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Abstract: Integrating phase-change materials in metasurfaces has emerged as a powerful
strategy to realize optical devices with tunable electromagnetic responses. Here, phase-change
chiral metasurfaces based on GST-225 material with the designed trapezoid-shaped resonators are
demonstrated to achieve tunable circular dichroism (CD) responses in the infrared regime. The
asymmetric trapezoid-shaped resonators are designed to support two chiral plasmonic resonances
with opposite CD responses for realizing switchable CD between negative and positive values using
the GST phase change from amorphous to crystalline. The electromagnetic field distributions
of the chiral plasmonic resonant modes are analyzed to understand the chiroptical responses of
the metasurface. Furthermore, the variations in the absorption spectrum and CD value for the
metasurface as a function of the baking time during the GST phase transition are analyzed to
reveal the underlying thermal tuning process of the metasurface. The demonstrated phase-change
metasurfaces with tunable CD responses hold significant promise in enabling many applications
in the infrared regime such as chiral sensing, encrypted communication, and thermal imaging.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Circular dichroism (CD) is a fundamental optical phenomenon arising when a material exhibits
differential absorption of left- and right-handed circularly polarized (LCP and RCP) light
[1]. CD spectroscopy has found widespread applications in various scientific disciplines
including chemistry [2,3], biochemistry [4,5], and material science [6–8]. Recently, chiral optical
metasurfaces have emerged as a promising platform to enhance CD spectroscopy in compact
integrated photonic setups, based on their capabilities to manipulate circularly polarized light
at the nanoscale and control the light polarization state efficiently [9–12]. Chiral metasurfaces
consisting of subwavelength nanostructures with symmetry breaking patterns enable the precise
chiroptical control of the amplitude, phase, and polarization of the incident light, which have been
widely used in many fields such as chiral imaging [13,14], optical encryption [15,16], and optical
communication [17]. Typically, phase-change materials can undergo structural phase transitions
under external stimuli such as conductive heating or optical excitation [18,19]. In particular,
GST-225 (Ge2Sb2Te5) material has garnered considerable attention due to the high-contrast
optical permittivity variation between the amorphous and the crystalline states, as well as its
compatibility with photonic device integration [20,21]. The integration of phase-change materials
in chiral metasurfaces will enable the active control and tuning of chiroptical properties of the
metasurfaces. Such dynamic tunability allows on-demand manipulation and modulation of the
circularly polarized light signal, which will empower advanced functionalities in a variety of
applications such as high-resolution holograms [22], thermal imaging [23], biosensing [24], and
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thermal camouflage [25]. However, chiral metasurfaces based on GST phase-change material
with switchable CD values during a phase transition have not been widely studied yet.

Herein, we design and demonstrate infrared phase-change chiral metasurfaces based on
GST-225 material with trapezoid-shaped resonators to realize tunable CD responses. The
asymmetric trapezoid-shaped resonators are designed to support two chiral plasmonic resonances
with opposite CD values under LCP and RCP illumination. Switchable CD between negative
and positive values during the GST phase transition is realized by appropriately selecting the
tilted angles of two slots in the metasurface unit cell design, where the peak wavelength of
the plasmonic resonance under LCP excitation in the crystalline state overlaps with the peak
wavelength under RCP excitation in the amorphous state. Furthermore, the electromagnetic
field distributions of two chiral plasmonic resonant modes under LCP and RCP illumination are
analyzed to elucidate the chiroptical responses of the metasurface. The absorption spectra and
CD mapping of the metasurface at different baking times during the thermally induced phase
transition of GST from amorphous to crystalline are analyzed to illustrate the thermal tuning
process of chiral plasmonic resonance and CD value of the metasurface. The demonstrated
results of infrared phase-change chiral metasurfaces enable the development of applications such
as chiral molecular sensing, encrypted optical communication, thermal emitter, and thermal
imaging.

