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Abstract: Optical phase-change materials exhibit tunable permittivity and switching properties
during phase transition, which offers the possibility of dynamic control of optical devices. Here,
a wavelength-tunable infrared chiral metasurface integrated with phase-change material GST-225
is demonstrated with the designed unit cell of parallelogram-shaped resonator. By varying the
baking time at a temperature above the phase transition temperature of GST-225, the resonance
wavelength of the chiral metasurface is tuned in the wavelength range of 2.33 µm to 2.58 µm,
while the circular dichroism in absorption is maintained around 0.44. The chiroptical response
of the designed metasurface is revealed by analyzing the electromagnetic field and displacement
current distributions under left- and right-handed circularly polarized (LCP and RCP) light
illumination. Moreover, the photothermal effect is simulated to investigate the large temperature
difference in the chiral metasurface under LCP and RCP illumination, which allows for the
possibility of circular polarization-controlled phase transition. The presented chiral metasurfaces
with phase-change materials offer the potential to facilitate promising applications in the infrared
regime, such as chiral thermal switching, infrared imaging, and tunable chiral photonics.

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

1. Introduction

Chiral optical structures with the lack of mirror symmetry have the capability of interacting
differently with LCP and RCP incident light, which results in circular dichroism (CD) responses
[1]. Although chirality plays a critical role in various research fields of drug synthesis [2], chiral
sensing [3,4], and optical communication [5,6], the CD in natural optical materials is extremely
weak owing to the restricted chiral light-matter interaction strength. On the contrary, optical
metasurfaces as artificially engineered materials can possess desirable electromagnetic properties
beyond natural materials [7]. In particular, strong chiroptical properties with high CD can be
obtained in optical metasurfaces with chiral structures as the unit cells [8]. Recently, chiral
metasurfaces have been used as promising candidates in a wide range of advanced applications,
such as chiral imaging [9], molecule sensing [10,11] and optical encryption [12]. Nowadays, the
evolution of metasurfaces from passive response toward adaptive and active tuning of optical
functionalities has been emphasized [13]. Therefore, actively tunable chiral metasurfaces is highly
desirable for dynamic control of the chiral wave-matter interactions with circularly polarized
light. Ge2Sb2Te5 (GST-225) is a non-volatile phase-change material that exhibits exceptional
contrast of permittivity during the phase transition from the amorphous to crystalline state [14].
In addition, unlike the volatile phase change material VO2 [15,16], the non-volatile material
does not require continuous energy to maintain the crystalline state. The unique non-volatile
permittivity switching feature of GST-225 has led to a wide range of applications of tunable
metasurfaces in high-resolution holograms [17,18] and focusing metalenses [19,20]. Meanwhile,
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optical responses of GST-based metasurfaces can be tuned by phase transition without changing
the geometric parameters of the unit-cell structures, showing a great potential in biosensing
[21,22], thermal imaging [23], and thermal camouflage [24]. However, the design and study of
GST-based chiral metasurfaces have not been reported yet.

In this work, a wavelength-tunable infrared chiral metasurface integrated with phase-change
material GST-225 is demonstrated with the designed unit cell of a parallelogram-shaped resonator.
The resonance wavelength tuning of chiral metasurfaces is realized through the phase transition
of GST-225 material induced by the baking process above the phase transition temperature. The
chiral metasurface shows strong absorption close to 0.92 and high CD in absorption around 0.44
across the wavelength tuning range of 2.33 µm to 2.58 µm. The different optical responses of the
designed metasurfaces under LCP and RCP illumination are further investigated by studying the
distributions of electromagnetic field and displacement current. Finally, the photothermal effect
in the chiral metasurface is analyzed to illustrate the temperature difference at the resonance
wavelength under LCP and RCP incidence. It implies that temperature in the metasurface can
be increased above the GST phase transition temperature due to the strong absorption of LCP
light, but below the phase transition temperature with the weak absorption of RCP light, which
indicates the possibility of light-induced phase transition controlled by circular polarized incident
light. The demonstrated results of tunable infrared chiral metasurfaces will pave the way for the
development of dynamically controlled chiral photonic devices to advance applications such as
thermal emitters [25], optical switches [26] and optical sensors [27].

