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Abstract
Chiral optical metasurfaces have emerged as a promising platform in coupling with molecular
vibrational fingerprints through the enhanced light-matter interaction under different circularly
polarized light illumination. This work reports the mode coupling between the mid-infrared
phonon vibrations of polymethyl methacrylate (PMMA) molecules and the thermally tunable
chiral metasurfaces based on the phase-change material Ge₂Sb₂Te₅ (GST-225). Phase-change
chiral metasurfaces with high circular dichroism (CD) in absorption and tunable plasmonic
resonance in the frequency range of 48–56 THz are demonstrated, which covers the phonon
vibrational frequency of PMMA molecules at 52 THz. The mode splitting features are observed
in the absorption and CD spectra when the metasurface resonance is tuned across the phonon
vibrational frequency of PMMA molecules during the phase transition of GST-225. The
underlying mechanism of molecule-metasurface coupling is further revealed by studying the
electric field and power loss density distributions of the phonon–plasmon coupled modes under
both left-handed and right-handed circularly polarized (LCP and RCP) light. The demonstrated
results show the potential of dynamically tunable chiral metasurfaces for the applications in
label-free molecular sensing, biomedical diagnostics, thermal imaging, and mid-infrared
photonics.

Keywords: chiral metasurface, phase-change metasurface, molecule-metasurface coupling

1. Introduction

Optical metasurfaces are artificially engineered materials with
specific electromagnetic properties that can manipulate light-
matter interactions at subwavelength scales [1, 2]. Through
careful material selection and precise geometric design of

∗
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unit cells, optical metasurfaces enable unprecedented con-
trol over electromagnetic wave properties, including negative
refraction [3, 4], phase manipulation [5–8], perfect absorption
[9–12], and polarization conversion [13–15]. Chiral metas-
urfaces are designed with symmetry-breaking nanostructures
to exhibit strong chiroptical responses under LCP and RCP
light beyond natural materials [16, 17]. Therefore, optical
chiral metasurfaces have emerged as a promising platform
for a range of applications including drug development, enan-
tiomeric discrimination, and molecular detection [18–21]. In
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recent years, Ge₂Sb₂Te₅ (GST-225) has been recognized as an
optical phase change material that exhibits exceptional con-
trast in permittivity between amorphous and crystalline states
[22, 23]. The integration of GST into chiral metasurfaces rep-
resents a promising strategy for realizing dynamic tunabil-
ity of metasurface resonance, thereby expanding the opera-
tional frequency range and enabling various reconfigurable
functionalities such as active control of circular dichroism and
polarization modulation. On the other hand, optical metasur-
faces have also been utilized for the mid-infrared molecular
sensing by enhancing the coupling between plasmonic reson-
ances and phonon vibrations of target molecules through near-
field interaction [24–26]. The highly confined electromagnetic
field near the metasurface nanostructures will greatly enhance
the light-matter interaction with molecular vibrational modes,
which leads to pronounced spectroscopic features for reveal-
ing molecular fingerprints with high sensitivity.

In this work, the coupling between the mid-infrared phonon
vibrational mode of PMMA molecules and the tunable plas-
monic resonance of phase-change chiral metasurface is invest-
igated. By utilizing the phase-change material GST-225, the
designed chiral metasurface exhibits tunable plasmonic reson-
ance across the frequency range from 48 to 56 THz, which is
coupled to the phonon vibrational mode of PMMA molecules
at 52 THz. The mode splitting features in the absorption and
CD spectra under LCP and RCP light are studied when the
metasurface resonance is tuned across the phonon vibrational
frequency during the phase transition of GST-225 as a function
of baking time. The electric field and power loss density distri-
butions of the phonon–plasmon coupledmodes under LCP and
RCP light are further analyzed to understand the underlying
mechanism of molecule-metasurface coupling. The demon-
strated results will provide new opportunities for utilizing
dynamically tunable chiral metasurfaces in many applications
such as label-free ultrasensitive molecular sensing [27, 28],
biomedical diagnostics [29–31], thermal imaging and emis-
sion control [32–35].

