liquid phase epitaxy
and organometallic chemical vapor deposition, respectively.
Deposition of Sb,S; on a thin SiO, layer has also been investi-
gated in previous reports.*® These works prove the feasibility of
our proposed PMS structures. However, the hands-on imple-
mentation of the devices is beyond the scope of this work. The
Sb,S; layers can be switched reversibly between amorphous and
crystalline states using a laser diode operating at 638 nm
wavelength and capable of producing variable optical pulse
durations.* Moreover, control over the Sb,S; switching region
can be exercised by changing the laser pulse duration or power.
Such laser-based phase transition methodology of PCMs has
been integrated into different nano-structures as reported
previously.®>® Selective control of the PCM state in meta-
devices with nanometer resolution has been investigated in
previous literature.®**> These reports prove the feasibility of our
methodology requiring individual PCM states in the upper and
lower halves of the metasurfaces.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussions
3.1 Switching between radial and circular polarization

Our proposed PMS-1R and 1L structures dynamically switch the
outgoing photons from radially polarized to right and left
circularly polarized states, respectively. This is achieved when
the Sb,S; in both halves of the metasurfaces switch from the
amorphous (state AA) to the crystalline (state CC) phase through
optical excitation. Both the polarization states are extremely
important in the field of quantum photonics. RP photons with
longitudinally polarized fields find applications in several
quantum technologies such as quantum key distributions and
quantum communication®*®* while circular polarization
chirality represents the spin state of photons® and finds
applications in chiral quantum photonics.*

The design methodology of PMS-1R is depicted in Fig. 3. The
heights of Ag and SiO, layers are 200 nm and 50 nm, respec-
tively, as described in Section 1 of the ESI. The parameters, #,
w,, and r;, were recursively tuned to best match the required
scattering phase angles (¢). Each time, the period (P) is updated
using the effective medium theory (see ESIT for detailed calcu-
lations). The phase calculations were done numerically using
the 2D simulation setup shown in Fig. 3(a). The final values
chosen for these parameters are r; = 515 nm, w, = 250 nm, 7 =
140 nm, and P = 475 nm. Scattering radially polarized waves

@® Monitor

— P Wy fi
—_— = -

Azimuthal angle, 6(rad)
4

0 1 2 3 5 6
of . : ; e —
(C) ——Realized
) 5l - — Desired
©
=
4t
@
o
c3
o
Qat
2
s
© 1
(14
0 g T R |
0 50 100 150 200 250

Sb283 width, w1(nm)

View Article Online

RSC Advances

requires the electric field scattered from each point on the
metasurface to have the same phase.* For this, we have chosen
AlAs as the second material, which has almost the same
refractive index as amorphous Sb,S; at 802 nm. So, azimuthally
increasing the Sb,S; width (w,) will keep the effective index
almost constant for the AA state. This produces an azimuthally
constant phase of the scattered electric field (¢), as illustrated in
Fig. 3(c). Other mole fraction values of AlGaAs produce a varying
phase with changing Sb,S; width due to the mismatch in
refractive index, making them unsuitable for producing radial
polarization in the AA state (see Fig. S4 of the ESIT). For Sb,S; in
the crystalline state, ¢ increases with w; due to the increase in
effective refractive index. As w, varies from 0 to 250 nm, ¢ also
achieves a 27 phase coverage for crystalline Sb,S; (Fig. 3(d)). So,
linearly varying w, with azimuthal angle (¢) ensures that electric
fields scattered from any two points on the ridge displaced in ¢
by /2 are not only orthogonal but also out of phase by 7/2 in
the CC state. This will produce outgoing right circularly polar-
ized waves in the far-field pattern for this state. For PMS-1R(L),
w; is increased (decreased) (Fig. 2(a) and (b)) linearly to achieve
the required spatial variation of ¢ to produce RCP (LCP)
photons in the CC state.””