2. Design and characterization of tunable chiral metasurfaces

Figure 1(a) displays the schematic of the designed GST-based chiral metasurface, which consists
of a 200 nm aluminum mirror deposited on a silicon substrate, a 75 nm GST-225 spacer layer, a
25 nm alumina capping layer, as well as a 60 nm aluminum top layer with parallelogram-shaped
resonators. The aluminum layers are deposited using e-beam evaporation. The GST-225 layer
is deposited by RF sputtering of a GST-225 target using Ar. The alumina layer is grown by
RF sputtering of an Al2O3 target. Only Ar gas is used for the first 3 nm to prevent oxidation
of the GST-225 and then O2 is introduced in the chamber to assure the stoichiometry of the
Al2O3. The top view of the metasurface unit cell is shown in Fig. 1(b), where the horizontal
and vertical periods of the unit cell are Px= 1.25 µm and Py= 0.4 µm, respectively. The width
of the parallelogram structure is A= 0.24 µm, while the tilted angle of the slot between two
neighboring structures is α= 30°, and the width of the slot is B= 0.21 µm. The metasurface is
fabricated by milling the top aluminum layer using the focused ion beam (FEI Helios Nanolab
600, 30 kV, 24 pA). Figure 1(c) displays a top-view scanning electron microscope (SEM) image
of the fabricated metasurface. Aluminum is used as the top resonator and bottom mirror to form
a Fabry-Pérot cavity in the metal-dielectric-metal structure, resulting in multiple reflections of
the incident light that strongly enhances the optical absorption [28]. The designed metasurface
with parallelogram-shaped resonators further allows the selective chiroptical absorption of the
incident light with certain circular polarization. In addition, the bottom aluminum mirror layer
is thick enough to eliminate the transmitted light so that the absorption (A) of the metasurface
can be obtained by characterizing the reflection (R) with A= 1 – R. GST-225 is used as the
phase change material in the spacer layer to achieve the tunability of the metasurface, and its
thickness is optimized for the desired operation wavelength range. The dynamic tuning of the
resonance wavelength of the chiral metasurface can be realized via the change of the permittivity
during phase transition. The thin alumina is used as a capping layer on the GST layer to prevent
oxidation during the thermally induced phase transition, as well as to reduce the refractive index
mismatch between the air and GST layer.

Figure 2(a) illustrates the phase transition from the amorphous state (A) to the crystalline
state (C) in GST-225 phase-change material, where the typical phase transition temperature
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Fig. 1. (a) Schematic diagram of the tunable chiral metasurface with GST-225 phase-change
material. (b) Top view of the metasurface unit cell. (c) SEM image of the fabricated chiral
metasurface. Scale bar: 500 nm.

is around 393 K [29]. The permittivity of the amorphous and crystalline states of GST-225
in the wavelength range of 2 to 3 µm is plotted in Fig. 2(b), where both the real part (ε1) and
imaginary part (ε2) of permittivity show a high contrast before and after the phase transition.
It is noted that GST exhibits dielectric responses at both amorphous and crystalline states in
infrared wavelength region. The chiroptical responses of the fabricated chiral metasurface are
characterized under LCP and RCP incident light. The absorption spectra of the metasurface
are obtained by Fourier-transform infrared spectroscopy (FTIR, Nicolet 6700) connected to
an infrared microscope, where circularly polarized light is specified by a combination of a
broadband linear polarizer and a superachromatic quarter-wave plate (Thorlabs). The CD value
in absorption is then obtained by CD=ALCP - ARCP. Figure 2(c) plots the measured absorption
spectra of the chiral metasurface with GST-225 in the amorphous and crystalline states. Before
the phase transition at room temperature, it is clearly shown that a chiral plasmonic resonance
located at 2.33 µm has a strong absorption of 0.92 under LCP incidence but a relatively weak
absorption of 0.48 under RCP incidence, giving a CD in absorption of 0.44. After heating the
metasurface for 15 mins at 408 K (above the phase transition temperature), the chiral plasmonic
resonance is red-shifted to approximately 2.58 µm due to the significant increase of the real part
of permittivity in GST-225, while the absorption of LCP light remains a high value of 0.91 with
a CD in absorption of 0.4. The absorption spectra of the chiral metasurface under LCP and
RCP illumination are also simulated using the CST Studio Suite software, where the permittivity
values of aluminum and alumina are taken from Refs. [30,31]. The permittivity of GST-225 in
Fig. 2(b) is used in the simulation which is obtained from Ref. [32]. The simulated absorption
spectra of the chiral metasurface are depicted in Fig. 2(d). It is found that the simulated absorption
spectra match well with the measured spectra, when the imaginary part of aluminum permittivity
is increased by two times, and the permittivity of GST-225 at partial crystallization condition
is considered. The slight deviation between the measured and simulated absorption spectra is
attributed to defects and roughness introduced during the FIB milling process.