2. Design and characterization of chiral metasurfaces with tunable CD

The schematic of the designed chiral metasurface is depicted in Fig. 1(a). The metasurface
structure includes a 200 nm aluminum bottom mirror so that the transmitted light is eliminated
and the absorption (A) of the metasurface structure can be obtained from the reflection (R) with
A= 1 – R. Following this, a 75 nm GST-225 spacer layer is employed as the thermally induced
phase transition material for achieving the metasurface tunability. A 15 nm alumina layer is then
incorporated as a capping layer to prevent GST oxidation during the heating process [26]. Finally,
a 60 nm aluminum top layer with trapezoid-shaped resonators is used to generate chiroptical
responses of the metasurface. The metal-dielectric-metal structure forms a Fabry-Pérot cavity
and enhances light absorption by multiple reflections of incident light [27]. The aluminum
layers are deposited using electron 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 ensure the stoichiometry of the Al2O3. Figure 1(b)
illustrates the dimensions of the metasurface unit cell with the periods of Px= 1.2 µm and
Py= 0.4 µm. The designed trapezoid-shaped resonators with the height of A= 300 nm are formed
by introducing two titled slots, which have the width of B= 104 nm and the tilted angles of
α= 75° and β= 45°, respectively. The top base of the small trapezoid structure is C= 97 nm. The
asymmetric arrangement of the slots with different tilted angles breaks the geometric symmetry,
which leads to the chiroptical responses of the designed metasurface structures. The metasurface
structures are milled in the top aluminum layer with a focused ion beam (FEI Helios Nanolab 600,
30 kV, 24 pA). The scanning electron microscope (SEM) image of the fabricated metasurface is
displayed in Fig. 1(c).

GST-225 as a thermally induced phase transition material exhibits exceptional contrast of
permittivity between amorphous and crystalline states. In the designed metasurface structure,
the GST-225 layer serves as a dielectric spacer and enables the dynamic tuning capability of the
chiral metasurface. The fabricated chiral metasurfaces are measured under LCP and RCP incident
light to characterize their chiroptical responses. The absorption spectra of the metasurfaces are
obtained with a Fourier-transform infrared spectroscopy system (FTIR, Nicolet 6700) connected
to an infrared microscope. The circularly polarized light is defined by employing a combination
of a broadband linear polarizer and a quarter-wave plate. The CD value in absorption is expressed
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Fig. 1. (a) Schematic diagram of the GST-based phase-change chiral metasurface with
tunable CD. (b) The dimensions of the metasurface unit cell. (c) SEM image of the chiral
metasurface. Scale bar: 500 nm.

as CD=ALCP - ARCP. The measured absorption spectra of the metasurfaces with GST-225 in
amorphous and crystalline states under LCP and RCP illumination are plotted in Fig. 2(a), while
the corresponding CD spectra are shown in Fig. 2(b). With the GST-225 layer in the amorphous
state at room temperature, there are two separated chiral plasmonic resonances with opposite CD
responses supported in the metasurface structure, located at wavelengths of 2.564 µm and 2.838
µm under LCP and RCP excitation, respectively. The CD values are wavelength dependent and
the peak CD values of approximately+ 0.25 and − 0.35 are obtained at two chiral plasmonic
resonances of 2.564 µm and 2.838 µm. By heating the metasurface at a temperature of 408 K for
16 minutes, the GST-225 layer experiences a phase transition from amorphous into crystalline.
This increases the real part of the permittivity, which leads to the chiral plasmonic resonances
redshifting to 2.838 µm and 3.082 µm under LCP and RCP illumination, respectively. Figure 2(b)
shows that the CD spectrum is also redshifted to reach peak CD values of+ 0.30 at 2.838 µm and
− 0.32 at 3.082 µm. It is noted that the CD in absorption of the metasurface at the wavelength
of 2.838 µm is switched from a negative value of − 0.35 to a positive value of+ 0.30 with the
GST phase change from amorphous to crystalline, as marked by the dashed line in Fig. 2(b). The
simulated absorption spectra of the metasurface under LCP and RCP illumination using CST
Studio Suite software are displayed in Fig. 2(c), and the simulated CD spectra are plotted in
Fig. 2(d). In the simulation, the permittivity data of aluminum and alumina are obtained from
previous work [28,29], while the permittivity of GST-225 is taken from Ref. [30]. It is shown
that the simulated absorption spectra and CD spectra agree with the measured results, as the
imaginary part of the aluminum permittivity is increased by a factor of two and the GST-225
permittivity under partial crystallization conditions is employed. The slight discrepancy between
the simulated and measured spectra is related to defects and roughness of the metasurface
structures introduced by the fabrication process.

