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Dual-band in situ molecular spectroscopy using single-sized Al-
disk perfect absorberst

Thang Duy Dao,*? Kai Chen?® and Tadaaki Nagao*2c

We propose antenna-enhanced infrared vibrational spectroscopy by adopting single-sized Al disks on Al,05-Al films
fabricated by colloidal-mask lithography. The precisely designed plasmonic resonator with dual-band perfect absorption
(DPA) shows strongly-enhanced nearfield intensity and polarization independence, at both resonances, providing a powerful
antenna platform for the multi-band vibrational sensing. As a proof of concept, we experimentally apply the plasmonic DPAs
in bond-selective dual-band infrared sensing of an ultrathin polydimethhylsiloxine (PDMS) film, simultaneously amplifying
two representative vibrational bands (asymmetric C-H stretching of CH3 at 2962 cm™ and CH; deformation of Si-CH; at 1263
cm?) by surface-enhanced infrared absorption spectroscopy (SEIRA). The plasmonic DPA was successfully adopted for the
in situ monitoring of reaction kinetics, by recording the spectral changes in C-H stretching and Si-CH; deformation modes of
a 10-nm PDMS elastomer, which are selectively enhanced by the two antenna resonances, during its gelation process. Our
systematic study of the SEIRA spectra has demonstrated mode splitting and a clear avoided-crossing in the dispersion curve
as a function of resonance frequency of DPA, manifesting itself as a promising basis for future polaritonic devices utilizing
the hybridization between the molecular vibrational states and the enhanced light field.

Introduction

Engineering of efficient light absorption and nearfield
enhancement at desired wavelengths by metamaterial perfect
absorbers (PAs) provides us a wide variety of applications that
would be impossible using natural materials. Since the first PA
was experimentally realized by Landy et al. in 2008 in the
gigahertz frequency region?, the concept of the PA has enjoyed
its widespread applicability from the terahertz and infrared (IR),
to the visible spectral regions owing to its unique ability to
achieve 100% absorptance, or unity absorptivity. In the past
decade, PAs have attracted much attention in the IR spectral
range owing to their significant impact on thermal devices and
IR spectroscopy applications, such as in thermal emitters?~7, IR
detectors®13, gas sensing!#'> thermophotovoltaic®?® and
radiative cooling?®23, and especially in surface-enhanced
infrared absorption spectroscopy (SEIRA)?4733, Most structural
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designs for PAs have focused on the controllability and
tunability of their resonant frequency, bandwidth, polarization,
and working angle as well as their reconfigurability. In this
regard, increasing demand exists not only on single-band PAs,
but also on dual- and multiple-band PAs due to their great
potential in non-destructive chemical analysis and in remote
sensing applications such as non-dispersive infrared
spectroscopy (NDIR), particularly in simultaneous multiple-
band SEIRA29:32,

Among those dual-band perfect absorbers (DPAs) designs,
many structures have been proposed, including patterned
symmetric cross-shapes arrays>3%3%, asymmetric cross-shape
arrays?®, elliptical nanodisk arrays3®, two different
nanopatterns43237, T-shaped plasmonic arrays3é, and distinct
dielectric spacing layers3®. These structures rely on the first
order of the magnetic resonances within two different
resonators simultaneously arranged in the top layers; and they
have been successfully applied for NDIR' and SEIRA2932
applications. Another approach to achieve dual- or multiple-
band resonances is to utilize the second*® or third*-43 orders of
the fundamental magnetic modes in plasmonic metal PAs.
These DPAs can be realized with single-sized building block
structures, which can exhibit polarization-independent
resonances with a wide working angle, as well as high tunability.
In addition, with nearly perfect absorption and strong nearfield
enhancement at the resonances, the DPA based on the single-
sized resonator array can be also a desirable IR plasmonic
platform for enhancing light-matter interactions, especially for
simultaneous dual-band vibrational sensing as well as real-time
observation of molecular reaction kinetics.
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In this work, we demonstrate dual-band perfect absorbers
(DPAs) with high tunability in the mid-infrared (MIR) region for
effective use in detecting a trace amount of molecules as well
as in monitoring their reaction processes. The structural design
of the DPAs comprises an array of single-sized symmetric Al disk
resonators fabricated by colloidal-mask lithography and a
metal-insulator bilayer placed beneath them. This design has
multiple advantages over the previous dual-band SEIRA
devices?®32 using two different resonators made of Au,
fabricated by electron-beam lithography. The DPAs were
designed by high-precision numerical electromagnetic
simulations which adopts both the surface plasmon polariton
(SPP)-coupled (third-order) magnetic resonance and the
fundamental magnetic resonance. Remarkably, the proposed
plasmonic DPAs exhibited excellent absorptivity (i.e. 98%), with
polarization independence at both resonances. Furthermore,
with wide tunability in the mid-IR region, the resonances of
DPAs’ span the majority of the molecular fingerprint region.
With strong nearfield coupling and confinement in the
subwavelength plasmonic cavity, the fabricated DPAs showed
exceptional success as IR plasmonic antennas for the
multispectral SEIRA spectroscopy. We exemplified the
wavelength-selective SEIRA detection capability using the
plasmonic DPAs to simultaneously enhance two vibrational
bands (asymmetric C-H stretching in CH; at 2962 cm™ and CH3;
deformation in Si-CH; at 1263 cm?) of a 10-nm

:|(at margins

Journal Name

polydimethylsiloxane (PDMS) film. In particular, we successfully
applied our DPA antennas to the in situ monitoring of the
gelation process and reaction kinetics of a 10-nm PDMS film.
Our further analyses revealed Fano coupling between the
molecular vibrations and the antenna resonance as evidenced
by the remarkable mode splitting and anti-crossing in the
polaritonic bands. The obtained knowledge here can serve as a
promising basis for the polariton-based mid-infrared devices
based on the hybridization between the vibrational states of
matter and plasmonic excitations.