The optical properties of PMS-1R and 1L have been evaluated
using 3D FDTD simulations with the simulation settings
described in Section 2. The far-field intensity and polarization
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Fig. 3 Design procedure of PMS-1R. (a) 2D FDTD simulation setup for calculating the variation of the phase of scattered light (¢) with Sb,S3 width
(wy). The position of the monitor is also marked. w; was varied between 0 and 250 nm, keeping w, constant at 250 nm. (b) x—y plane cross-
section of a single circular ridge of PMS-1R. Required and realized relative phase values for variation of w; for (c) AA and (d) CC states of the
metasurface. For these simulations, the heights of Ag, SiO,, and ridge (h) have been kept constant at 200 nm, 50 nm, and 140 nm, respectively.
The values for the inner radius (r;) and the total ridge width (w,) are 515 nm and 250 nm, respectively.
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Fig. 4 Far-field optical characteristics of PMS-1R for the (a)-(c) AA and (d)—-(f) CC states calculated from 3D FDTD simulations. (a) and (d)
represent far-field intensity distributions for AA and CC states, respectively. (b) and (e) depict the far-field polarization state distributions of PMS-
1R with AA and CC states, respectively. The red, blue, and green colors correspond to right circular, left circular and radial polarizations,
respectively. (c) and (f) Illustrate the superimposed 3d representation of the beam intensity and polarization distributions, with the height and
color indicating the intensity and polarization of the outgoing photons, respectively. All the intensity values have been normalized by their
respective maxima. In all the simulations, the standard configuration of the QE described in Section 2 with an emission wavelength of 802 nm

was used.

states of the scattered free-propagating waves for CC and AA
states are shown in Fig. 4 and 5, respectively. The coordinates in
far-field patterns, u, and u,, have been used to show a flattened
data curve, with the point (0, 0) representing scattering along
the normal direction. Further details about this coordinate
system can be found in Section 6 of the ESI.{ To evaluate the
polarization state, we have used the normalized Stokes param-
eter (P.). This is used as a measure of the degree and chirality of
circular polarization in the far-field pattern. The values —1, 0, +1
of P. denote pure LCP, linearly polarized, and RCP states.
However, in the context of circular ridges, the value 0 represents
radial polarization.”” The detailed equations for calculating P,
can be found in Section 2 of the ESL

For the PMS-1R structure in the AA state, the far-field
intensity distribution shows a collimated doughnut-shaped
pattern at the center (Fig. 4(a)). The distributions of P, show
that the majority of the outgoing photons are radially polar-
ized for this state (Fig. 4(b)), quantified by P. = 0. In the CC
state, a bright spot around the center of the far-field distri-
bution is observed for PMS-1R (Fig. 4(d)). The distribution of
the normalized Stokes parameter (P.) for PMS-1R in Fig. 4(e)
has a red spot with P. > 0.8 (RCP) coinciding with the
maximum intensity location. Some of the photons are indeed

29220 | RSC Adv, 2024, 14, 29215-29228

emitted with opposite chirality (LCP) as found in the previous
relevant literature as well.”” However, the chirality-intensity
superimposed distribution in Fig. 4(f) shows that the
majority of the outgoing radiation is right circularly polarized.
So, PMS-1R can dynamically change a majority of the scattered
photons from RP to RCP when switched from AA to the CC
state.

PMS-1L also shows very similar far-field characteristics. A
similar radially polarized doughnut pattern is observed for this
structure as well in the AA state (Fig. 5(a)-(c)). The majority of
the out-coupled radiation dynamically switches to LCP when
Sb,S; transitions to its crystalline state (CC state). This is rep-
resented by the blue region in the P, distribution (Fig. 5(e))
coinciding with the maximum intensity location as illustrated
in Fig. 5(f).

