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ABSTRACT: Tailoring nanoscale light concentration and
electromagnetic near-field enhancement over a broad spectral
range is crucial for many photonics applications such as
infrared spectroscopy, photodetection, and light harvesting. So
far, broadband light enhancement has faced significant
challenges due to the difficulty of efficiently exciting
resonances at spectrally separated wavelengths and the
inability of current devices to individually tune each specific
resonance. Here, we introduce a multiresonant structure
based on the non-overlapping combination of plasmonic nano-
antenna arrays with multiple periodicities. The self-similarity
of the multiperiodic array, obtained by a fractal-like generation
procedure, enables the excitation of a high number of
resonances without compromising their excitation efficiency. We experimentally demonstrate devices with up to four
independent resonances covering an unprecedentedly wide spectral range from 10 to 1.5 μm. Significantly, the reflectance signal
is uniformly strong for all the resonances, reaching more than 70% amplitude and near-field intensity enhancements above 1000.
We further show that each individual resonance wavelength can be independently controlled over a 50% spectral range by
modifying a single geometrical antenna parameter, providing superior flexibility in tailoring the overall spectral response. Due to
the self-similar layout and independent resonances, our design is well described by temporal coupled-mode theory, allowing for
a straightforward extension for other nanophotonic applications. Finally, we demonstrate that the wide spectral coverage of our
design enables a unique sensing method by simultaneously performing chemically specific mid-infrared detection and near-
infrared refractometry.
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Metallic nanoantennas are currently the focus of broad
scientific interest due to their unique ability to collect

free-space propagating light and confine it into subwavelength
volumes, where extreme enhancements of electromagnetic
fields are produced.1,2 Such plasmonic nanostructures and
nanophotonic concepts provide new routes toward light
manipulation at the nanoscale3,4 and have led to innovations
in a wide range of applications such as sensing,5−7 spectros-
copy,8−10 photovoltaics,11,12 planar optics,13 catalysis,14 or
photodetection.15

A variety of optical nanoantenna designs have been
implemented to realize a multitude of applications over
different wavelength ranges from terahertz to the ultraviolet.
However, the spectral range of operation of a typical
nanoantenna geometry is constrained by its resonant nature,
which limits its light enhancement ability to a comparatively
narrow bandwidth.16 This limitation hampers a wide range of
nanophotonic applications. For instance, single-resonance
optical nanoantennas limit the collected wavelength range
from a broad solar spectrum in photovoltaics. Likewise, they
impede multifunctional optical platforms that can accommo-

date different applications into a single-device such as the
combination of surface-enhanced Raman spectroscopy in the
near-infrared with absorption spectroscopy in the infrared.17,18

In infrared (IR) spectroscopy and sensing, a single resonant
nanoantenna cannot access the full set of molecular absorption
fingerprints and therefore provides only a partial view of the
complete chemical information available in the infrared
spectrum.19,20 Thus, there is an increasing need to conceptu-
alize and develop novel nanostructures with wider bandwidth
that can manipulate and enhance light over extended spectral
ranges.
In the pursuit of broadband light enhancement, various

multiresonant plasmonic nanoantenna structures are currently
under study, including fractal geometries,21−25 cross26,27 and
U-T shapes,28,29 superimposed Moire ́30 and Fisher31 patterns,
concentric nanorings,32 multigratings,33,34 polarization-de-
pendent antennas,35,36 zigzag trapezoids,37,38 and tapered
multidipoles.39,40 The common idea behind these methods is
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the use of multiscale geometries that allow the excitation of
multiple resonances. However, in the design of multiresonant
antennas it is fundamentally challenging to accommodate
resonant modes with equally strong excitation efficiencies over
a broad spectrum due to the large size mismatch between the
antennas resonating at the far end points of the spectral
operating range. In particular, the high-frequency modes are
typically weak, strongly limiting their usability. Additionally,
the large nanoantenna array periodicities needed to support
operation at long-wavelengths can produce unwanted
excitation of grating modes at shorter wavelengths. As a result,
current multiresonant nanoantennas allow only a small number
of resonant modes with nonuniform spectral coverage.
Furthermore, some of the introduced plasmonic designs are
based on complex unit cell geometries where scaling and
nanofabrication are not straightforward. In such cases, the
specific resonance wavelengths are mutually interdependent
and often cannot be independently controlled in a simple
manner.
In this paper, we present a novel technique to produce