Results and discussion

Structure and optical properties of the DPAs

Fig. 1a illustrates a schematic design of the DPA with periodicity p,
disk diameter d, and insulating layer thickness t as geometrical
parameters. In this work, the Al film is fixed at 0.1 um while the
thickness of the Al disks is optimized at 0.1 um (Fig. S1at). Therefore,
the optical properties of the DPA are mainly controlled by changing
p, d and t. The inset in Fig. 1a depicts the reciprocal lattice space
(momentum space) of the upper Al disk hexagonal array, where the
lattice constant k is transformed from the corresponding real space

4mn
lattice constant (k=———).
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Fig. 1b presents the simulated
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Fig. 1. (a) A schematic illustration of DPAs with definition of a simulation unit cell (dashed rectangle) and geometrical parameters: periodicity
p, Al disk diameter d and insulating Al,Os thickness t. The inset in (a) describes a reciprocal lattice of the top Al disk array with a lattice

4
constant of —— . (b) Simulated spectra of a DPA (p = 3.0 um, d = 2.55 um, t = 0.15 um, Al disks and bottom film of 0.1 um thick) manifest

J3p

two perfect absorption peaks at 3044 cm™ (M1) and 1280 cm! (M2). (c) Simulated absorptivity of DPAs with different disk diameters (fixed
pandtat3.0 umand 0.15 um, respectively) shows the tunability of DPAs covering the MIR region. (d) — (e) Electric fields (E,, top), (E,, middle)
and magnetic field (H,, bottom) distributions in a DPA (p =3.0 um, d = 2.55 um, and t = 0.15 um) excited at both M1 (d) and M2 (e) resonances
shown in (b). (f) Simulated total electric field intensity distribution (plotted in decimal log scale) in the X-Y plane at M2 evidences strongly
enhanced nearfield at vicinity of Al disks. In the simulations, the incident electric field propagated along the -Z-direction (at normal incidence)
and oscillated along the X-axis; the intensity spectra were taken at normal angle; the incident fields amplitudes were normalized to unity.
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transmittance, reflectance, and absorptivity spectra at normal
incidence of a DPA with p = 3.0 um, d = 2.55 um, t = 0.15 um
(optimized thickness for 3.0-um periodicity DPAs, see Fig. S1bt). As
seen in Fig. 1b, the DPA exhibits a pair of narrow absorption bands
resonating at 3044 cm™ (M1) and 1280 cm™ (M2) with nearly perfect
absorptivity (0.98). It has been shown that in a metal-insulator-metal
dipole absorber, the induced electric dipole at the lower metal film
oscillates with opposite phase compared to that of the electric dipole
in the upper metallic resonator, resulting in an enhancement of the
magnetic field between the upper and the lower metals layers. This
resonance is therefore called the magnetic resonance. In addition to
the fundamental magnetic resonance (the smaller wavenumber
resonance, namely M2), an additional absorption band is observed
in the higher wavenumber range, which is the SPP-coupled magnetic
resonance resulting from hybridization between the third-order
magnetic resonance and the photonic mode (SPP) of the periodic Al
disk array (the higher wavenumber resonance, namely M1).

To further understand the origin of these two resonant bands,
we performed an angle-resolved simulation (plotted in wavelength).
The result is shown in Fig. S2at. It was found that, for the
fundamental magnetic mode, M2 (the longer-wavelength or lower-
wavenumber resonance), the resonant peak position and peak
intensity is almost unchanged across a wide incident angle range up
to 80 degrees (°). By contrast, as a result of SPP-coupling with the
magnetic resonance, the shorter-wavelength resonance (higher
wavenumber), M1, changes dramatically when the incident angle
increases beyond 15°: in addition, it strongly depends on the
periodicity of the hexagonal lattice (Fig. S2bt). In a plasmonic
hexagonal lattice, SPPs at the metal-air interface are excited if their
momentum matches the momentum of the incident photon and the
hexagonal lattice. At normal incidence, the resonant SPP wavelength