As a measure of directionality, we have calculated the
collection efficiency (CE) of both the PMS-1 variants. This
quantity is defined as the fraction of out-coupled power
collected by the first objective with a numerical aperture of 0.9
(within a 64° cone)." We have also calculated the full width at
half maximum (FWHM) of the intensity distribution. Another
important parameter for evaluating nano-structures coupled to
QE is the Purcell Factor (PF). This quantity is defined as the ratio

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Far-field optical characteristics of PMS-1L for the (a)-(c) AA and (d)—-(f) CC states calculated from 3D FDTD simulations. (a) and (d)
represent far-field intensity distribution for AA and CC states, respectively. (b) and (e) depict the far-field polarization state distributions of PMS-1L
with AA and CC states, respectively. The red, blue, and green colors correspond to right circular, left circular and radial polarizations, respectively.
(c) and (f) Illustrate the superimposed 3d representation of the beam intensity and polarization distributions, with the height and color indicating
the intensity and polarization of the outgoing photons, respectively. All the intensity values have been normalized by their respective maxima. In
all the simulations, the standard configuration of the QE described in Section 2 with an emission wavelength of 802 nm was used.

Table 1 Different performance parameters of the PMS-1 structure

Structure State CE (%) PF  Peak position FWHM Polarization

PMS-1R  AA 97.78 1.63 5.88° 9.9° RP
CC 98.33 2.01 4.07° 7.6° RCP

PMS-1L AA 97.66 1.75 5.88° 10.04° RP
CC 98.31 2.05 4.07° 7.64° LCP

of the power emitted by the QE with and without the bullseye
grating environment. These values for both the structures in CC
and AA states are summarized in Table 1. The performance
parameters for both structures are almost identical in both AA
and CC states. CE is around 98% in both the structures for
either state. FWHM is relatively higher for the CC state
compared to previous works. This can be attributed to the high
refractive index of the circular ridges used in this work
compared to the former. Similar observations have been made
in previous literature as well.>” Also, for both structures, FWHM
is relatively higher in the AA state. This is due to the doughnut
pattern of the radially polarized wave. The high FWHM value is,
however, consistent with previously reported values for RP
patterns.*

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.2 Dynamic deflection of circular polarized outgoing waves

The PMS-2R(L) metasurface scatters SPP coupled in the Ag/SiO,
interface into right (left) circularly polarized outgoing photons.
As the structure switches between AC to CA states, the scattered
beam gets deflected, maintaining its respective chirality (RCP
for PMS-2R and LCP for PMS-2L). Such spatial multiplexing of
outgoing radiation while maintaining the spin state is expected
to contribute greatly to high-power quantum processing
technologies.>***

The design procedure for the PMS-2R structure has been
depicted in Fig. 6. Since we desire the metasurface to produce
RCP beams for both the AC and CA states, we require both the
amorphous and crystalline states to produce similar values of
the scattered electric field phase (¢) for different w;. For this, we
iteratively tuned different structural parameters (k, ws, 7;, X) to
match the phase requirements. SiO, and Ag heights have been
maintained at 50 nm and 200 nm, respectively, during the
entire procedure. The value of P is updated each time based on
the effective medium theory described in Section 1 of the ESL.}
The simulation setup used for phase calculation is the same as
the one described in Fig. 3(a). The best possible matching of ¢
for the two states of Sb,S; is achieved for # = 150 nm, P =
500 nm, r; = 515 nm, w; = 200 nm, and x = 0.7. Further details
about the choice of the Al-GaAs stoichiometry (x) can be found

RSC Adv, 2024, 14, 29215-29228 | 29221
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Fig.6 Design procedure of PMS-2R. (a) x—y plane cross-section of a single circular ridge of PMS-2R. (b) Variation of the scattered light phase (¢)
with Sb,Ss3 (in crystalline and amorphous states) width (wy) for a constant Alg 7Gag sAs width (ws) of 200 nm. Required and realized relative phase
values at azimuthal position 6 for the (c) CA and (d) AC state of the PMS-2R metasurface. y—z plane distribution of the electric field magnitude of
PMS-2R at (e) CA and (f) AC states. For this simulation, the 2d monitor was placed along the y-axis through the metasurface center. The field

magnitudes have been normalized by their respective maxima.

in Fig. S5 of the ESL{ The variation of ¢ with w; for this
configuration is shown in Fig. 6(b) for the amorphous and
crystalline states of Sb,S;. As w, is varied from 0 to 85 nm, the
relative value of ¢ covers a 7.3 radian range for the crystalline
state and 5.33 radian for the amorphous state.