Geometric parameters including the periods of the unit cell Px and Py, structure width A,
slot width B, and the tilted angle α of the slot are optimized to maximize the absorption and
chiroptical responses of the metasurface under LCP and RCP incident light. Among these
parameters, the tilted angle α of the slot between two neighboring parallelogram resonators plays
a critical role in the design. For a symmetrical rectangular structure with α= 0°, there is no
difference between the absorption of the LCP and RCP light. As α increases, the geometric
symmetry of the structure is broken to form the parallelogram chiral structure, which results
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Fig. 2. (a) The illustration of phase transition of GST-225 from the amorphous state to the
crystalline state. (b) The real part (ε1) and imaginary part (ε2) of permittivity for GST-225
at the amorphous and crystalline states. (c) Experimentally measured and (d) numerically
simulated absorption spectra of the metasurface before and after the phase transition.

in the CD response. Figure 3 shows the simulated spectrum mapping for absorption and CD
of the metasurface as the tilted angle of the slot varies from 0° to 60° when GST-225 is at the
amorphous and crystalline states. Figures 3(a) and 3(d) indicate the strong absorption is obtained
around α= 30° for LCP incidence at both phase states, while there is a significant redshift for the
resonance wavelength of the metasurface after the phase transition. However, weak absorption is
observed in Figs. 3(b) and 3(e) for RCP incidence for both phase states. As a result, high CD in
absorption is reached when the tilted angle of the slot is around 30°∼ 50° as shown in Fig. 3(c),
and a clear CD spectra shift is also obtained in Fig. 3(f) when GST changes from the amorphous
state to the crystalline state.

To further investigate the dynamic tuning process of the GST-based chiral metasurface via
the thermally induced phase transition, the absorption spectra of the metasurface are measured
during the crystallization process of GST-225 by controlling the baking time at a temperature of
408 K. The reflectance spectra of the metasurface under LCP and RCP illumination are measured
after the sample is baked at 408 K for five minutes and cooled to room temperature [33]. This
process is repeated until the reflection spectra remain unchanged without any wavelength shift.
Figure 4(a) depicts the experimental absorption spectra at the baking time of 0, 5, 10 and 15
minutes, respectively. It is clear that the chiral resonance wavelength gradually shifts from 2.33
µm to 2.46 µm, 2.55 µm and 2.58 µm as the baking time increases, manifesting the dynamic
tuning of the GST-based chiral metasurface caused by the permittivity change of GST-225 spacer
layer during thermally induced phase transition from the amorphous state to the crystalline state.
During the GST crystallization process, strong absorption of LCP light maintains while the
absorption of RCP light is kept at a low level. The chiral resonance wavelengths and CD values
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Fig. 3. Simulated absorption spectrum mapping of the metasurface under LCP and RCP
illumination by varying α from 0° to 60° (a), (b) at the amorphous state and (d), (e) the
crystalline state. (c), (f) Simulated CD spectrum mapping for the chiral metasurface as a
function of α from 0° to 60° at both phase states.

are plotted in Fig. 4(c) as a function of baking time, showing a linear wavelength tuning for the
chiral metasurface with an almost constant CD value, which reveals the potential application of
the chiral metasurface in tunable chiral switching. The simulated absorption spectra, resonance
wavelengths and CD values presented in Fig. 4(b) and 4(c) are in good agreement with the
experimental results.

Fig. 4. (a) Measured and (b) simulated absorption spectra of the metasurface at different
baking times at 408 K during the GST crystallization process. The solid (dashed) lines
represent the spectra under LCP (RCP) incidence. (c) Chiral resonance wavelengths and CD
values for different baking times. The hollow points are experiment data, while the solid
points are from simulation.

The chiral plasmonic resonant modes under LCP and RCP illumination are analyzed using
COMSOL numerical simulations to understand the mechanism of the chiroptical responses from
the chiral metasurfaces. Figure 5(a) shows the normalized electric field |E| distributions at the
interface between the GST layer and the alumina layer in the X-Y plane. The incident electric
field |E| of 2.45× 105 V/m is used in the simulation for both LCP and RCP light. The coupling of
the LCP incident light to the plasmon resonance mode of the parallelogram-shaped resonator is
stronger than that of RCP incident light, indicating the high absorption of LCP light and a large CD
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in absorption. The normalized electric field |E| distributions in the cross-sectional X-Z plane are
further examined in Fig. 5(b). Under LCP incidence, the electric field is concentrated around the
edges of the metallic parallelogram structure and in the alumina capping layer, and also extends
into the GST layer. On the contrary, the electric field is much weaker under RCP incidence. The
distributions of magnetic field |H| and displacement current JD in the cross-sectional plane are
also plotted in Fig. 5(c). It shows that magnetic dipole modes are strongly excited in the GST
spacer layer for LCP light, compared to the RCP case. The displacement current forms three
circulating current loops around the magnetic dipole modes, which leads to the strong optical
absorption for LCP light.

Fig. 5. (a) Simulated electric field |E| distribution at the interface of GST layer and alumina
layer under LCP and RCP illumination at the resonance wavelength. (b) Simulated electric
field |E| distribution along the cross-sectional plane. (c) Simulated magnetic field |H|

and displacement current JD distributions along the cross-sectional plane. The red arrows
represent the direction and intensity of displacement current.

