Research Article Vol. 28, No. 14/6 July 2020/ Optics Express 21192 |

Optics EXPRESS i NN

Plasmon-phonon coupling between mid-infrared
chiral metasurfaces and molecular vibrations

MD SHAMIM MAHMUD,! DANIEL ROSENMANN,2 DAVID A.
CzZAPLEWSKI,2 JIE GAO,"® AND XIAODONG YANG'?

! Department of Mechanical and Aerospace Engineering, Missouri University of Science and Technology,
Rolla, MO 65409, USA

2Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL 60439, USA

3 gaojie@mst.edu

4 yangxia@mst.edu

Abstract: Plasmon-phonon coupling between metamaterials and molecular vibrations provides
a new path for studying mid-infrared light-matter interactions and molecular detection. So far, the
coupling between the plasmonic resonances of metamaterials and the phonon vibrational modes
of molecules has been realized under linearly polarized light. Here, mid-infrared chiral plasmonic
metasurfaces with high circular dichroism (CD) in absorption over 0.65 in the frequency range of
50 to 60 THz are demonstrated to strongly interact with the phonon vibrational resonance of
polymethyl methacrylate (PMMA) molecules at 52 THz, under both left-handed and right-handed
circularly polarized (LCP and RCP) light. The mode splitting features in the absorption spectra of
the coupled metasurface-PMMA systems under both circular polarizations are studied in PMMA
layers with different thicknesses. The relation between the mode splitting gap and the PMMA
thickness is also revealed. The demonstrated results can be applied in areas of chiral molecular
sensing, thermal emission, and thermal energy harvesting.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Chirality is a universal property of matter that is frequently found in nature. Chiral materials
present two enantiomeric forms which, as mirror images, cannot be superimposed on each
other by simple rotation or translation. The chiroptical responses under LCP and RCP light,
such as CD and optical activity, can be observed in various natural materials like amino acids,
but the responses are very weak. However, chiral metamaterials and metasurfaces have been
recently designed to exhibit strong chiroptical responses based on different types of asymmetric
structures [1], such as two intersecting rectangles [2], double-bar patterns [3], gammadion
patterns [4], eta-shaped patterns [5], twisted elliptical holes [6], binary-pattern structures [7],
slanted nanoholes [8], and stepped nanoapertures [9,10].

One important application of plasmonic metasurfaces is molecular sensing [11], where the
coupling phenomena take place between the plasmonic resonances of metasurfaces and the
phonon vibrational modes of deposited molecules. The plasmon-phonon coupling strength
between metasurfaces and molecules is highly dependent on the absorption and field confinement
properties of the designed metasurface. The strong coupling strength can be obtained when the
rate of coherent energy exchange between the plasmonic resonant mode and the molecules is
higher than their individual decay rates [12,13]. Strong coupling has been realized with plasmonic
metasurfaces by confining the electromagnetic field into deep subwavelength volume [14,15].
Plasmonic metasurfaces can serve as a powerful molecular sensing platform by coupling the
enhanced resonant local near field to the vibrational fingerprint of molecules, providing a direct
link to the molecular properties and chemical bonding information [16-20]. Previous studies have
focused on the plasmon-phonon coupling between achiral plasmonic metasurfaces and molecular
vibrations under linearly polarized light. However, research on the plasmon-phonon coupling
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between chiral plasmonic metasurfaces and molecular vibrations under circularly polarized light
for molecular detection is still missing.