This range of w, gives the best possible match between the
two. Though the absolute value of the difference in ¢ for
amorphous and crystalline Sb,S; increases gradually with
increasing wy, as seen in Fig. 6(a), and the relative error remains
almost static.

For the AC and CA states of PMS-2R, the realized and
desired values of ¢ are shown in Fig. 6(b) and (c), respectively.
Producing RCP outgoing waves requires the phase of the
scattered electric field (¢) at any point on the ridge to increase
linearly with azimuthal position (f), as explained in Section
3.1. The realized profiles of ¢ for the two states do not exactly
match the requirements but are very close to the latter. For
dynamically deflecting the RCP beam, the structure needs to
be switched from AC to the CA state or vice versa. In the CA
state, for example, the upper half of the metasurface in the x—y
plane has a higher refractive index (crystalline Sb,S;) than the
lower half (amorphous Sb,S;). It is well-known that high
refractive index materials produce higher scattering.?” This is
further validated by the scattering cross-sections of an Sb,S;
nano-cube in the amorphous and crystalline states, shown in

29222 | RSC Adv, 2024, 14, 29215-29228

Fig. S7 of the ESIL. The results show that the crystalline Sb,S;
with a higher refractive index at our target wavelength of
802 nm has a higher scattering cross-section. As a result, the
beam gets deflected towards the lower half of the metasurface
in the x-y plane (or equivalently towards the left half in the y-z
plane, as shown in Fig. 6(e)). For the AC state, the beam gets
deflected towards the right half of the metasurface in the y-z
plane, as illustrated in Fig. 6(f). Since in both the states, the
respective phase requirements for RCP beam generation are
also roughly met, we expect the beam to get deflected, main-
taining the same polarization.

We have numerically studied the optical characteristics of
the PMS-2R structure in the AC and CA states using the 3D
FDTD simulation method. The 3D superimposed representa-
tion of the far-field normalized Stokes parameter (P.) and
intensity distributions show that the locations of maximum
intensity coincide with that of the red-colored region corre-
sponding to RCP radiation (P, > 0.8) for both the states (Fig. 7(b)
and (d)). The relative shifting of the intensity distributions is
also visible in the far-field pattern (Fig. 7(a) and (c)). The shift-
ing between the peak positions is 9.23°, evident in the cross-
sectional intensity distributions in Fig. 7(e).

Table 2 summarizes different performance parameters of the
PMS-2R structure in both the CA and AC states. The collection
efficiency (CE) is high like other proposed structures; however,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Far-field optical characteristics of PMS-2R for the (a)—(b) and (c)—(d) AC states calculated from 3D FDTD simulations. (a) and (c) represent
far-field intensity distribution for CA and AC states, respectively. Superimposed 3d representation of the beam intensity and polarization
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simulations, the standard configuration of the QE described in Section 2 with an emission wavelength of 802 nm was used.

Table 2 Different performance parameters of the PMS-2 structure

Structure State CE (%) PF  Peak position FWHM Polarization

PMS-2R  CA 98.9 1.9 —4.26° 10.86° RCP
AC 98.87 2 4.97° 10.6° RCP
PMS-2L CA 98.63 1.79 —-3.56° 11.68° LCP
AC 98.95 1.84 4.48° 10.82° LCP

FWHM is relatively higher. For the CA state, there is a side lobe
appearing close to the maxima with the opposite chirality
(Fig. 7(b)). This feature has been found in previous relevant
works as well.*” Also, the intensity distribution of the outgoing
radiation in the AC state appears to be smeared (Fig. 7(c)). Both
these features of the intensity distribution can be attributed to
the mismatch between realized and desired profiles of ¢.*” Also,
PF is approximately the same for both states.