2. Results and discussion

The schematic of the designed chiral metasurface consisting
of four thin film layers is presented in figure 1. (a), includ-
ing a 40 nm top aluminum (Al) layer with chiral cross slot
resonators, a 20 nm alumina (Al2O3) capping layer, a 230 nm
GST-225 dielectric spacer layer, and a 200 nm bottomAl layer
deposited on a silicon substrate. The Al layers are deposited
using electron beam evaporation. The Al2O3 layer is grown
by RF sputtering of an Al2O3 target. The GST-225 layer is
deposited by RF sputtering of a GST-225 target using Ar. The
thin Al2O3 capping layer is employed to prevent the GST layer
from oxidation during the phase transition process [36]. The
GST-225 layer is used as the thermally induced phase trans-
ition material to achieve the tunability of metasurface res-
onance in mid-infrared frequency region. The thick bottom
Al layer eliminates the transmitted light so that the absorp-
tion of the metasurface is obtained by A (absorption) = 1−R

(reflectance). The top Al layer is patterned with the designed
chiral cross slot resonators to obtain chiroptical responses
of the metasurface. The metal-dielectric-metal Fabry–Pérot
structure is formed to achieve enhanced absorption at the
metasurface resonance through multiple reflections with con-
structive interference [37]. The chiral structure design starts
with a symmetric cross slot structure consisting of one long
horizontal slot and one short vertical slot, which is marked as
the dotted black lines in figure 1(b). The short vertical slots are
tilted with angle α to form two staggered slots connected to
the long horizontal slot, which are labeled with the dashed red
lines. In the metasurface unit cell, the width of the long hori-
zontal slot is a= 0.36 µm, the width of the two staggered slots
is b= 0.24 µm and their tilted angle isα= 27◦, while the hori-
zontal and vertical periods are Px = 2.6 µm and Py = 1 µm.
The designed chiral metasurfaces are fabricated using focused
ion beam milling (FEI Helios Nanolab 600) into the top Al
and Al2O3 layers with the condition of 30 kV and 97 pA.
The top view of the scanning electron microscope (SEM)
image of the fabricated chiral metasurface is presented in
figure 1(c).

To investigate the coupling between the mid-infrared
phonon vibrational mode of PMMA molecules and the plas-
mon resonance of the chiral metasurface, an 80 nm thick
PMMA layer is spin coated on the top of the chiral metasur-
face. The absorption spectra of the fabricated chiral metasur-
face with GST-225 in the amorphous state before and after the
PMMA coating under LCP and RCP incident light are char-
acterized by a Fourier transform infrared spectrometer (FTIR,
Nicolet 6700) connected to an infrared microscope, as shown
in figure 1(d). The LCP and RCP light are obtained using the
combination of a linear polarizer and a quarter-wave plate. It
is shown that the bare metasurface exhibits the plasmonic res-
onance at the frequency around 57.8 THz with a high absorp-
tion under LCP illumination but a weak absorption under RCP
illumination, yielding a large CD in absorption of 0.48. After
coating with the PMMA layer, the plasmon resonance of the
metasurface slightly redshifts from 57.8 THz to 55.6 THz
due to the increased refractive index above the metasurface,
while the high CD in absorption is maintained with a value of
0.54. Notably, a distinguished absorption peak emerges around
the frequency of 52 THz under both LCP and RCP illumina-
tion, which corresponds to the C=O bond phonon vibrational
resonance in PMMA molecules [38]. The observed spectral
feature indicates the metasurface-enhanced light-matter inter-
action between the plasmonic resonance and the molecular
vibrational mode. In addition, the absorption spectra from the
chiral metasurface before and after the PMMA coating under
both LCP and RCP illumination are simulated using CST
Studio Suite, which are depicted in figure 1(e). In the numer-
ical simulation, the permittivity values of Al, GST-225, Al2O3

and PMMA are taken from [39–42]. The imaginary part of the
Al permittivity is increased by two times and the real part of
the GST-225 permittivity is adjusted in order to match the sim-
ulated results with the experimental data.