In this work, we design and demonstrate a unique type of chiral plasmonic metasurfaces
with high CD in absorption over 0.65 across the mid-infrared frequency range of 50 to 60
THz. The plasmon-phonon coupling between the plasmonic resonance of chiral metasurfaces
and the phonon vibrational mode of PMMA molecules at 52 THz under both LCP and RCP
incident light is further explored. The mode splitting features in the absorption spectra of the
coupled metasurface-PMMA systems due to the plasmon-photon coupling under both circular
polarizations are studied and analyzed by varying the plasmonic resonance of chiral metasurface
as well as the PMMA layer thickness. Furthermore, the relation between the mode splitting gap
of the plasmon-phonon coupling and the PMMA thickness is revealed. The demonstrated results
provide new paths for various applications such as chiral molecular sensing, chiral imaging,
circular-polarization thermal emission, and thermal energy harvesting. For example, the study of
plasmon-phonon coupling between chiral metasurfaces and chiral molecules under circularly
polarized light can be directly used for chiral molecule sensing and detection. The chirality
detection of biomolecules using chiral metasurfaces have recently been reported based on the
off-resonance excitations of chiral molecules in near-infrared frequency range [21,22], where
the plasmonic resonance of chiral metasurface does not overlap with either the electronic or
vibrational transitions of chiral molecules. However, our current work can be further extended to
study the direct interaction between the superchiral near-fields of mid-infrared chiral metasurfaces
and the phonon vibrational transitions of chiral molecules in order to advance the applications of
chiral molecule sensing and detection.

2. Design of mid-infrared chiral metasurfaces

The mid-infrared chiral plasmonic metasurface is designed with a three-layer metal-dielectric-
metal structure, consisting of the eye-shaped resonators etched in the top gold (Au) layer with
a thickness of 65 nm, the middle alumina (Al,O3) spacer with a thickness of 250 nm, and
the bottom gold mirror with a thickness of 200 nm, deposited on a silicon substrate. The Au
layers are deposited using a Lesker PVD250 electron beam evaporator and the Al,O3 dielectric
layer is deposited by reactive sputtering (Lesker CMS18 system). The designed unit cell in the
enantiomeric form of Form A is illustrated in Figs. 1(a) and 1(b), which shows strong absorption
to the incident RCP light. Since the two enantiomer forms of Form A and Form B have opposite
chiroptical response under circular polarization, here only the chiral metasurface in Form A is
presented. The vertical and horizontal periods of the unit cell are p, =2.1 um and p, = 1.8 um,
respectively. The eye-shaped resonator contains an inner Au elliptical pattern with the major and
minor axes of a=1.6 um, » =0.3 um and the rotation angle of 8 = 8°, which is located within
an outer elliptical cutout area with the major and minor axes of a; =2.2 ym, b; = 1.0 um. The
designed chiral metasurfaces are then fabricated by using focused ion beam (FIB) milling (FEI
Helios Nanolab 600, 30 kV, 28 pA) to etch the top Au layer into the eye-shaped resonator array.
Figure 1(c) shows a scanning electron microscope (SEM) top view image of the fabricated chiral
metasurface in Form A.

Numerical simulations are performed using the CST Studio Suite software to calculate the
chiroptical responses of chiral metasurfaces under LCP and RCP excitation, where the permittivity
of alumina is taken from the experimental data [23] and the permittivity of gold is taken from
the Brendel-Bormann model [24]. Periodic boundary conditions are imposed in both x and y
directions of the unit cell. Figure 1(d) shows the electric field |E| distributions across the plane
35 nm below the upper surface of the top Au layer (z=480nm) and across the plane 50 nm
underneath the upper surface of the Al,O3 spacer (z =400 nm) under both LCP and RCP incident
light for the chiral metasurface without the top PMMA layer at the plasmonic resonance of 60
THz. It shows that under RCP excitation, the incident circularly polarized light is well coupled



Research Article Vol. 28, No. 14/6 July 2020/ Optics Express 21194

Optics EXPRESS

(@ Lcp mA (b)

z=480 nm  z=400 nm

Fig. 1. (a) Schematic of the unit cell of the designed mid-infrared chiral plasmonic
metasurface in Form A. (b) Top-view schematic of the unit cell with the designed geometric
parameters. (c) SEM image of the fabricated chiral plasmonic metasurface in Form A. Scale
bar: 2 ym. (d) Simulated electric field distributions in two z planes under LCP and RCP
excitation at the plasmonic resonance of 60 THz.