To realize switchable CD between negative and positive values for the metasurfaces with
GST phase transition at a specific wavelength, the asymmetric trapezoid-shaped resonators are
designed to support two separated chiral plasmonic resonances with opposite CD responses,
and the tilted angles of two slots α and β are selected appropriately. When α is equal to β, the
symmetric trapezoid-shaped structure is formed, leading to the absorption of LCP light being
equal to that of RCP light and thus no chiroptical response. By maintaining a constant β while
varying the α value, the geometric symmetry of the trapezoid-shaped structure is broken so
that the absorption values under LCP and RCP illumination are different which gives strong
chiroptical response. Figure 3(a) and (c) depict the simulated peak wavelength positions of
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Fig. 2. Measured (a) absorption spectra under LCP and RCP illumination and (b) CD
spectra of the metasurfaces with GST in amorphous and crystalline states. Simulated (c)
absorption spectra and (d) CD spectra of the metasurfaces. The black dashed line marks the
wavelength of 2.838 µm.

two chiral plasmonic resonances depending on the tilted angles of α and β for the metasurfaces
with GST in amorphous and crystalline states. The α value varies from 35° to 80°, while the β
value is kept as a constant of 35°, 45°, or 55°. For both amorphous and crystalline states, there
is a gradual peak wavelength redshift for the plasmonic resonance under LCP excitation as α
is reduced from 80° to 35° at a fixed β value, however, the peak wavelength of the plasmonic
resonance under RCP excitation remains almost the same. On the other hand, the decrease of
β value will induce a large peak wavelength redshift for the plasmonic resonance under RCP
excitation, but only slightly affect the plasmonic resonance under LCP excitation. After the GST
changes from amorphous to crystalline, both the chiral plasmonic resonances are redshifted due
to the increased permittivity of the GST layer as shown in Fig. 3(c). Considering the above
wavelength shift features of two chiral plasmonic resonances, switchable CD can be achieved by
selecting the appropriate tilted angles of α and β so that the peak wavelength of the plasmonic
resonance under LCP excitation in the crystalline state overlaps with that under RCP excitation in
the amorphous state. As marked with a red diamond symbol in Fig. 3(a) and (c), when the α
value is 75° and the β value is 45°, the peak wavelength of the plasmonic resonance under LCP
in the crystalline state is almost equal to that under RCP in the amorphous state, which is at the
wavelength of 2.838 µm. Figure 3(b) and (d) further present the CD spectrum mapping of the
metasurfaces in both the amorphous and the crystalline states, with a fixed β value of 45° and
the reduced α value from 80° to 35°. The CD spectrum mapping displays almost the maximum
negative CD value of – 0.4 for the metasurface in the amorphous state close to the wavelength of
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2.838 µm for the α value around 75°, while it exhibits a positive CD value around+ 0.3 for the
metasurface in the crystalline state, revealing a large CD value tuning from negative to positive
with GST phase transition from amorphous to crystalline.

Fig. 3. Simulated peak wavelength positions of two chiral plasmonic resonances for the
metasurfaces with GST in (a) amorphous state and (c) crystalline state with the α value
varying from 35° to 80° while keeping the β value constant at 35°, 45°, or 55°. Simulated
CD spectrum mapping of the metasurfaces in (b) amorphous state and (d) crystalline state
with the fixed β value of 45° and the α value varying from 35° to 80°.