. . . V3
is calculated using the expression 4, = P Eo (see
2 (7 +ir+ ) N En+1

the ESIT for the detailed derivation). Here, with p = 3.0 um, the SPP
resonance is found at 2.6 um (3846 cm?). As shown in Fig. S2t, M1 is

clearly originated from the coupling between the SPP mode (-1,0)
(dashed black curves) and the third-order magnetic resonance. By
tuning the size of Al disk, both resonant bands are readily tuned in
the MIR region to span the most interesting range of molecular
vibrations (Fig. 1c and Fig. S2ct). Here we used the half-wave dipole
antenna model to exemplify the dependence of the resonance of the
DPA on the diameter of the Al disk and to estimate the coupling
energy strength (i.e. 28 meV) between the SPP and the third-order
magnetic resonance (see details in the ESIT). The electromagnetic
field distribution was also simulated on the resonances to confirm
the optical properties of the DPA. As shown in Fig. 1d — Fig. 1f, the
electric fields (E,) excited at both M1 and M2 display opposite phase
oscillations at the upper Al disk and the lower Al film, resulting in
dramatic enhancement of magnetic field (i.e. 10 times). As stated
above, M1 originates from the third-order magnetic resonance
coupled with the SPP and the electric field distribution for this
resonance clearly shows three spots of the enhanced resonant
magnetic field below each resonator (Fig. 1d) while M2, which results

This journal is © The Royal Society of Chemistry 20xx
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from the fundamental magnetic resonance, exhibits only one spots
of the enhanced resonant magnetic field (Fig. 1e). Furthermore, the
total electric field intensity distribution in the X-Y plane taken at the
interface between the Al disks array and Al,Os layer (Fig. 1f, see Fig.
S3t for the detailed E, and E, distributions) indicates strong nearfield
intensity enhancement (i.e. 1000 times), suggesting that the DPA can
be a good antenna platform for nearfield-enhanced spectroscopy
applications such as SEIRA, especially for dual-band SEIRA utilizing
both the M1 and M2 resonances.

Large-area fabricated DPAs

To realize the DPA structure (i.e. 1x1 cm? as shown in the inset of Fig.
2a), we employed a colloidal-mask lithography process involving two
reactive-ion etching (RIE) steps®. The details are shown in the
Methods section. Here, a set of five DPAs with the same periodicity
and insulator thickness (p = 3.0 um, and t = 0.15 um) but different
diameters were numerically simulated and precisely fabricated (SEM
images, Fig. 2, upper row of images), namely, S1 (d = 2.08 um, Fig.
2a), S2 (d = 2.21 um, Fig. 2b), S3 (d = 2.32 um, Fig. 2c), S4 (d = 2.43
um, Fig. 2d) and S5 (d = 2.55 um, , Fig. 2e). The absorptivity spectra
of the fabricated DPAs were measured using a Fourier-transform
(FTIR) spectrometer equipped with a
compartment accessory. Fig. 2, from top to bottom, presents the

infrared reflection
SEM images, and the simulated and measured absorptivity spectra
of the five DPAs, respectively. Typical SEM images obtained for each
sample indicate the well-defined periodic structures. Using this
scalable colloidal-mask lithography technique, the obtained domain
size of the Al disk lattice was from a few tens to a few hundreds of
unit cells, which agrees well with the infinite periodic lattice model
used in the simulation. As seen in Fig. 2, the measured results agree
well with the simulated spectra. All five fabricated DPAs reveal two
narrow resonances (the quality factor — Q = 13 for M1 resonant
modes, Q = 9 for M2 resonant modes) with high absorptivities (0.86
— 0.93 for the M1 modes, 0.94 — 0,98 for the M2 modes). The Q
factors of M1 resonant modes are higher than those of the M2
modes in all five fabricated DPAs because the M1 resonance results
from the grating-mediated coupling between the SPP and the third-
order magnetic resonance. The resonant peak positions of M1 modes
and M2 modes of the DPAs are redshifted with increasing the
diameter of the Al disk. The wavenumbers of the M1 resonance
decreases from 3470 cm™ (S1) to 3360 cm™ (S2), 3280 cm™ (S3), 3220
cm? (S4) and to 3044 cm™ (S5) with high absorptivities ranging from
0.86 (S1) to 0.93 (S5). Similarly, the wavenumbers of M2 resonance
also decreases with increasing the disk diameter, from 1484 cm™ (S1)
to 1410 cm™ (S2), 1370 cm™ (S3), 1326 cm™ (S4) and to 1280 cm™!
(S5) with excellent absorptivities from 0.94 (S1) to 0.98 (S5).
Interestingly, with a symmetrical geometry, both resonant peaks of
the DPAs are polarization-independent at normal incidence. Indeed,
Fig. S4at and Fig. S4bt display the simulated and measured
polarization-independent absorptivity maps for S5. The measured
polarization-independent absorptivity maps of S3 and S4 are also
provided in Fig. S4ctand Fig. S4dT, respectively. The peak positions
and intensities of M1 and M2 stay almost unchanged when the

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. From top to bottom: SEM images, simulated and measured absorptivity spectra of five different DPAs having the same periodicity and
insulator thickness (p = 3.0 um, t = 0.15 um) but with different disk diameters. (a) S1 with d = 2.08 um resonates at 3470 cm™ and 1484 cm-
1, (b) S2 with d = 2.21 um resonates at 3360 cm™ and 1410 cm'™. (c) S3 with d = 2.32 um resonates at 3280 cm™ and 1370 cm™. (d) S4 with d
= 2.43 um exhibits two resonances at 3220 cm™ and 1326 cm™. (e) S5 with d = 2.55 um reveals two resonances at 3044 cm™ and 1280 cm™.