The methodology for designing metasurface (PMS-2L) to
dynamically deflect the outgoing LCP radiation is similar to that
for PMS-2R described in Fig. 6. For the PMS-2L structure, w, is
linearly decreased from 85 nm to 0 nm with increasing
azimuthal angle (#) (as schematically shown in Fig. 2(d)), to
produce LCP light in both the AC and CA states. Other structural

© 2024 The Author(s). Published by the Royal Society of Chemistry

parameters are the same as PMS-2R. The superimposed repre-
sentations of polarization and intensity for the two states
(Fig. 8(b) and (d)) further verify that the majority of outgoing
radiation is left circularly polarized. As the structure is switched
from AC to CA (or vice versa), the peak position undergoes an
angular displacement of 8.04°, as can be seen in the intensity
cross-sections for the two states (Fig. 8(e)). The intensity
distributions for the AC and CA states of PMS-2L (Fig. 8(a) and
(c)) are also similar to that of the PMS-2R structure. A smeared
peak for the CA state and a side lobe for the AC state are also
evident in the far-field intensity profiles. This results in a rela-
tively high FWHM for this meta-device, as observed for the PMS-
2R structure. Different performance parameters of the PMS-2R
structure, namely FWHM, CE, and PF, are summarized in
Table 2.

3.3 Simultaneous circular polarization and direction
switching

Our final proposed metasurface, PMS-3, is capable of simulta-
neously switching the chirality (or spin angular momentum)
and direction of circular polarized outgoing radiation when it
transitions from AC to the CA state through selective optical
excitation of Sb,S;. The design methodology for this metasur-
face is shown in Fig. 9. In terms of polarization, we require

RSC Adv, 2024, 14, 29215-29228 | 29223
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maxima. In all the simulations, the standard configuration of the QE described in Section 2 with an emission wavelength of 802 nm was used.

scattering the SPP coupled from excited QE into RCP and LCP
radiation for CA and AC states, respectively. For this, the phase
of the scattered electric field (¢) should linearly increase and
decrease respectively with azimuthal angle (6). This readily
poses the need for a contrasting trend of ¢ with increasing w,
for crystalline and amorphous phases of Sb,S;.

The phase profile calculation was done numerically using
the same 2d simulation setup in Lumerical FDTD Solutions as
described in Fig. 3(a), with a constant total width (w,). We have
chosen Al, 5Ga, ;As as the second material, which has a refrac-
tive index value roughly right in between the two Sb,S; phases at
802 nm wavelength. As Sb,S; width (w,) increases, the width of
AlGaAs decreases. As amorphous Sb,S; has a lower refractive
index than Alj,Gag3As, increasing w; decreases the effective
index of the ridge, resulting in a decrease in ¢ (Fig. 9(a)).
Conversely, for crystalline Sb,S;, ¢ increases with w,. The fact
that Aly ,Gay 3As has a refractive index between the two states of
Sb,S;, the increase in w; produces approximately equal and
opposite changes in the relative phase values for the two states
(Fig. 9(a)). This ensures that RCP and LCP light can be scattered
in the CA and AC states of the PMS-3 structure, respectively.
Other molar fractions (x) of AlGaAs do not produce such equal
and opposite spatial phase profiles for the two states, as shown
in Fig. S6 of the ESI.t However, we found that achieving the

29224 | RSC Adv, 2024, 14, 29215-29228

complete 27 phase coverage for either of the states with
a constant £ is difficult. So, we modified the metasurface cross-
section with w; increasing linearly for the azimuthal position, ¢
= 0 to w radian and then decreasing linearly for m to 2, as
illustrated in Fig. 2(e). This effectively reduces the phase
coverage requirement for both the Sb,S; phases to .

The variation of ¢ for increasing w; with # = 150 nm, r; =
515 nm, w, = 240 nm, and P = 400 nm for amorphous and
crystalline Sb,S; is depicted in Fig. 9(a). For w; ranging from 0 to
100 nm, ¢ linearly increases (decreases) from 0 to w (—) for
crystalline (amorphous) Sb,Ss. As a result, the azimuthal phase
requirements for both the CA and AC states of the PMS-3
structure are almost perfectly matched, as can be seen in
Fig. 9(b) and (c), respectively.

