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ABSTRACT

Polarization rotation and vector field steering of electromagnetic wave are
of great significance in modern optical applications. However, conventional
polarization devices are bulky, monofunctional and lack of tunability,
which pose great challenges to the miniaturized and multifunctional appli-
cations. Herein, we propose a meta-device that is capable of multi-state
polarization rotation and vector field steering based on phase change
metasurface. The supercell of the meta-device consists of four Ge,Sb,Te;

(GST) elliptic cylinders located on a SiO, substrate. By independently 8 - 8
controlling the phase state (amorphous or crystalline) of each GST elliptic =~ "+

Amorphous Crystalline

x-polarized light P,

cylinder, the meta-device can rotate the polarization plane of the linearly polarized incident light to different angles that
cover from 19.8° to 154.9° at a wavelength of 1550 nm. Furthermore, by merely altering the phase transition state of GST
elliptic cylinders, we successfully demonstrated a vector field steering by generating optical vortices carrying orbital angular
momentums (OAMs) with topological charges of 0, 1 and -1, respectively. The proposed method provides a new platform
for investigating dynamically tunable optical devices and has potential applications in many fields such as optical commu-

nications and information processing.
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1 Introduction

The polarization rotation and optical vortex (OV) char-
acteristic of light are key to investigate the light-matter
interaction. The ability to generate and manipulate arbi-
trary polarization states and orbital angular momentum
(OAM) of light is of great significance in the applications
of optical detection, biomedicine, optical communications
and other fields [1-4]. Conventionally, anisotropic crys-
talline or chiral optical materials are utilized to manipulate
the polarization of light based on their different optical
responses of left-handed circularly polarized (LCP) light
and right-handed circularly polarized (RCP) light [5, 6].
Spatial light modulators and qg-plates [7, 8] are utilized
to generate OV beams. However, the polarization rotation
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devices and the OV devices are bulky and lack of design
flexibility, thus hindering the miniaturization and inte-
gration of optical systems.

Metamaterials, which are composed of artificial
subwavelength structures, have novel optical properties
that cannot be found in natural materials. Metasurfaces,
known as two-dimensional (2D) matematerials, have
attracted extensive attentions for the capability of
controlling the light at-will, compact size and high effi-
ciency [9, 10]. The flexible design strategies of the structures
and the ability to manipulate light at subwavelength
scale make them good candidates for integrated photonic
devices with excellent performance, including polarization
control devices [11, 12], holographic imaging [13], meta-
lens [14], and so on. Metasurface for polarization conversion
R
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and vector beam generation is a hot topic in recent
years [15-20]. Despite many efforts have been made to
manipulate the polarization of light based on metasur-
faces, there are still challenges in the construction of
dynamic devices, especially in realizing multi-state polar-
ization modulation and multifunctional optical devices.

Optical phase-change materials (PCMs) are considered
as promising candidates to achieve dynamic optical
devices [21, 22]. Compared with the weak effect of flexible
or physically changeable materials [23, 24], the PCMs
can effectively modulate light due to the large refractive
index contrast between amorphous state (A-state) and
crystalline state (C-state). In addition, the ultra-high
switching speed of up to 10° Hz is also eye-catching
[25-27]. To date, metasurfaces related to PCMs have
been extensively researched in modulating the amplitude,
phase, and polarization of light [28-33], which gives
opportunities to develop dynamic optical devices at
nanoscale. Integrating multiple functions into a single
device is of great significance for promoting the practical
application of integrated optics.

In this paper, the dynamically tunable polarization
controller and OAM generator are implemented by using
a metasurface based on typical phase-change material
GesShoTe; (GST). The metsurface is composed of periodic
supercell with four different GST elliptic cylinders
located on a SiO, substrate. The phase state of each
elliptic cylinder can be tuned independently between the
A-state and C-state, resulting in different combinations
of the elliptic cylinders state of the supercell, thus
achieving multiple optical responses to incident light. By
selectively controlling the phase transitions of the GST
elliptic cylinders through external stimuli within the
supercell, the polarization orientation of the transmitted
light can be tuned to different angles that cover from
19.8° to 154.9° under normal incident linearly polarized
(LP) light at a wavelength of 1550 nm. In addition to
being a polarization rotator, the metasurface can also be
used for an orbital angular momentum (OAM) generator.
This work lays a foundation for dynamically controlling
the polarization state of light and designing multifunctional
dynamically tunable optical devices.