into the eye-shaped resonators in Form A with the matched impedance, and the excited electric
field from the dipole-like mode is strongly enhanced in the cutout area between the two ellipses
and also inside the dielectric spacer, which leads to low reflection and strong absorption. One
the other hand, under LCP excitation, only a small portion of the incident circularly polarized
light is coupled into the eye-shaped resonators and most of the incident light gets reflected, so
that the excited electric field of the dipole-like mode is weakly confined in the cutout area and
the dielectric spacer, which results in low absorption. Therefore, the dipole-like mode localized
along the major axis of the inner Au elliptical pattern under circularly polarized light contributes
to the chiroptical response of the metasurface and enables the high CD in absorption. It is noted
that the rotation angle and dimension of the inner elliptical pattern will affect the chiral field
confinement and the trust region framework algorithm has been applied for determining the
optimum structural configuration to maximize the chiroptical response and obtain the highest CD
in absorption. The transmission is negligible (7' = 0) due to the thick gold mirror layer, so the
absorption is calculated by A =1 — R, where A, T and R represent the absorption, transmission
and reflection, respectively. The CD in absorption is defined as CD = |Aycp — Agcp|. With the
optimum structural configuration shown in Fig. 1, the designed chiral metasurface in Form A
exhibits chiral absorption around 0.89 under RCP light and a CD of around 0.71 at 60 THz in
simulation.

In order to tune the plasmonic resonance across the desired mid-infrared frequency region
of 50 to 60 THz, the geometric parameters g of px, py, a, b, a; and b; for each metasurface
are scaled up by a factor of k" as g-k", with the scaling constant k= 1.05 and the exponent of
n=0,1,2,3,4,5, while the rotation angle 6 remains unchanged. A Fourier transform infrared
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spectrometer (FTIR, Nicolet 6700) connected to an infrared microscope is used to measure the
optical reflection spectra from the chiral metasurfaces, where the circular polarization of incident
light is determined by using a linear polarizer and a quarter-wave plate. Figure 2 presents the
measured and simulated absorption spectra of the chiral metasurfaces in Form A under LCP and
RCP incidence. It shows that the chiral plasmonic resonance continuously decreases from 60 to
50 THz as the exponent of n increases from 0 to 5. The absorption for RCP incidence is much
stronger than that for LCP incidence with the measured maximum chiral absorption over 0.93 and
the measured CD in absorption of more than 0.65 across the frequency range of 50 to 60 THz.
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Fig. 2. (a) Measured and (b) simulated absorption spectra of the chiral metasurfaces in
Form A with the scaled geometric parameters of g-k", where k=1.05and n=0, 1, 2, 3,4, 5,
under LCP and RCP incidence.

3. Plasmon-phonon coupling between chiral metasurfaces and PMMA molecules

Next, a thin PMMA layer is deposited on the top of the chiral metasurface of n=1 at the
plasmonic resonance of 57 THz for observing the plasmon-phonon interaction. The PMMA layer
will introduce not only a phonon vibrational resonance but also create an increased permittivity
immediately above the metasurface. In simulation, the permittivity of a PMMA layer is assumed
to be constant with a value of g, =2.2, without taking into account the phonon vibration mode.
According to the simulation, due to the deposition of the PMMA layer, the plasmonic resonance
of the chiral metasurface is redshifted from 57 THz to 52 THz. It is well known that the
phonon vibrational resonance of the PMMA molecule C = O bond is located at the frequency
of 52 THz, as shown in the previous studies [25,26]. The permittivity of an actual PMMA
layer modeled using the Lorentz oscillator model of epyma = & — eLw]/ (w? — W + iwy,) is
then applied in simulation to obtain the plasmon-phonon coupling near the Lorentz resonance
frequency of wg = 3.269 x 10'* rad/s (52 THz), with the background permittivity &, =2.2, the
Lorentz permittivity £ =0.018, and the Lorentz damping rate y, =8.0 x 10'! rad/s [18,19].
In experiment, three different thin layers of PMMA molecules dissolved into anisole (950A-2,
Microchem) are spin coated on top of the fabricated metasurface. The thicknesses of the deposited
PMMA layers measured using the FIB cross section and X-ray reflectivity (Philips X-Pert MRD)
are t = 80, 140 and 200 nm.