The inset in panel (a) displays a photo of a 1x1 cm? fabricated S1. The scale bars in all the SEM images correspond to 5 um.

electric field polarization is varied in the range of 0° — 90°, which
means that the DPA is highly efficient for practical applications such
as thermal management as well as IR spectroscopic devices utilizing
unpolarized light sources (random polarization). It is worth noting
that the absorptivities of the fabricated DPAs shown in Fig. 2 were
obtained with an unpolarized IR source and without the use of any
polarizer.

Dual-band SEIRA study on DPA

As stated above, the DPAs’ resonances cover a wide range of
molecular vibrations. Here we exemplify its dual-band SEIRA
spectroscopic  capability by  measuring thin
polydimethylsiloxane (PDMS) films, simultaneously targeting the
CH3 asymmetric C-H stretching at 2962 cm™ and the CH3
deformation in Si-CHz at 1263 cmL. Prior to the SEIRA study, a
spectroscopic ellipsometry measurement on the PDMS film was
also performed to verify the optical properties of the PDMS thin
film, particularly the vibrations of the PDMS molecules; the details
of this measurement are described in the Methods section. The
full-range spectroscopic ellipsometry measurement and the
fitting model results as well as the retrieved permittivity of the
PDMS film, from the UV (50000 cm) to the MIR (400 cm 1) are

10-nm

4| J. Name., 2012, 00, 1-3

plotted in Fig. S5t. The measured permittivity data for PDMS is
provided in Tab. S1%. As seen in Fig. S5T, while the PDMS film is
almost transparent in the VIS - MIR region, many absorption
features appear in the MIR region due to the vibrations of the
PDMS film, including the asymmetric C-H stretching in CHjz
featuring at 2962 cm'and the CHs deformation in Si-CH; featured
at 1263 cm™\. To the best of our knowledge, this is the first
systematic spectroscopic ellipsometry measurement for PDMS.
The experiment was carried out over a wide spectral range, from
the UV to the MIR region (50000 cm™ — 400 cm™?), providing a good
quantitative reference for photonic and materials research. We also
used ellipsometry to control the thickness of the PDMS film, which is
linearly proportional to the concentration (volume ratio) of the
PDMS dissolved in n-heptane solvent (the inset in Fig. S5b*).

The measured complex permittivity of PDMS focusing on the two
different vibrations at 2962 cm™ (CHs) and at 1263 cm™ (Si-CH3) is
plotted in Fig. 3a (real part) and Fig. 3b (imaginary part) for our SEIRA
study. Fig. 3c and Fig. 3d show simulated and measured absorptivity
spectra of a 10-nm PDMS film coated on DPA-S5. The two vibrational
bands of PDMS at 2962 cm™ and 1263 cm™ are perfectly matched to
the M1 and M2 resonant modes, respectively of S5. It is apparent
that the two vibrations of PDMS are enhanced and coupled to the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. (a) Real part and (b) imaginary part of the retrieved complex permittivity of PDMS in the MIR region focusing on two vibrations at
2962 cm! (asymmetric C-H stretching in CH3) and 1263 cm™ (CH; deformation in Si-CH3). The full complex permittivity of PDMS is provided

in Fig. S4t. (c) Simulated and (d) measured SEIRA spectra of 10-nm PDMS film coated on DPA-S5 reveal simultaneous detection of the two
vibrations of PDMS (2962 cm™ and 1263 cm™). Relative absorption SEIRA spectra of the 10-nm PDMS film coated on DPA-S5 (blue) and
coated on 100-nm Al film measured by conventional reflection FTIR at normal incidence (grey) and at ATR (black) geometries: (e) at 2962
cm ! (asymmetric C-H stretching in CHs) and (f) at 1263 cm™ (Si-CHs). A shallow peak at 2904 cm™ in (a) — (d) indicates the symmetric C-H
stretching in CHs. Dashed black curves in (e) and (f) present relative absorption spectra of a 450-nm PDMS layer coated on 100-nm Al film

measured in reflectance mode at normal incidence. Note that the signal from 10-nm PDMS layer coated on DPA-S5 is comparable to the

signal from 450-nm PDMS on a planar Al film.