The two chiral plasmonic resonant modes with opposite CD responses under LCP and RCP
illumination for the metasurface with the GST layer in the amorphous state are simulated with the
COMSOL software, in order to further analyze the mechanism behind the chiroptical responses
of the metasurface. Figure 4(a) displays the normalized electric field |E| distributions of the
plasmonic resonant mode at the resonance wavelength of 2.564 µm at the interface between
the GST layer and the alumina layer in the X-Y plane. The LCP incident light strongly excites
the plasmon resonance mode with the field concentration mainly around the large trapezoid
structure. However, the RCP incident light couples majorly to the small trapezoid structure
with a weak coupling strength. As a result, a higher absorption of LCP light is achieved
compared to RCP light which gives a positive CD response. Figure 4(b) further presents the
normalized electric field distributions in the cross-sectional X-Z plane. The electric field under
LCP illumination is concentrated around the large trapezoid structure within the alumina layer,
whereas the much weaker electric field is located around the small trapezoid structure under RCP
illumination. Figure 4(c) shows the magnetic field |H| and displacement current distributions in
the cross-sectional X-Z plane. Compared to the RCP light, the LCP incident light strongly excites
the magnetic dipole modes inside the GST layer. Three circulating current loops are formed
around the magnetic dipole modes, with two strong current loops underneath the large trapezoid



Research Article Vol. 32, No. 11 / 20 May 2024 / Optics Express 20141

structure, which contributes to the high absorption of LCP incident light. Figure 4(d)-(f) shows
the corresponding field distributions of the plasmonic resonant mode at the resonance wavelength
of 2.838 µm. The coupling of the RCP light to the plasmonic resonant mode is much stronger
than that of the LCP light, with the highly concentrated electric field located around the small
trapezoid structure in the alumina layer, as displayed in Fig. 4(d) and (e). Hence, the absorption
of RCP light is higher than that of LCP light which leads to a negative CD response. As shown
in Fig. 4(f), the magnetic dipole modes inside the GST layer are strongly excited by the RCP
light rather than the LCP light, with two circulating current loops formed and one strong current
loop below the small trapezoid structure, which leads to the high absorption of RCP light. It is
noted that the field distributions of two chiral plasmonic resonant modes under LCP and RCP
illumination for the metasurface with the GST layer in the crystalline state will be very similar to
those in the amorphous state, but with the plasmonic resonance wavelengths redshifted to 2.838
µm and 3.082 µm, respectively.

Fig. 4. (a),(d) Simulated electric field |E| distributions of two plasmonic resonant modes
at the resonance wavelengths of 2.564 µm and 2.838 µm at the interface between GST
layer and alumina layer under LCP and RCP incident light. (b),(e) Simulated electric
field |E| distributions of two plasmonic resonant modes along the cross-sectional plane.
(c),(f) Simulated magnetic field |H| and displacement current distributions of two plasmonic
resonant modes along the cross-sectional plane. The red arrows represent the magnitude and
direction of displacement current.

In order to study the thermal tunning process of the chiral metasurface induced by the phase
transition of the GST layer from amorphous to crystalline, the absorption spectra of the chiral
metasurface are characterized when the metasurface is subjected to heating at a temperature
of 408 K, which is above the GST phase transition temperature [31]. The absorption spectra
are recorded after baking the metasurface for two minutes and then cooling down to room
temperature. Such measurements are repeated until there is no future wavelength shift in the
absorption spectrum. A series of measured and simulated absorption spectra of the chiral
metasurface at different baking times from 0 to 16 minutes are depicted in Fig. 5(a) and (b),
revealing the thermal tuning effects of two chiral plasmonic resonances across the wavelength
range of 2.4 µm to 3.4 µm. For the metasurface with the GST layer in the amorphous state, the
plasmonic resonance under LCP excitation is located at 2.564 µm, while the plasmonic resonance
under RCP excitation is positioned at 2.838 µm. It is observed that both the chiral plasmonic
resonances exhibit wavelength redshifts as the baking time increases, which shows dynamic
thermal tuning of the chiral metasurface due to the increased permittivity of the GST layer during
the phase change from amorphous to crystalline. The plasmonic resonance under LCP excitation
is redshifted progressively from 2.564 µm before baking to around 2.838 µm after a baking time
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of 16 minutes, which almost overlaps with the plasmonic resonance under RCP excitation present
in the amorphous state before baking. Meanwhile, the plasmonic resonance under RCP excitation
experiences a gradual redshift from 2.838 µm to 3.082 µm as the baking time increases from
0 to 16 minutes. It is found that the absorption levels of both chiral plasmonic resonances are
maintained during the thermal tuning process of the metasurface.