The demonstrated GST-based chiral metasurface utilizes the thermally induced phase transition
of GST by high-temperature baking to achieve wavelength-tunable absorption spectra with
high CD values. Moreover, the phase transition of GST in the chiral metasurface can also
be realized by the photothermal effect depending on the circular polarization of the incident
light. The stronger absorption in chiral metasurface under LCP incidence will lead to a
higher temperature increase in the GST layer, compared to the RCP case. Therefore, the
temperature distributions in the chiral metasurface through the photothermal heat generation at
different incident optical power densities are investigated by solving the heat transfer equation
Cpρ∂T/∂t + ∇ · (−k∇T) = q through COMSOL simulations, where q is the heat generation
density calculated by q = (ω/2) Im[ε(ω)]ε0 |E|2, T is the temperature, Cp, ρ and k are the specific
heat capacity, density and thermal conductivity, respectively. LCP and RCP light is incident from
the top boundary of the unit cell, and the thermal insulation boundary conditions along the X and
Y directions are applied. In addition, a 100 µm silicon substrate is set underneath the bottom
aluminum layer, and constant-temperature boundary conditions are applied at both the top and
bottom boundaries at room temperature 300 K [34]. The thermal parameters of different materials
used in the simulations are listed in Table 1 [35–37]. Figure 6(a) plots the maximum temperatures
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obtained at the interface between the GST layer and the alumina layer under LCP and RCP
incidence at different optical power densities, showing a linear power-dependent temperature
increase. When the optical power density is between 62 and 124 µW/µm2, the temperature of the
GST layer exceeds the phase transition temperature of 393 K for LCP light, indicating the phase
transition of GST can be induced by the LCP light but the phase transition is not triggered by the
RCP light. It is noted that infrared fiber lasers emitting in the 2 - 3 µm spectral region with tens of
mW output power are capable of delivering enough optical power density predicted above for the
photothermal-induced transition. Figures 6(b) and 6(c) present the temperature distributions at
the interface between the GST layer and the alumina layer under circularly polarized illumination
with an incident optical power density of 80 µW/µm2, illustrating that the high CD in absorption
of the chiral metasurface leads to a large difference in temperature between LCP and RCP light.
For LCP light, the interface temperature increases significantly up to 420 K, exceeding the phase
transition temperature of GST. In contrast, the low optical absorption of the RCP light leads to
the interface temperature of only 360 K, which is below the phase transition point. These results
infer that photothermally induced phase transition in GST can be controlled by the selection of
circular polarization and optical power density of the incident light.

Fig. 6. (a) The photothermally induced maximum temperature at the interface between the
GST layer and the alumina layer under LCP and RCP illumination with different optical
power densities. The horizontal black dashed line represents the phase transition temperature
of 393 K in GST-225. Red (blue) dashed line refers to the required optical power density of
LCP (RCP) incident light to reach the phase transition temperature in the GST layer. (b), (c)
Simulated temperature distributions at the interface of the GST layer and the alumina layer
under LCP and RCP illumination at the chiral resonance wavelength with optical power
density of 80 µW/µm2.

Table 1. Physical properties of materials for heat
transfer analysis

ρ (kg/m3) Cp (J/kg·K) k (W/m·K)

Aluminum 2700 900 240

GST-225 5870 202 0.2

Alumina 3970 765 1.6

Silicon 2330 712 148

Air 1 353 0.03
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3. Conclusion

In summary, wavelength-tunable infrared chiral metasurfaces with parallelogram-shaped res-
onators based on phase-change material GST-225 have been designed and demonstrated. The
chiral resonance wavelength gradually shifts from 2.33 µm to 2.58 µm while the CD in absorption
is maintained at the same level as the GST layer changes from the amorphous state to the
crystalline state by controlling the baking time of the metasurface above the phase transition
temperature. The distributions of electromagnetic fields and displacement current under LCP
and RCP illumination have been analyzed to study the chiroptical responses of the metasurface.
Furthermore, temperature distributions in the chiral metasurface through photothermal heat
generation are simulated to show the large temperature difference in GST layer between LCP and
RCP incidence, which allows the control of the phase transition in GST by the selected circular
polarization and optical power density of the incident light. This work will not only promote the
development of adaptive and active metasurfaces by using the phase-change materials, but also
provide the opportunity of circular polarization controlled dynamic modulation in switchable
metasurfaces. The dynamic modulation and switching speed of the chiral metasurfaces based on
photothermally induced GST phase change can be in the order of picoseconds to nanoseconds,
depending on the laser pulse duration and intensity, as well as thermal conductance of materials
[38,39]. The demonstrated results in phase-change chiral metasurface will greatly advance future
applications in optical switching, thermal imaging, chiral sensing and holographic imaging
[40–42].
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