two resonant bands of S5, resulting in Fano-like absorption spectra.
Since the presence of PDMS caused a redshift of the resonance of the
DPA, a polynomial fitting procedure for each resonant band that is
truncated at the vibration of PDMS was used as the reference for the
subtraction to extract the enhanced spectra (relative absorption) of
the PDMS vibrations. The relative absorption spectra at 2962 cm
(CH3) and 1263 cm (Si-CH3) of the PDMS vibrations are plotted in
Fig. 3e and Fig. 3f, respectively. For comparison, two FTIR spectra of
a 10-nm PDMS film coated on a 100-nm sputtered Al film measured
using the same reflectance setup at normal incidence as well as
separately employing a sensitive attenuated total reflectance (ATR)
geometry are also displayed. As shown in Fig. 3e and Fig. 3f, we do
not observe any signals of CH3 and Si-CH5 vibrations from this 10-nm-
PDMS-coated Al film via the reflectance geometry at normal
incidence, but they are clearly observed by the ATR geometry, with
the relative absorption intensities of 0.005 at the 2962 cm™ and
0.025 at the 1263 cm™. In DPA-S5, these two vibrational signals are
remarkably enhanced and simultaneously observed with the relative
intensities of 0.03 (at 2962 cm™) and 0.08 (at 1263 cm™2). These signal
intensities are 3 — 5 times higher than those of the 10-nm-PDMS-
coated Al film obtained using the ATR geometry, indicating that the
DPA could be a sensitive antenna platform for multi-band SEIRA
spectroscopy for the molecular fingerprint sensing. For a quantitative
estimation of the SEIRA enhancement, the FTIR spectrum of a thick
450-nm PDMS layer coated on a 100-nm Al film substrate was also
the absorption

obtained using the same reflectance setup;

intensities of both the C-H stretching and Si-CH; vibrations are almost

This journal is © The Royal Society of Chemistry 20xx

comparable to those of the 10-nm PDMS layer coated on DPA-S5.
From the Beer—Lambert law and considering the molecules those
who contribute to the SEIRA signal (10-nm PDMS coated on DPA-S5)
and bulk PDMS vibration (450-nm PDMS film coated on Al film)
intensities, the SEIRA enhancement factor of the DPA can be

/ N .
expressed as: EF =—£A __buk (see ES|T for details). Here /,, and

bulk SEIRA

l,.« are intensities of the molecular vibration mode from a 10-nm

PDMS layer coated on DPA-S5 (SEIRA) and from a 450-nm PDMS film
coated on the plain Al film, respectively. N,, and N, are the

number of PDMS molecules contributed to vibrational signals of a
450-nm PDMS film coated on Al film and the SEIRA signal on DPA-S5,
respectively (see the ESIT and Fig. S6T for the detailed derivation).
Herein the enhancement factors were found to be as high as 571 at
M1 and 642 at M2. These values mean that the DPA could be able to
overcome the detection limit of the conventional normal incidence
reflectance and ATR measurements together with its excellent mode
selectivity.

Real-time monitoring of PDMS formation

In addition to identifying the chemical bonds within a molecule by
means of its vibrational absorption spectrum, in situ IR spectroscopy
can be used to monitor the real-time reaction process***. In this
context, we studied the critical behaviour of crosslinking polymers by
extending our “bond-selective” SEIRA technique using DPA antennas
for the real-time monitoring of the reaction kinetics and gelation

J. Name., 2013, 00, 1-3 | 5
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Fig. 4. (a) Hydrosilylation reaction of PDMS. (b) Bond-selective in situ SEIRA spectroscopy recorded during the curing time of 10-nm PDMS
film coated on device S5. (c) The evolution of the SEIRA absorption intensity of both C-H (half-filled green circles) and Si-CH; (half-filled red

circles) vibrations as a function of the curing time.

process from a 10-nm PDMS elastomer. A 10-nm film of a precursor
mixture of the PDMS elastomer film was prepared on DPA-S5 at
room temperature. Subsequently, the as-prepared PDMS elastomer
film was continuously cured during which time the curing process
was monitored by observing changes in the C-H stretching and CH;
deformation signals enhanced by DPA-S5. In this in situ SEIRA
spectroscopy, the initial reflectance (R,) spectrum of the sample

was used as the reference spectrum, and the change in the SEIRA
reflectance (Rl/R0 ) spectra was measured at 25-min intervals over

a total time period of 15 h. Fig. 4a illustrates the hydrosilylation
reaction of PDMS between the base polymer and crosslinking agent.
Fig. 4b presents the IR spectral evolution (—Iogm(Rt/Ro)) as a

function of curing time for the sample. As seen in Fig. 4b and Fig. 4c,
the signal intensities of both the C-H stretching and the CH;
deformation modes remarkably increase as the curing time
increases, and then they begin to saturate after approximately 10 h,
which indicates that the PDMS elastomer is completely reacted after
10 h. It is worth noting that we did not observe any signal from a 10-
nm thick PDMS film coated on a 100-nm Al flat film using the same
reflectance geometry. Here we can consider that the IR absorbance
change of the C-H stretching and the CH; deformation of the PDMS
elastomer will be proportional to the percentage of the reacted
bonds in PDMS, i.e., the local conformation change associated with
the reduction of the crosslinker’s S-H bond and C-Si bond formation
(Fig. 4a)**. This
change accompanied with the hydrosilylation

during the hydrosilylation reaction local
conformational
reaction inevitably induces local redistribution of the bond charge
leading to the alteration in the dynamic dipoles of the C-H stretching
and the CH; deformation modes. As observed, the enhanced
vibrational signals of the C-H stretching and the CH; deformation
were increased during the curing process and then saturated when
the PDMS elastomer film was completely cured. Consequently, the
number of the cured PDMS elastomer was proportional to the

absorbances (—log,,(R,/R,)) of the C-H stretching and the CH,
deformation. Therefore, the conversions — & can be predicted by

the following equation (details are shown in the ESIT and Fig. S7t):

B log,, (R./R,)