Figure 3(a) plots the measured and simulated absorption spectra of the coupled metasurface-
PMMA systems for the metasurface of n =1 coated with the PMMA layers of three different
thicknesses. For RCP excitation, the plasmonic resonance of the metasurface strongly interacts
with the phonon vibrational resonance of PMMA molecules in the enhanced near field, resulting
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Fig. 3. (a) Measured and simulated absorption spectra of the coupled metasurface-PMMA
systems with the PMMA thicknesses of =80, 140 and 200 nm. (b) Simulated electric
field distributions across the plane of z=480nm under both LCP and RCP incidence at
the frequencies of w_, wg and w+ for the chiral metasurface coated with the 140 nm-thick
PMMA layer.
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in two coupled plasmon-phonon modes (w.) featured as the dual absorption peaks around
the frequency of wy =52 THz, which are observed for all the three cases in both experiment
and simulation. The absorption spectra exhibit the electromagnetically induced transparency
(EIT)-like features with a minimum-absorption window around wg between the two coupled
plasmon-phonon modes with a mode splitting gap of § = w; — w—, which arises from the
destructive interference in the plasmon-phonon system. It is observed that the absorption at wg
diminishes as the PMMA thickness increases, indicating the stronger plasmon-phonon coupling
strength which also corresponds to a larger mode splitting gap between the two plasmon-phonon
eigenmodes. The measurement and simulation show a good agreement in all three cases. On
the other hand, for the LCP excitation, the interaction between the weak plasmonic near field
of the metasurface and the phonon vibrational resonance leads to almost the opposite features
with the dual local absorption dips as the two coupled plasmon-phonon modes (w.) around
the absorption peak at wg. Such electromagnetically induced absorption (EIA)-like features
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with a maximum-absorption window is a consequence of the constructive interference in the
plasmon-phonon system. It shows that the absorption at w also diminishes and the mode splitting
gap increases as the PMMA layer thickness increases, arising from the stronger plasmon-phonon
coupling strength. The origin of the destructive interference and constructive interference in the
plasmon-phonon system can be further explained by the coupling analysis [27,28]. Under the
excitation of circularly polarized light, part of the incident light is coupled into the plasmonic
mode, while the rest uncoupled light is reflected back. The reflection of the plasmon-phonon
system can be calculated by the loss ratio x between the coupling loss of incident light and the
intrinsic loss of plasmonic resonance. The reflection from the plasmon-phonon system depends
on the two amplitudes of the light coupled back from the plasmon-phonon system and the initially
uncoupled light, which interfere destructively due to the phase difference of 7 between them.
At critical coupling (x = 1), the two amplitudes are equal to each other so there is no reflection
and the absorption reaches the maximum value of 1. For RCP excitation, the plasmonic mode is
undercoupled (x < 1), and its interaction with phonon vibrational mode will drive the system
far away from the critical coupling over the phonon resonance width. The light coupled back
from the plasmon-phonon system is out of phase with the initially uncoupled light, and their
destructive interference results in an increased reflection and a decreased absorption showing
the EIT-like features. For LCP excitation, the plasmonic mode is overcoupled (x > 1), and the
additional loss from the phonon vibrational mode will drive the system close to the critical
coupling. The light coupled back is in phase with the uncoupled light, and their constructive
interference gives an increased absorption showing the EIA-like features. Figure 3(b) displays
the simulated electric field distributions across the plane of z=480 nm under both LCP and
RCP incidence at the frequencies of w_, wg and w; for the chiral metasurface coated with the
140 nm-thick PMMA layer. For RCP excitation at wyg, the plasmonic near field is spread out
inside the cutout region which increases the interaction volume between the plasmonic near
field and the PMMA molecules around the cutout region, giving the destructive EIT-like mode
with a low absorption. However, for the two coupled plasmon-phonon modes at w_ and w4,
the confined plasmonic near field is more localized around the inner gold ellipse and has much
stronger intensity so that a high absorption is obtained. For LCP excitation at wg, the plasmonic
near field is also spread out in the cutout region to interact with the PMMA molecules, showing
the constructive EIA-like mode with a highly increased absorption. In contrast, the two coupled
plasmon-phonon modes at w_ and w; exhibit weakly confined plasmonic near field and have
much lower intensity which result in a low absorption.