To further study the enhanced light-matter interaction
between the chiral metasurface and the PMMA molecules,
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Figure 1. (a) Schematic illustration of the designed chiral metasurface coated with PMMA molecules. (b) Top-view schematic of the chiral
cross slot structure. (c) SEM image of the fabricated chiral metasurface. Scale bar is 500 nm. (d) Measured and (e) simulated absorption
spectra of the chiral metasurface before and after the PMMA coating under LCP and RCP incident light.

the plasmonic resonance of the metasurface is tuned across
the PMMA phonon vibrational resonance by controlling the
phase transition in the GST-225 layer from the amorphous
state to the crystalline state with the increased baking time
of the sample at the temperature of 408 K. Figures 2(a) and
(b) display the measured and simulated absorption spectra of
the chiral metasurface coated with the PMMA layer under
LCP and RCP incident light at various baking times from
0 to 14 min. It is shown that the plasmonic resonance of
the chiral metasurface is continuously redshifted from 56 to
48 THz as the baking time increases, which is due to the
gradually increased permittivity of the GST-225 layer res-
ulting from the thermally induced phase transition from the
amorphous state to the crystalline state. Distinct spectral fea-
tures are observed as the plasmonic resonance of the metas-
urface is tuned across the PMMA phonon vibrational fre-
quency at 52 THz, which demonstrates the thermally con-
trolled molecule-metasurface coupling under both LCP and
RCP illumination. At the baking time of 4 min, the plas-
monic resonance of the metasurface redshifts to 55 THz, and
a Fano-like spectral feature around the PMMA phonon vibra-
tional frequency is observed under LCP illumination. As the
baking time reaches 7–8 min, the plasmonic resonance of
the metasurface is tuned to around 52 THz, overlapping with
the PMMA phonon vibration frequency, where distinguished
mode splitting features are achieved under LCP illumination.

The strong light-matter interaction between the plasmonic res-
onance of the metasurface and the PMMA phonon vibrational
mode in the near field leads to the electromagnetically induced
transparency (EIT)-like spectral feature, where the absorp-
tion dip around the PMMA phonon vibrational frequency of
ω0 = 52 THz is observed between two absorption peaks cor-
responding to the coupled phonon–plasmon modes at the res-
onance frequencies of ω+ = 53.1 THz and ω− = 51.3 THz.
The mode splitting feature and the anti-crossing behavior are
clearly observed due to the coupling between the plasmonic
resonance and the phonon vibrational mode. In contrast, under
RCP illumination, the coupling between the weak metasur-
face resonant mode and the PMMA phonon vibrational mode
results in the electromagnetically induced absorption (EIA)-
like spectral feature where an absorption peak at ω0 = 52 THz
is observed. This circular polarization-dependent spectral fea-
tures confirm that the plasmonic resonant mode excited by
LCP light couples more effectively with the molecular vibra-
tions than RCP light. With the baking time of 10–14 min, the
metasurface resonance peak continues to redshift away from
the molecular vibrational frequency, which leads to the Fano-
like spectral feature in the absorption spectra due to the off-
resonance coupling. The observed spectral features during the
metasurface phase transition controlled by the baking time
demonstrate the dynamically tuned molecule-metasurface
interactions.
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Figure 2. (a) Measured and (b) simulated absorption spectra of the
chiral metasurface coated with the PMMA layer under LCP
illumination (solid line) and RCP illumination (dashed line) at
different baking time.

To understand the underlying mechanism of the coupling
between the plasmonic resonance of the metasurface and the
PMMA phonon vibrational mode, the simulated electric field
and power loss density distributions in both XY and XZ planes
for the chiral metasurface coated with the PMMA layer with
GST-225 in the amorphous state are presented in figure 3. For
the metasurface resonance mode around 55.1 THz, the elec-
tric field shown in figure 3(a) is concentrated around the sharp
corners of the chiral cross slot structure, along the sides of the
horizontal slot, and inside the Al2O3 capping layer under LCP
illumination which leads to strong absorption, while the much
weaker electric field distribution is observed under RCP illu-
mination. As shown in figure 3(c), the power loss density of the
metasurface resonance mode is mostly located in the Al layer
near the Al–Al2O3 interface under LCP incidence but does not
exist in the slot areas filled with PMMAmolecules, indicating
that the strong absorption originates from the plasmonic reson-
ance of the chiral metasurface. As the metasurface plasmonic
resonance at 55.1 THz is away from the PMMA phonon vibra-
tional mode at 52 THz, the off-resonance plasmon-phonon
coupling results in a Fano-like resonance. Figure 3(b) shows
the electric field distribution of the Fano-like resonant mode
at the absorption peak of 51.6 THz. The power loss density
shown in figure 3(d) is not only located in the Al layer near the
Al–Al2O3 interface but also concentrated along the sides and

around the corners of the horizontal and staggered slots filled
with PMMAmolecules under LCP illumination, showing that
the absorption is attributed to both PMMA phonon vibrational
mode and metasurface plasmonic mode.