= , where R /R, is the saturated SEIRA reflectance
Ing (RS/RO)
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(when the curing process completely finishes). Fig. S71 plots the
degrees of the conversions at both C-H and Si-CH3 vibrations as
functions of the reaction times. The measured kinetics of the
can be the nth-order model*647:

reaction expressed by

da
dt

n —-E
=K(1-a)" where K:KOexp(R;j is the rate constant

following the Arrhenius equation, K, is the Arrhenius frequency
factor, E, is the activation energy, R is the universal gas constant (R

= 8.314 J-mol1-K™1), T is the absolute temperature (T = 295 K), and t
is the reaction time. By fitting the degrees of conversions using the
above reaction rate equation, we obtained the Arrhenius frequency
factor of 0.285 hour?, the activation energy of 2.074 kJ-mol~* with
the order — n of the kinetic of 0.44. It should be noted that both the
C-H and the Si-CH;3 vibrations follow exactly the same kinetics
indicating that the alteration in these two bonds are of the same
chemical origin: in this case the cross-linking reaction and the
network formation of PDMS elastomer. In addition, the DPA can also
efficiently convert absorbed IR light into heat?*é, which also enhances
the curing process of PDMS elastomer. Thus, the DPA can be an
efficient IR antenna platform to enhance the curing process of the
polymer via light-to-heat conversion while it also enables monitoring
the reaction kinetics and gelation process from a thin polymer film
by plasmon-enhanced infrared spectroscopy.

Coupling between molecular vibrations and DPA’s resonances

Furthermore, it is worth noticing that the coupling between the
PDMS vibration and the DPA resonance results not only in the Fano-
like resonance but also in a spectral shift of both the DPA resonance
(besides a redshift caused by the higher refractive index of PDMS)
and the PDMS vibration. The relative spectral-shift (redshift or
blueshift) depends on the coupling strength of the PDMS vibration
and the DPA resonance with respect to the overlapping between the
molecular vibration and the absorber resonance (redshift for the
lower energy side, blueshift for the higher energy side). It should be
noted that our DPA antenna platform is designed to function at
incidence as the SPP-coupled (third-order) magnetic
resonance M1 works within a small incident angle range (0° — 15°),

normal

even though the fundamental magnetic mode M2 is slightly shifted
to higher wavenumbers when the angle varies between 0° to 85°.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. (a) SEIRA spectra at around M2 mode of the 10-nm PDMS film coated on a set of DPAs (S1 — S5 with 3.0 um periodicity and S6 — S7
with 4.4 um periodicity) with resonances near the Si-CH; vibration of the PDMS molecule. (b) Relative SEIRA spectra of the Si-CH3 vibration
taken from the 10-nm PDMS films coated on DPAs, and on Al film measured by conventional reflectance and ATR geometries. (c) Hybridized

modes (half-filled circles) resulted from the coupling between the Si-CH; vibration and the DPAs resonances plotted against the bare DPAs

resonances (black line with slope = 1) and Si-CH; vibration at 1263 cm (green line). The dashed cyan line denotes the DPAs resonances with
the presence of the PDMS film. Blue and red lines plot the calculated hybridized modes.

The numerical simulation is shown in Fig. S2at, and the angle-
resolved absorptivity measurement is shown in Fig. S8at and Fig.
S8bt. Here we also performed the angle-resolved SEIRA study of a
10-nm PDMS film coated on DPA-S5. Fig. S8ct presents the measured
angle-resolved SEIRA spectra at the magnetic resonance — M2. As the
indent angle increases, both the magnetic resonance M2 and the
coupled Si-CH3 vibrations are blue-shifted. To demonstrate the
coupling strength between the PDMS vibrations and the DPA
resonances, we performed a SEIRA study focusing on the PDMS
vibrations (2962 cm™ and 1263 cm™) using the five DPAs (S1 —S5) as
well as two additional DPAs with the same periodicity and insulator
thickness (p = 4.4 um, t = 0.2 um): S6 (d = 2.97 um) and S7 (d = 3.28
um). The details of S6 and S7 are described in the ESIt (Fig. S91). The
SEIRA spectra of the 10-nm PDMS-film-coated DPAs are plotted in
Fig. 5a and the relative SEIRA intensities of the Si-CH3 vibration are
presented in Fig. 5b. It is clearly seen that the coupling strength
between the Si-CH; vibration and the DPA resonance strongly
depends on the overlap between the molecular vibration and the
plasmon resonance. When the DPA resonance is close to the Si-CH3
vibration, the molecular vibration intensity increases significantly.
Compared to the original Si-CHs vibrational peak position (black line
in Fig. 5b), the Si-CH3 vibration is redshifted for samples S1 — S5 while
it is blue-shifted for samples S6 and S7. Similarly, we also observed
the spectral shift of the DPA resonances but in an opposite direction
compared to the spectral shift of the molecular vibration (data not
shown). In particular, we observed behaviour similar to Rabi splitting
at the resonant peak of DPA-S5, in which the resonance is perfectly
matched to the Si-CH; vibration (see red curve in Fig. 5a). SEIRA
spectra of the asymmetric C-H stretching vibration were also
examined for all the DPAs. The results are shown in Fig. S10at. The
relative absorption intensity of the asymmetric C-H stretching
vibration gradually increases from S1 to S5 and from S7 to S6 as the
spectral matching between the M1 resonance of the DPA and the C-
H stretching vibration improves.