Fig. 5. (a) Measured absorption spectra of the chiral metasurface at different baking times
from 0 to 16 minutes at the temperature of 408 K. (b) Simulated absorption spectra of the
metasurface at different baking times. The red solid (dashed) lines indicate the absorption
spectra under LCP (RCP) illumination. The blue dashed lines mark the peak wavelength
positions of two chiral plasmonic resonances.

The wavelength redshifts of the chiral plasmonic resonances resulting from the thermally
induced GST phase transition further leads to significant changes in the CD responses of the chiral
metasurface. Figure 6(a) and (b) plot the measured and simulated CD mapping of the metasurface
at varying baking times, showing the evolution of the CD values depending on both the wavelength
and the baking time. Specifically, the metasurface with GST in the amorphous state before
baking exhibits zero CD value at a wavelength of 2.68 µm and a negative CD response above that
wavelength. As the baking time increases, the CD spectrum of the metasurface redshifts and the
wavelength position for zero CD value is also gradually increased. The metasurface with GST in
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the crystalline state at the baking time of 16 minutes has zero CD value around a wavelength of
2.95 µm and a positive CD response below that wavelength. Therefore, a switchable CD response
from negative to positive is observed within the wavelength range of 2.68 µm to 2.95 µm as
the GST phase transition occurs from amorphous to crystalline, where the maximum change
in CD value is achieved at the wavelength of 2.838 µm. Figure 6(c) displays the measured and
simulated CD values at the wavelength of 2.838 µm under various baking times, showing the
continuous increase of CD from a negative value of − 0.35 to a positive value of+ 0.30 during
the GST phase change. It shows that there is a good agreement between the experimental data
and the simulated results.

Fig. 6. (a) Measured and (b) simulated CD mapping of the metasurface at varying baking
times at 408 K. The black dashed line marks the wavelength of 2.838 µm where the maximum
change in CD value is achieved. (c) CD values of the metasurface at the wavelength of 2.838
µm at different baking times.

3. Conclusion

In summary, infrared phase-change chiral metasurfaces with trapezoid-shaped resonators have
been demonstrated to achieve tunable CD responses. The asymmetric trapezoid-shaped resonators
are designed to support two chiral plasmonic resonances with opposite CD responses. Switchable
CD between negative and positive values for the metasurface at a specific wavelength is realized
by selecting the appropriate tilted angles of two slots so that the peak wavelength of the plasmonic
resonance under LCP excitation in the crystalline state overlaps with that under RCP excitation in
the amorphous state. The electromagnetic field distributions of two chiral plasmonic resonant
modes under LCP and RCP illumination are analyzed to understand the chiroptical responses of
the metasurface. Moreover, the evolution of absorption spectra and CD values for the metasurface
during the GST phase transition from amorphous to crystalline are studied to reveal the thermal
tuning process of chiral plasmonic resonance and CD value as a function of the baking time. It is
noteworthy that the photothermally induced phase change in GST is reversible and the switching
speed can happen in the order of picoseconds to nanoseconds, which depends on the thermal
conductance of materials, the laser pulse duration, and the laser intensity [32,33]. This feature of
GST phase change will enable the realization of dynamically modulated and switchable chiral
metasurfaces in the future. The demonstration of the phase-change chiral metasurfaces with
switchable CD responses presents the potential for advancing various applications such as chiral
sensing, encrypted communication, thermal emitter, thermal imaging, and temperature sensing.
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