To further understand the mode-splitting spectral features
of phonon–plasmon coupling, the electric field and power
loss density distributions at the Al–Al2O3 interface of the
metasurface are simulatedwhen on-resonance coupling occurs
between the PMMA phonon vibrational mode and the plas-
monic resonance mode at the baking time of 7 min. As
shown in figures 4(a) and (b), at the two coupled phonon-
plasmon mode resonance frequencies ω+ = 53.1 THz and
ω− = 51.3 THz, the electric field and power loss density
distributions display similar features. Strong electric field is
observed near the sharp corners of the chiral cross slot struc-
ture under LCP illumination, while relatively weaker elec-
tric field is primarily confined along the sides of horizontal
slot under RCP illumination. The power loss density distri-
bution at the two frequencies ω+ and ω− is mainly concen-
trated in the Al layer near the Al–Al2O3 interface as well as
the sharp corners inside the chiral cross slot structure under
LCP incidence, leading to the strong absorption obtained at the
two coupled phonon–plasmon modes. In contrast, the power
loss density for the RCP case exhibits much weaker confine-
ment with lower intensity. As shown in figure 4(c), distinct
field distributions are observed at the phonon vibrational fre-
quency of ω0 = 52 THz, compared to the cases for ω+ and
ω−. The electric field intensity and the power loss density in
the Al layer near the Al–Al2O3 interface are much weaker,
while the power loss density is mainly localized within the
slot areas, particularly near the sharp corners and along the
sides of the horizontal slot where PMMAmolecules are filled.
The enhanced coupling between the metasurface plasmonic
resonance and the molecular phonon vibrations leads to the
destructive EIT-like spectral dip with a lower absorption com-
pared to the absorption at ω+ and ω− under LCP illumina-
tion, but results in the constructive EIA-like spectral peak with
an increased absorption under RCP illumination. The electric
field and power loss density analysis reveals the mechanism of
the observed mode-splitting spectral features arising from the
enhanced near-field coupling between the plasmonic resonant
mode and the molecular phonon vibrational mode.

To show the dynamic tuning and anti-crossing behavior of
phonon–plasmon coupling during the GST-225 phase trans-
ition process, contour plots of the measured absorption spec-
tra and CD spectra as a function of baking time under both
LCP and RCP illumination are presented in figure 5(a). Under
LCP illumination, when the plasmonic mode is off reson-
ance from the phonon vibrational mode, the plasmon–phonon
interaction results in a Fano-like resonance. As the plasmonic
mode is on resonance with the phonon vibrational mode at
the baking time of 7–8 min, EIT-like resonance is displayed
with the two phonon–plasmon modes at the frequencies ω+

and ω−. The anti-crossing behavior of two phonon–plasmon
mode branches is presented with a mode splitting gap of ω+–
ω− = 1.8 THz, resulting from the coupling between the plas-
monic mode and the phonon vibrational mode. In contrast,
under the RCP illumination, a consistent EIA-like resonance
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Figure 3. Simulated electric field distributions under LCP and RCP illumination in XY plane at the Al–Al2O3 interface and the
cross-section in XZ plane along the red dashed line at the frequency of (a) 55.1 THz and (b) 51.6 THz. Simulated power loss density
distributions under LCP and RCP illumination in XY plane at the Al–Al2O3 interface at (c) 55.1 THz and (d) 51.6 THz.

Figure 4. Simulated electric field distributions and power loss density distributions in XY plane at the Al-Al2O3 interface under LCP and
RCP illumination at the frequencies of (a) ω+, (b) ω−, and (c) ω0.

at the PMMA phonon vibrational frequency ω0 is maintained
throughout the GST-225 phase transition process. It is noted
that EIT-like phenomena have also been reported in various
metasurface platforms [43–46]. The CD spectrum mapping
also shows the mode splitting feature and anti-crossing beha-
vior of the coupled phonon–plasmon modes. When the plas-
monic resonance matches the molecular phonon vibrational
resonance, the CD value reaches 0.53 at the frequency ω+ and
0.52 at the frequencyω− but drops to 0.14 at the phonon vibra-
tional frequency ω0, exhibiting the high contrast in CD value
variation around the phonon vibrational frequency. The sim-
ulation result in figure 5(b) shows a good agreement with the
experimental result.