2 Proposed geometry and methods

The designed metasurface [Fig. 1(a)] is composed of
supercells [Fig. 1(b)] all of a specified period P, and
consisting of four-unit cells of period P;. Each unit cell
[Fig. 1(c)] comsists of an elliptic GST cylinder on a
square SiOq substrate. The GST elliptic cylinders have
the same height h, a different semi-minor axis e and
semi-major axis b. The angle between the semi-major
axis and the z-axis is 6. By arranging the supercell peri-
odically and tuning the state of each elliptic cylinder
selectively, a meta-device with tunable optical activity
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Fig. 1 Schematics of (a) the designed metasurface for
polarization rotation and vector field steering, (b) the config-
uration of the supercell, and (c¢) top view of a unit cell.

can be realized and an OAM beam can be generated.
For each unit cell with GST elliptic cylinder, the
Jones matrix can be expressed as
) ( —sinf  cosf

M (6)=( )%
)

with p; = ¢¥1 and p, = ¢'¥2 to be the complex transmission
coefficients along semi-major axis and semi-minor axis.
Here, ¢ and @2 are the phases.

When the incident light is a-polarized and 6=45°, the
transmitted light can be written as

E. :}<p1+pz p1-pz)(1)21<p1+p2>
E, 2\p1—p2 p1+p2/\0 2\p1—p2/’
(2)

with o1 — 2 =0, the transmitted light is a-polarized,
while for p; — 9 =mn, the transmitted light is y-polarized,
which means that Eq. (2) can be expressed as a Jones
vector for elliptically polarized light, namely,
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Here, t, and t, represent amplitudes, and §, and g,
represent phases.

Since the phase states of GST can transition freely
between A- and C-states, multiple unit cells can be
combined to generate multiple combinations of states to
achieve different transmitted light. Here we only
consider A-state and C-state of GST with optical refractive
indexes na.gst = 4.19 + 0.07i and nc.gst = 7.02 + 1.12i
respectively [27], and investigate four unit cells in a
supercell of the metasurface. The total electric field of
the supercell is composited by
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where T, and T, represent the amplitudes, and ¢, and ¢,
represent the phases of the total electric field component
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Fig. 2 Calculated phase of the coefficient of transmission
e in the A-state (a) and C-state (b), and of ¢, in the A-
state (c) and C-state (d) for a periodic unit-cell array at
wavelength 1550 nm.

E, and Ey respectively. The corresponding polarization
ellipse is [34]

’ 2 ’ 2 / ’
E E, E E
= Y] 9l == Y —

= Sin2 (pr - Sow) ,
(5)

when ¢, — ¢, = 0 or w, LP light can be achieved.

Assuming that z-polarized and y-polarized transmitted
light can be obtained from each A-state and C-state unit
cell respectively, it is possible to obtain transmitted light
with 16 different polarization states from the periodically
arranged supercell composed of four unit cells with
different geometric parameters. Using the commercially
available finite-difference time-domain (FDTD) simula-
tions software (Ansys/Lumerical FDTD Solutions), the
optical responses of a unit cell under normal-incident -
directed LP light at wavelength 1550 nm were investi-
gated. Periodic boundary conditions were applied along
the z and y directions, whereas perfectly matched layer
conditions were employed along z direction. The height
of each elliptic cylinder was fixed at A = 800 nm and the
period of the unit cell was fixed at P; = 500 nm, thus,
the period of the supercell is P,=1000 nm.

3 Results and discussion

By sweeping the semi-minor axis a¢ and semi-major axis
b of an elliptic cylinder, the phases (. A, ¢y A and
@uz C gz ) Of the coefficients of transmission #,, and
ty. were calculated for both the A- and C-states of GST
[Figs. 2(a, ¢) and (b, d)] under 2-LP light. The polarization
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Fig. 3 Calculated PCR in (a) the A-state and (b) C-state,
and transmittance in (c) the A-state and (d) C-state for a
periodic unit cell array at wavelength 1550 nm.

conversion ratio (PCR, defined as PCR= t,° / (twn°+
tyf), with t,; and ¢, the co- and cross-polarization coef-
ficients of transmission, respectively) and the transmis-
sivity of the bi-states unit cells are also displayed [Figs.
3(a, b) and (c, d)]. In this work, one supercell composed
of four different elliptical GST nano-pillars (for each
nano-pillars, the transmitted light is a-polarized light for
C-state and y-polarized light for A-state) were designed
to obtain 16 different transmitted LP states, which
means that the designed unit cells should meet the
conditions that the PCR value in Fig. 3(a) should be
close to 1 while the PCR value in Fig. 3(b) should be
close to 0. Meanwhile, to ensure the high efficiency of
the designed device, the transmittance of the selected
unit cells should be as high as possible in both A- and C-
states [Figs. 3(c, d)]. In addition, to ensure that the
transmitted light remains linearly polarized for the peri-
odically supercell with arbitrary meta-atom combined
with other meta-atoms no matter it is A-state or C-state.
According to Eq. (5), condition ¢y, A4 — ¢ ¢ = 7 is
used. In theory, by considering supercells composed of
four different elliptic cylinders with two states, the
proposed metasurface has a total of 16 combinations of
phase states, leading to 16 different transmitted light
fields.