This journal is © The Royal Society of Chemistry 20xx

The hybridizations of the Si-CH3 vibrations and the DPAs are
plotted in Fig. 5c (half-filled circles) alongside the bare DPAs
resonances (black line, denoted DPA®) and the original Si-CH;
vibration (at 1263 cm, green line). As discussed above, the higher
refractive index of the PDMS leads to a redshift of the DPA resonance
(optical shift) when the DPA is covered by a 10-nm film (denoted
DPAI), and the peak shift of the observed DPA resonance results
from a combination of the optical shift and a shift due to coupling the
molecular vibration—DPA plasmon coupling. To quantify the optical
shift energy (denoted Aw ) for each of the DPAs covered by a 10-nm
PDMS film, we performed simulations using the lossless PDMS
permittivity (the imaginary permittivity of PDMS was fixed at 0), for
all seven DPAs with a conformal coating consisting of a 10-nm PDMS
film. Thus, the energy of each DPA resonance after a redshift by a 10-

nm PDMS film (E .., =hw

,pan ) CaN be calculated via the measured

ppA™!

energy of DPA® (£ . =haw,,,. ) and optical shifted energy (Aw)

DPA®

retrieved by simulation: E__ ., =E

—Aw®. The dashed cyan line

DPA
shown in Fig. 5c plots the DPAs’ resonances with optical shifts
(DPA®). To elucidate the coupling strength between the DPAs and
the Si-CH3 vibration of PDMS, we used a Hamiltonian that follows the
Jaynes—Cummings model for the light-matter coupling system:
H =Hyp +Hy g, +Hy = ho,,,0,6'd+ hoog o, 6'6 +hg(d6" +6'6),

where a (a')and & (&) are the annihilation (creation) operators
of the field (plasmon) and the optically active molecular vibration*®-

51, The plasmon-vibration interaction g (coupling constant) is given

,Uzws/'chB . . .
s g=,|——=, where u is the molecular dipole moment, V is
2hvee

0
the effective mode volume of the plasmon, &, is the vacuum

permittivity and & is the effective dielectric constant of PDMS near
the DPA surface. It is worth noting that, compared with the Fabry-
Perot microcavity, plasmonic absorbers can exhibit a high coupling

J. Name., 2013, 00, 1-3 | 7



Nanoscale

constant due to the extreme enhancement of the nearfield in the
vicinity of the resonators, defining a small mode volume; this
approach therefore provides a powerful platform for studying light-
matter coupling.

Since the vibration-plasmon polariton-coupled system has only
one vibration (Si-CH3), the expression of the Hamiltonian can be

EDPA‘” AE
AE E

Si—CH,

simplified as: Fl:[ j, where AE =hg is the coupling

strength. Through the diagonalization of this matrix, the Hamiltonian

yields energy eigenvalues of the two hybridized states:

1 1 2
E(EupAm+ESr—cH,)iE\/(EDPAm —ESFCHZ) +4AE* (plotted as blue

and red curves in Fig. 5c¢). The coupling strength can therefore be

E(i) —

1 2
calculated as AE:E\/(E‘*’—E"')Z—(EDPAU,—ES,,C%) . From the

measured hybridized states energy ( £ ), the optically shifted DPA
resonance energy (£, ), and the Si-CH; vibration energy (ESHHE ),

the coupling strength ( AE ) was found to be 1.78 meV (14.32 cm?).
The splitting energy ( hQQ =2AE =2hg ) was also estimated to be as

high as 3.55 meV. Furthermore, the hybridization between the C-H
stretching vibration and the M1 resonance was also investigated for
all DPAs (Fig. S10bt). The coupling strength between the C-H
stretching and M1 was found to be 4.57 meV (36.85 cm™). The
relative coupling strength energy defined as the coupling strength
and vibrational energy ratio (AE/E) was 0.012, which is almost

comparable to that of the coupling between the Si-CH3 vibration and
the M2 resonance. Thus, this simple aluminum DPA structure could
be another interesting plasmonic antenna platform with a strong
field enhancement for the study of light-matter interactions such as
the vibration-plasmon polariton—coupled system demonstrated in
the present study. Although, the splitting energy in this vibration-
plasmon polariton in the MIR region is much smaller than that of
exciton-plasmon polaritons in UV-VIS region®2-4, it is comparable to
the linewidth of the Si-CH; vibration (1.67 meV) as well as those
values for previously reported perfect absorbers made of gold loaded
with molecules?®. However, the splitting energy value is still far
below the bandwidth of the DPA resonance (i.e. 30 meV), indicating
that the coupling between DPA resonances and PDMS vibrations is in
the weak coupling regime.