In order to further analyze the mode splitting behavior induced by the plasmon-photon coupling,
twenty-four metasurface samples with different scaled geometric parameters are fabricated, where
the plasmonic resonances of the bare metasurfaces without the top PMMA layer wy range from
48 to 67 THz, which allows the sweep of the plasmonic resonance redshifted by the PMMA
layer across the phonon vibrational frequency wg. Figure 4(a) shows the measured and simulated
absorption spectra under RCP incidence for the coupled metasurface-PMMA systems as a function
of the plasmonic resonance wy, with the PMMA thickness of # = 80, 140 and 200 nm, respectively.
The anti-crossing behavior of two plasmon-phonon eigenmode branches is clearly observed for
each case which results in a mode splitting gap, arising from the strong coupling between the
plasmonic resonances and the phonon vibrational modes. When the plasmonic resonance is far
away from the phonon vibrational mode, the plasmon-phonon interaction results in a Fano-like
resonance [29,30]. But as the plasmonic resonance matches that of the phonon vibrational mode,
EIT-like resonance is observed with the two new hybrid plasmon-phonon modes at w_ and w;
and the mode splitting gap ¢ at wy. It is noted that the full-width at half-maximum (FWHM) of
the plasmonic resonance {piasmon and the phonon vibrational mode {phonon satisfy the condition
of 6 > ({plasmon +< phonon)/2, Which is the criteria of Rabi splitting [13,31,32]. It shows a good
agreement between the simulated and measured absorption spectra. The observed mode splitting
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gap ¢ gets larger from 2.90 THz to 3.29 THz and 3.54 THz as the PMMA thickness is increased
from 80 nm to 140 nm and 200 nm. The experimentally measured FWHM of {pjasmon is 5.30
THz and the measured FWHM of {phonon i8 0.34 THz so that ({prasmon +phonon)/2 is 2.82 THz. It
clearly shows that the criteria of Rabi splitting for strong coupling is satisfied for different PMMA
thicknesses. The mode splitting gap increases with the coupling strength between the plasmonic
resonances and the phonon vibrational modes [33-35], so that the coupling strength can be
adjusted by altering the PMMA thickness. On the other hand, the absorption spectra under LCP
incidence for the coupled metasurface-PMMA systems are plotted in Fig. 4(b), where the EIA-like
resonance at wg with high absorption is always predominant. Although the plasmon-phonon
coupling is weak, the mode splitting features can still be observed with two dark branches having
a relatively low absorption around wy, representing the two weakly coupled plasmon-phonon
modes at w_ and w,. The mode splitting gap ¢ also becomes larger from 2.44 THz to 2.71 THz
and 3.02 THz as the PMMA thickness is increased from 80 nm to 140 and 200 nm. However, the
mode splitting gaps for the RCP case are much larger than those in the LCP case, indicating the
higher coupling strength present for RCP illumination, which agrees with the more concentrated
plasmonic field in the cutout region at wg shown in Fig. 3(b).
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Fig. 4. Measured and simulated absorption spectra for the coupled metasurface-PMMA
systems as a function of the plasmonic resonance wy, under (a) RCP and (b) LCP incidence.