From the simulated results, values from the structural
and corresponding optical-response parameters for the
four-unit cells were selected (Table 1). The PCR of the
selected elliptic cylinders are all above 90% in the A-
state and below 2.5% in the C-state, indicating that the
transmitted light is y-polarized in the A-state and a-
polarized in the C-state illuminated by normal-incident
z-polarized LP light. The absolute phase difference
between the transmitted y-polarized and a-polarized
light in the A-state and the C-state is smaller than 0.06
rad, indicating that LP transmitted light can be

Hairong He, et al., Front. Phys. 18(1), 12303 (2023)

12303-3



f ¢/ FRONTIERS OF PHYSICS

RESEARCH ARTICLE
Table 1 Selected settings of the structural and optical-response parameters.
Parameters Values
[a ,b] (nm) [70 , 200 70, 205] (65, 220] 65, 225]
PCR 4 90.06% 93.81% 96.59% 97.57%
PCR ¢ 2.3% 2.48% 0.40% 0.69%
Oyr A — Qu © (rad) ~0.057 0.026 ~0.05 0.006
T A 74.05% 73.28% 73.52% 73.21%
T ¢ 22.34% 20.57% 18.26% 17.17%

produced. In addition, the transmittance of the selected
structures is relatively high in the A-state but relatively
lower in the C-state. This behavior is reasonable because
the imaginary part of the GST refractive index is relatively
larger in the C-state, leading to a larger optical loss.
Although the supercell contains four different
elements, the coupling between adjacent elements is
weak therefore neglected (see Fig. S1, Supporting Infor-
mation). To investigate the performance of the dynamically
tunable polarization rotator, the degree of linear polar-
ization (DoLP) of the transmitted light, which describes
the purity of LP light, is given in terms of the Stokes
parameters. Specifically,DoLP = \/S? + S3/Sy, with S,
Sy, and S denoting the Stokes parameters [16]. Of the
16 possible combinations, eight state combinations were
carefully selected [Fig. 4(a)] to disperses the polarization
angle 0 (0 = arctan(|E, |/ |E,|)) to eight levels, covering a
range from 19.8° to 154.9° [Fig. 4(b)]. The corresponding
DoLP of the metasurfaces for these eight state combina-

(a)
Am(&ghous
ot 25 S0 508, o S0 SO0 8. o0
I 2 3 4 5 6 7 8
®) 160 © 10—k —
]20_ 08'
~ & 0.6
% 80 =
< A 04 |
401 02{l |
MmN ENE yyiiiiing
12345678 12345678
N N
@ 15 © 08
10 3
] E0.6-
< 0+ §04
9 g 02
-104 e
. ] 0.0
12345678 12345678
N N

Fig. 4 (a) Configuration of GST states, (b) the polarization
angle, (c¢) DoLP, (d) ellipticity angle and (e) transmittance
of the transmitted light of the metasurface for each of the
eight combination of unit cell from four elliptic cylinders
(wavelength: 1550 nm).

tions [Fig. 4(c)] are all above 0.88, demonstrating that
the transmitted light is highly pure LP light. Further-
more, the calculated absolute ellipticity angle y
(2x = arcsin(S3/Sp)) [35] are below 15° [Fig. 4(d)], which
verify that the transmitted lights from these unit cells
are all nearly linearly polarized. The total efficiency of
each state of the eight metasurfaces, which is defined as
the ratio of the power of the transmitted light to that of
incident light, is also presented [Fig. 4(e)]. The maximize
transmittance approaches 73.6%, and the lowest efficiency
of the metasurface is 16.9% (N = 6).