We have also simulated the y-z plane electric field profile of
the PMS-3 structure for both the AC and CA states (Fig. 9(d) and
(e)). The outgoing beam gets scattered towards the left half of
the y-z plane due to the high scattering from the crystalline
Sb,S; present in the right half. For the AC state, the opposite
condition occurs. This deflection is also evident in the far-field
intensity distributions in Fig. 10(a) and (d) and also in the cross-
sectional intensity distributions in Fig. 9(f). The cross-sectional
intensities were taken along the white dashed lines shown in
the respective far-field patterns. The positions of the intensity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Design procedure of PMS-3. (a) Variation of the scattered light phase () with Sb,Ss (in crystalline and amorphous states) width (w,) for
a constant total width (w;) of 240 nm. Required and realized relative phase values at azimuthal position 6 for the (b) CA and (c) AC states of the
PMS-3 metasurface. The insets show the x—y plane cross-section of a single circular ridge, with different parameters marked and the Sb,Sz phase
of each half. y—z plane distribution of the electric field magnitude of PMS-3 at (d) CA and (e) AC states. For this simulation, the 2d monitor was
placed along the y-axis through the metasurface center. (f) Normalized cross-sectional intensity profiles (along the white dashed lines in Fig. 10(a)
and (d)) for CA and AC states. The field magnitudes have been normalized by their respective maxima.

peaks suffer a relative shift of 11.483°. Other performance
parameters of the intensity distribution are also summarized in
Table 3. We have been able to achieve very high CE values for
both states, as with the previous structures. Also, FWHM is
lower than PMS-2R and 2L structures. This can be attributed to
the better matching of ¢ to the requirements. Also, the intensity
distributions are almost symmetric concerning each other,
apart from the deflection. This is evident in the intensity cross-
sections depicted in Fig. 9(f). This is because of the symmetry of
the Sb,S; profile about the y-axis, as described previously. Also,
the PF for this metasurface is lower than the previously dis-
cussed structures. This may be attributed to the fact that the
choice of r; is dependent on the phase requirements, rather
than matching the peak position of scattered intensity with the
NES8 center emission wavelength (Fig. S2 of the ESIT). A detailed
explanation of this can be found in Section 1 of the ESL.

We have also investigated the polarization state of the
outgoing photons in terms of the normalized Stokes parameter
(Po). The red (blue) region in the far-field distribution of P.
(Fig. 10(b) and (e)) coincides with the location of the intensity
distribution peak for the CA (AC) state. This means that the
majority of the scattered photons are RCP and LCP polarized,
respectively, for the CA and AC states. This is further verified in
the intensity-P. superimposed distributions for the two states in
Fig. 10(c) and (f), respectively. So, by exerting control over the

© 2024 The Author(s). Published by the Royal Society of Chemistry

Sb,S; phase in two halves of the metasurface, direction and
circular polarization chirality can be simultaneously switched,
manifesting switchable multifunctionality. This is the first
report of QE integrated reconfigurable multifunctional meta-
surface. Such multi-dimensional switching of QE radiation will
find significant applications in the transition of quantum
computing towards higher dimensions.

Another issue regarding the three latter structures (PMS-2R,
PMS-2L, and PMS-3) worth mentioning is the requirement of
selective phase switching of the Sb,S; ridges. In the simula-
tions, we have assumed that the selection is perfect; that is,
either half can be switched without affecting the other.
However, such an abrupt phase boundary may not be possible
in practice, where we expect a transition region with interme-
diate states to appear. This will result in a discrepancy between
the simulation and experimental results. Having said that, the
ever-improving resolution of laser switching methods for PCM
switching® will ensure the transition region is small enough.
Moreover, based on the fabrication tolerance studies of such
circular ridge structures,” we believe that the basic operations
of the three meta-devices can still be realized in practice despite
some discrepancies.