Furthermore, an analytical model is used to describe the
interaction between the plasmonic resonance mode of the

metasurface and the phonon vibrational mode of PMMA
molecules under LCP and RCP excitation. The absorption
spectrum of the metasurface-molecule coupled system can be
calculated with the following equation [47]:

A= 1−

∣∣∣∣∣∣ 2γr

j(ω−ω0)+ (γr+γa)+
(

µ2

j(ω−ωm)+γm

) − 1

∣∣∣∣∣∣
2

(1)

where ω0 and ωm are the resonance frequencies of the metas-
urface mode and the molecule vibrational mode, respectively.
γr and γa are the radiation and absorption losses of the metas-
urface mode, while γm is the absorption loss of molecule
vibrational mode. µ represents the coupling strength between
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Figure 5. (a) Measured and (b) simulated contour plots of the absorption spectra under LCP and RCP illumination and the CD spectra as a
function of baking time.

Figure 6. The fitted absorption spectra based on the analytical model (dashed lines) along with the measured absorption spectra (solid lines)
for (a) bare metasurface before PMMA coating, metasurface after PMMA coating at the baking time of (b) 0 min and (c) 8 min, under LCP
and RCP incidence.

the metasurface mode and the molecule vibrational mode.
The fitted absorption spectra based on the analytical model
are depicted as the dashed lines in figure 6 for bare metasur-
face before PMMA coating, metasurface after PMMA coat-
ing at the baking time of 0 min and 8 min. The analytic-
ally fitted curves show good agreement with the experimental
data, and the fitting parameters used in the model are summar-
ized in table 1. For PMMA molecules, ωm = 1733 cm−1 and
γm= 16.5 cm−1 are used. It is observed that the undercoupling
condition with γr < γa is achieved between the metasurface-
molecule coupled system and LCP incident light, whereas
the overcoupling condition with γr > γa is exhibited when
the metasurface interacts with RCP incident light. It is noted
that the µ values under LCP incidence are larger than those
under RCP incidence, suggesting the stronger interactions

between the metasurface plasmonic mode and the molecule
phonon vibrational mode under LCP case. At the baking time
of 0 min, ω0 is off resonance with ωm which results in a
Fano-like spectral feature under LCP illumination. At the bak-
ing time of 8 min, ω0 is tuned to overlap with ωm, lead-
ing to the distinct mode splitting features under LCP incid-
ence. It is worth noting that the tunable phonon–plasmon
coupling achieved in the metasurface-molecule coupled sys-
tem can be used for mid-infrared label-free molecular sens-
ing. The demonstrated phase-change metasurface can be
dynamically tuned on resonance with different molecular
vibrational fingerprints, and the absorption spectral fea-
tures of the coupled system under LCP and RCP incid-
ence can be used for the detection of molecule amount and
concentration.
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Table 1. Fitting parameters in the analytical model of absorption spectra.

ω0 (cm−1) γr (cm−1) γa (cm−1) µ (cm−1)

LCP-Bare 1925 40 90 0
RCP-Bare 1926 150 18 0
LCP-PMMA 1827 50 80 50
RCP-PMMA 1880 150 17 25
LCP-8 min 1726 50 80 33
RCP-8 min 1724 230 27 23

3. Conclusion

In summary, the coupling between the mid-infrared phonon
vibrational mode of PMMA molecules and the tunable plas-
monic resonance of phase-change chiral metasurfaces under
circularly polarized light illumination is demonstrated. The
plasmonic resonance of the designed chiral metasurface is
thermally tuned across the phonon vibrational resonance of
PMMA molecules by controlling the phase transition pro-
cess in the GST-225 layer. The mode splitting features and
anti-crossing behavior in the absorption spectra and the CD
response of the metasurface coated with PMMA molecules
under LCP and RCP incident light are investigated as a
function of baking time. The electric field and power loss
density distributions of the resonant modes under LCP and
RCP illumination are further analyzed to understand the
underlying mechanism of the circular polarization-dependent
phonon–plasmon coupling. The demonstrated thermally tuned
molecule-metasurface coupling will offer great potential for
numerous applications including ultrasensitive chiral molecu-
lar sensing, enantiomer detection, biomedical diagnostics,
polarization-encoded communication, and thermal emission
control.
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