The relation between the coupling strength and the PMMA thickness can be further analyzed
by checking the overlapped volume between the confined plasmonic resonant field and the PMMA
molecules. Only the strong plasmon-phonon coupling under the RCP excitation is considered, due
to the weak coupling in the LCP case. Figure 5(a) shows the simulated electric field distribution
of the coupled metasurface-PMMA system with the PMMA thickness of 140 nm under RCP
excitation at the phonon vibrational frequency of 52 THz in the cross section of x=10 nm. It
shows that the electric field is confined around the metasurface and decays exponentially into both
the PMMA layer and the Al,O3 spacer. The electric field profiles along the white dashed line
for different PMMA thicknesses are plotted in Fig. 5(b), indicating that the overlapped volume
increases with the PMMA thickness. The total overlapped optical power between the plasmonic
resonant field and the PMMA layer of thickness ¢ can be expressed as p;,; o« fé E(z)e‘z"zdz, with
the electric field E = Ey e~ °% where E| is the electric field at the metasurface-PMMA interface and



Research Article Vol. 28, No. 14/6 July 2020/ Optics Express 21199 |

Optics EXPRESS N

o is the decay rate. As the coupling strength depends on the amount of p, the mode splitting
gap ¢ is proportional to py as a function of the PMMA thickness with 6 = C (1 — e 20! ) + Co,
where C and Cj are two fitting parameters. Cy represents the mode splitting gap when the
PMMA molecules are only filled inside the cutout region. The mode splitting gap as a function
of the PMMA thickness from 80 to 600 nm is simulated in Fig. 5(c). The fitting curve of ¢ is
also plotted with the fitting parameters of C =2.32 THz, Cy =2.26 THz, o =2.07 um™~!, which
shows a good agreement between the simulated and measured data. Since the electric field
decays exponentially inside the PMMA layer, the plasmon-phonon coupling is strong near the
metasurface-PMMA interface and becomes weaker away from the interface. The decay length of
the electric field above the gold metasurface is approximately 350 nm which is calculated from
1

Iy = % (8,_1124 : [36,37], where € is the real part of the gold permittivity and n is the refractive
index of PMMA. When the PMMA thickness ¢ is within the decay range of /4, the coupling
strength increases with larger mode splitting gap as the PMMA layer gets thicker. For the PMMA
molecules located above the decay length /4, the coupling strength gets very weak so that the
mode splitting gap becomes saturated around 4.58 THz. It indicates that the plasmon-photon
coupling strength can be tuned effectively by varying the PMMA thickness. It is expected that
the observed mode splitting behavior can be potentially used to characterize the molecule layer

thickness and measure the plasmon-phonon coupling strength.
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Fig. 5. (a) Electric field distribution of the coupled metasurface-PMMA system under RCP
excitation at the cross section of x = 10nm. (b) The electric field profiles along the white
dashed line for PMMA thicknesses of 80, 140 and 200 nm. (c) The comparison of mode
splitting gap between the fitting curve, the simulated result, and the FTIR measured data as
the function of PMMA thickness.
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4. Conclusion

In summary, we have designed and demonstrated the mid-infrared chiral plasmonic metasurfaces
with high CD in absorption. The plasmon-phonon coupling between the plasmonic resonance
of chiral metasurface and the phonon vibrational mode of PMMA molecules under both LCP
and RCP excitation has been studied. The mode splitting features in the absorption spectra of
the coupled metasurface-PMMA systems under both circular polarizations are studied. The
anti-crossing behavior and the EIT-like resonance are observed for the RCP excitation due to the
strong plasmon-phonon coupling, while the EIA-like resonance is obtained for the LCP case
with the weak coupling. It is also demonstrated that the mode splitting gap can be tuned by
varying the PMMA thickness within the decay length of the electric field. The demonstrated
plasmon-phonon coupling phenomena with mid-infrared chiral metasurfaces depending on the
incident circularly polarized light will open further opportunities for many applications such as
ultrasensitive detection of chiral molecules, chiral imaging, circularly polarized thermal radiation,
and thermal energy harvesting.
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