Table 4 compares the PCM-based metasurfaces proposed in
this work with previously reported tunable QE systems. It shows
that there has been no previous report on the dynamic tailoring

RSC Adv, 2024, 14, 29215-29228 | 29225
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Fig. 10 Far-field optical characteristics of PMS-3 for the (a)—(c) CA and (d)—(f) AC states from 3D FDTD simulations. (a) and (d) represent far-field
intensity distributions for CA and AC states, respectively. (b) and (e) depict the far-field polarization state distributions of PMS-3 with CA and AC
states, respectively. The red, blue, and green colors correspond to right circular, left circular and radial polarizations, respectively. (c) and (f)
Illustrate the superimposed 3d representation of the beam intensity and polarization distributions, with the height and color indicating the
intensity and polarization of the outgoing photons, respectively. All the intensity values have been normalized by their respective maxima. In all
the simulations, the standard configuration of the QE described in Section 2 with an emission wavelength of 802 nm was used.

Table 3 Different performance parameters of the PMS-3 structure

Structure State CE (%) PF  Peak position FWHM Polarization

PMS-3 CA 98.27 1.2
AC 98.20 1.24

—5.74°
5.743°

9.8°
9.8°

RCP
LCP

of QE emission direction or polarization utilizing reconfig-
urable nanostructures. Previous reports of direction switching

scheme, along with the fact that spontaneous emission from QE
is randomly polarized and results in low CE for both works. In
addition to this, the meta-devices used are not reconfigurable in
nature, reiterating the novelty of our work. The reconfigurable
nano-device-based works**> have mainly focused on PF tuning,
leaving out the more important DoFs of the QEs. The novel
methodology of on-demand switching of direction and polari-
zation of QEs proposed in this work combining Sb,S; phase
transition and the concept of composite nano-antennas is ex-
pected to lead to high-performing systems in the fields of next-

for different spin states** are based on far-field coupling with  generation quantum computing, chiral optics and
polarization switched metalens. The use of a far-field coupling communication.

Table 4 Comparison of our active metasurfaces with previously reported tunable QE systems

Switching mechanism Switched/tuned parameter Coupling scheme CE Reference
PCM (Sb,S3, VO,, graphene for different wavelengths) PF Near-field — 41
Electro-optic (lithium niobite) PF Near-field — 42
Wavelength switched micro-cavity PF Near-field 93.2% 66
Polarization switched metalens Spin-state splitting Far-field 30% 27
Polarization switched metalens Spin-state splitting Far-field 32% 29

PCM (Sb,S;) Polarization (PMS-1) Near-field 97.66% (minimum) This work

Direction (PMS-2)
Direction and polarization (PMS-3)

29226 | RSC Adv, 2024, 14, 29215-29228

98.63% (minimum)
98.20% (minimum)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

In this article, we propose PCM-based hybrid QE-plasmon
coupled metasurfaces for dynamic control of polarization and
directionality of QE emission. Such on-demand tailoring of QE
emission parameters is reported for the first time in this work.
Carefully engineered azimuthal width profile of Sb,S;/AlGaAs
composite ridges and selectively controlled switching of the
PCM phase allows the reported devices to exert dynamic control
over different degrees of freedom of the scattered emission. We
have numerically investigated five different metasurfaces for the
active control of one or more DoFs of the emitted photons. All
the structures demonstrate an excellent collection efficiency of
around 98% due to the near-field coupling scheme of the
bullseye grating. The first category of metasurfaces, PMS-1R and
PMS-1L, switch the polarization state of the majority of photons
from radially polarized to right and left circularly polarized,
respectively. PMS-2R and PMS-2L produce dynamic switching of
the beam position while maintaining the circular polarization
chirality. The peak position experiences a shift of 9.23° and
8.04°, respectively, for the two structures. The final metasurface,
PMS-3, produces spatially separated beams with opposite spin
states of the majority of outgoing photons for two different
states of the PCM. Such on-demand spatial switching for
opposite circular polarization has not been investigated in
previous reports. The findings of this work are expected to pave
the way for tunable high-dimensional quantum sources
utilizing active metasurfaces leading to high-speed quantum
communication, higher dimensional quantum processing, and
switchable chiral optics.
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