In addition to being an optical rotator, the metasurface
with the same supercell can also be used to generate
optical vortex beams with OAM, which has novel appli-
cation prospects in fields such as optical tweezers, optical
information transmission and processing [36, 37].
According to the simulated results, supercell combing
one C-state elliptic cylinder (C;) and three A-state elliptic
cylinders (Ag,As,Ay) can rotate the normal incident -
polarized light into transmitted light with a polarization
angle of 49.59° (N = 4, labeled as G,), while supercell
combing two C-state elliptic cylinders (C;,C3) and two
A-state elliptic cylinders (As,A4) can rotate the normal
incident a-polarized light into transmission light with
polarization angle of 139.60° (N = 7, labeled as G7) [Fig.
4(a)]. Since the polarization states are almost orthogonal
and high transmission intensity contrast can be achieved
with a 50° or 140° polarizer placed on the output path,
we believe that the proposed metasurface can be used to
construct a fork-shaped structure to generate optical
vortex beam with OAMs by reasonably arranging the Gy
and Gy states of the supercells. Figure 5(a) shows the
process of obtaining the required phase arrangement to
generate optical vortex beams with topological charges
of -1, 0 and 1. First, the phase of Laguerre-Gaussian
beam LG, [38] with azimuthal index ! = 1, radial index
p = 0 and waist radius to be 25 pm was obtained, and
then the phase was superimposed with the phase of a
tilted plane wave Ae'¢ (with amplitude A = 1 and phase
¢ form —x to x). Finally, the fork-shaped phase profile
was obtained by discretizing the superimposed phase to
binary codes “0” and “1”. By encoding G7 to “0” and Gy
to “17”, metasurface with 80x80 supercells (80 pmx
80 um) was simulated under normally incident z-polarized
light. In Fig. (5), the 50° polarizer was used to filter the
transmitted light with a polarization angle of 50° and
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@ that the phases of nanocylinders can be changed one by
m HI one. While for the method of C-AFM,
= and WO nanocylinders are deposited on the electrodes, and the
0 phase transitions of the nanocylinders are achieved by
(b) Metasurface (¢) applying electric current pulses. Theoretically, the tran-
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Fig. 5 (a) Procedure to obtain the required phase arrange-
ment to generate optical vortex beam. (b) Schematic
diagram for obtaining optical vortex beam with OAMs using
GST metasurface. The calculated distributions of (c) intensity
and (d) phase of the diffraction beam at a transverse plane
of z = 400 mm (wavelength: 1550 nm).

block the transmitted light with other polarization
angles at the same time, as shown in Fig. 5(b). The
calculated far-field intensity of the diffraction beam at a
transverse plane of z = 400 mm are shown in Fig. 5(c).
The corresponding phase distributions are shown in Fig.
5(d). According the simulated results, we can conclude
that an optical vortex beam carrying the Oth-, 1st-, and
—1st-order OAMs has been successfully generated.

The numerical simulation of the designed metasurface
proves that it is possible to achieve multi-state tunable
optical activity and optical vortex beam with OAM in a
single device. Although the corresponding experiment
has not been performed due to the limited condition, it
is expected to be realized in the future. Metasurface
with 600-nm-thick GST has been demonstrated theoreti-
cally and experimentally with the phase change from A-
to C-state [30]. By using an artificial neural network
(ANN) and training spectra predicting network (SPN)
networks, metasurface consisting of GST cylinders with
thickness vary from 0.05 pm to 1 um has been reported
theoretically [39]. Although metasurfaces with 800-nm-
thick GST has not yet been demonstrated, GST films
with different thicknesses (up to 1.5 pm) have been
obtained experimentally [40-42], indicating possibilities
to achieve 800-nm-thick GST nanocylinders.

The selective modulation of GST metasurface has also
been reported [43], and there are several available
matured techniques to realize the independent modulation
of the GST nanocylinders such as laser-direct writing [44]
and conductive-atomic force microscopy (C-AFM) [45,
46]. For the method of laser-direct writing, each
nanocylinder requires different pulse energy, and a
displacement platform with high accuracy is needed to
gradually control the displacement of nanocylinder so

sition between the two phase states of the phase change
materials is in ultra-high speed, and the switching time
can be down to few nanoseconds. However, the proposed
metasurface-based devices are composed of four meta-
atoms, the switching of the device requires to address
each meta-atom independently, resulting in a complex
electrodes design and manufacture procedures. The
alternative switching method is using a femtosecond
laser pulse to induce the phase transition between the
two phase states, and addressing each meta-atom one by
one is quite time consuming which dramatically reduces
the switching speed. Simple, less manufacturing
complexity and effective ways still need to be explored.

4 Conclusions

In conclusion, we proposed a multi-states tunable meta-
surface based on the phase-change material GST. The
supercell of the metasurface contains four elliptic cylinders
made of GST that differ in the length of the semi-minor
and semi-major axes. The phase state of each elliptic
cylinders can be independently tuned between A- and C-
states. From the simulated results, we confirmed that
the proposed metasurface can act as a dynamically
tunable polarization rotator, which can rotate the
normal-incident LP light by an angle covering a range
from 19.8° to 154.9° at a wavelength of 1550 nm. More-
over, the metasurface also enables function of OAM
beam generation. The designed metasurface has potential
applications in areas such as imaging and optical
communication. This work will shed light on designing
miniature and integrated devices that own dynamic
multiply functionalities.
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