Conclusions

We have demonstrated simple, single-sized aluminum disk arrays
fabricated by colloidal-mask lithography for dual-band, polarization-
independent plasmonic perfect absorbers for high-sensitivity
molecular sensing and in situ reaction monitoring also capable of
selective analysis of their reaction kinetics. The fabricated large-area
DPAs exhibited two narrow resonant bands with nearly perfect
absorptivities and high tunability in the IR region spanning the most
important vibrations of molecular spectroscopy. First, we have
demonstrated dual-band SEIRA spectroscopy for selectively
detecting two vibrational bands (asymmetric C-H stretching in CHz at

8| J. Name., 2012, 00, 1-3

2962 cm and CH3 deformation in Si-CH; at 1263 cm?) of a 10-nm
PDMS film. Second, the DPA antenna platform revealed its
outstanding applicability via real-time SEIRA observation of the
curing and gelation kinetics of the ultrathin PDMS film. Finally, the
effects of hybridization between the DPAs resonances and the PDMS
vibrations were also studied quantitatively as evidenced by the
emergence of avoided-crossings for the polaritonic bands. Overall,
the proposed plasmonic DPAs fabricated by the scalable colloidal-
mask lithography provide a good plasmonic antenna platform not
only for IR molecular and reaction sensors but can also be effectively
adopted for gas sensors and thermal imaging, as well as many other
light-matter polaritonic applications from the VIS to the THz regions.

Methods section

Fabrication of DPAs. The DPAs were fabricated using colloidal-mask
lithography combined with a two-step RIE process. For each DPA, a
tri-layered Al/Al,O5/Al film was deposited on a 1x1 cm? Si (100)
substrate using three sputtering steps (i-Miller CFS-4EP-LL, Shibaura).
To prepare the Al disk array on the Al,O3/Al film, a monolayer of
polystyrene (PS) spheres (Polybead Polystyrene Microspheres —
Polysciences; the standard deviations: 0.07 um for 3.0 um PS and
0.015 um for 4.4 um PS) was deposited on top of each tri-layer film
as an RIE mask. To reduce the size of the PS spheres, the oxygen
plasma etching with an etching rate of 2 nm/s (20-sccm O, gas, 1-Pa
APC pressure, 200-W RF antenna power, 5-W RF bias power, ULVAC
CE-3001) was applied. Here, a short 90-s burst of RIE was repeated on
each sample to prevent overheating by the ion bombardment. The
etching time on each sample was precisely controlled to achieve
different PS sizes corresponding to the designed Al-disk sizes. Then,
a second RIE step was applied to etch Al with PS mask (a mixture of
3-sccm BCl; and 3-sccm Cl, gases, 0.15-Pa APC pressure, 50 W RF
antenna power, 10-W RF bias power, and an etching rate of 0.82
nm/s) forming Al disk array. DPAs were finally achieved by removing
the PS mask in toluene and ethanol. We note that the size of the Al
disk was principally determined by the etching time of the PS
spheres.

Characterizations. SEM images of the fabricated DPAs were obtained
using a Hitachi SU8200 SEM system under an accelerating voltage of
5 kV. The reflectance spectra were obtained using an FTIR
spectrometer (Nicolet iS50R FT-IR Thermo Scientific) equipped with
a variable-angle reflectance compartment accessory and a liquid-
(MCT)
combined with a KBr beam splitter. For ATR measurement of the 10-
nm PDMS coated Al film, an ATR accessory (iS50 ATR) equipped with
a deuterated triglycine sulfate detector (DTGS) detector and KBr

nitrogen-cooled mercury cadmium telluride detector

beam splitter was employed. A 200-nm Au film was used as the
reference for all the measurements. The absorptivity spectra of the
fabricated devices were simply calculated as 1 — reflectance (the Al
film at the base of the samples blocked any transmitted light in the
MIR region, so transmittance = 0). The spectroscopic ellipsometry
study of the PDMS film was carried out using two ellipsometers
(SENTECH, SE 850 DUV for UV — NIR region and SENDIRA for MIR

This journal is © The Royal Society of Chemistry 20xx
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region). Further details of the spectroscopic ellipsometry and
analysis are provided in the ESIt.

Simulations. The optical spectra (transmittance, reflectance, and
absorptivity) of the DPAs were calculated using the rigorous coupled-
wave analysis (RCWA) (DiffractMOD, Synopsys' RSoft). For the
electric and magnetic field distributions, full-wave simulations based
on the finite-difference time-domain (FDTD) method (FullWAVE,
Synopsys' RSoft) were performed. The dielectric functions of Al,
Al,O3 and Si were obtained in the literature®®, and the dielectric
function of PDMS was measured via spectroscopic ellipsometry. The
modelling of the DPA was performed in a CAD layout (RSoft CAD)
with the unit cell as shown in Fig. 1a, and with the mesh size of 20
nm (2 nm for the PDMS layer in the SEIRA study). For the FDTD
simulations, periodic boundary conditions were applied to both the
X- and Y-directions and perfectly matched layers were applied to
both directions of the Z-axis. For both RCWA and FDTD simulations,
the excitation electromagnetic field propagated along the -Z-
direction (at normal incidence except in the case of the angle
dependence simulation shown in Fig. S2at) and the electric field
oscillated along in the X-axis (except the polarization dependence
simulation). The reflectance, transmittance and absorptivity spectra
were taken at the same incident angle.
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