highly efficient and versatile multiresonant structures using
multiscale self-similar arrays. In contrast to existing works, the
present approach realizes multiple resonances by combining
independent subarrays consisting of different plasmonic nano-
antenna sets where each of them provides a distinct resonance
frequency. The novel feature of our technique is that each
subarray is implemented by applying a scaling factor that
affects not only the antenna dimensions, but also the
periodicity of the array. The structure is designed following a
fractal-like generation procedure that allows the nonoverlap-
ping superposition of the subarrays and their corresponding
spectral responses. The main advantage of our technique arises
from scaling the periodicities of the subarrays, thus increasing
the number of active elements in higher frequency resonances
and preventing the excitation of higher order grating modes.
We experimentally demonstrate devices with up to four
independent well-defined resonances covering an unprece-
dentedly wide spectral range from mid-IR to near-IR
wavelengths (10−1.5 μm). Significantly, the resonance-
mediated reflectance is equally strong for all resonances,
reaching more than >70% amplitude with associated near-field
intensity enhancements above 1000. We further show that
each individual resonance wavelength can be independently
tuned over a 50% spectral range by modifying a single
geometrical antenna parameter, which provides flexible control
over the collective spectral response. Enabled by the broad
spectral coverage of our design, we introduce a novel sensing
method that simultaneously performs chemically specific mid-
infrared detection and near-infrared refractometry, and
demonstrate it experimentally using polymer analyte mole-
cules. The flexibility, uniformly high excitation efficiency, and
broad spectral range of our multiresonant self-similar arrays
can open up exciting applications in fields such as nano-
antenna-enhanced photodetection, photovoltaics, and surface-
enhanced biochemical sensing.

■ RESULTS AND DISCUSSION
Self-Similar Multiresonant Array. The concept of the

self-similar multiscale array is presented in Figure 1. A periodic
subarray of plasmonic dipole antennas with length L1, width
W1, and periodicity P1 generates the lowest resonance
frequency of the array ( f1). A second subarray of dipoles
with all dimensions scaled by a factor of 1/2 (L2 = L1/2, W2 =

W1/2, P2 = P1/2) provides a resonance at two-times the initial
resonance frequency ( f 2 = 2 f1). The two subarrays are
combined to form a multiresonant array by maximizing the
distance between the elements. The factor of 2 scaling provides
perfect matching between the different periodicities and avoids
overlap between the nanoantennas. A third resonance is added
to the array by incorporating a subarray scaled by a factor of 1/
4, resonating at 4× the initial frequency ( f 3 = 4 f1). The full
multiresonant structure is created by repeating this fractal-like
generation procedure, resulting in a multiscale geometry with
self-similar characteristics and with as many resonances as
fractal iterations.
The proposed technique is applied to design a multiresonant

array covering a broad spectral range from the near-infrared to
the mid-infrared region of the spectrum. This range is crucial
for vibrational sensing and the proposed multiresonant
technique is of particular interest in infrared biosensors,
which require simultaneous enhancement of multiple vibra-
tional bands for analyzing complex samples containing various
analytes such as lipids, proteins, or other biological
components.26,41 The dimensions of the dipoles are optimized
to provide a first resonance ( f1) at a 10 μm wavelength (1000
cm−1), with higher order resonances located at shorter
wavelengths uniformly spaced in octaves. Scanning electron
microscope (SEM) and atomic force microscope (AFM)
images of the 3-peak multiresonant arrays are shown in Figure
2a and b, respectively. SEM images of the multiresonant
array unit cells for the different orders (N = 1, 2, 3, 4) of the
fractal structure are shown in Figure 2c, and their
corresponding reflectance spectra are shown in Figure 2d.
The measured spectra clearly show that the number of
resonances is equal to the order of the fractal structure. In all
cases, the measured frequency of the fundamental resonance is
approximately at 1000 cm−1, and the higher order resonances
have a frequency scaling factor equal to two. This multi-
resonant behavior is observed only when the polarization of
the infrared light is aligned with the dipolar axis, while the

Figure 1. Conceptual view of the multiresonant array. Multiple dipole
arrays with different lengths and periodicities are combined to provide
multiple IR resonances. The illustration shows the arrangement for a
3rd order fractal array supporting three optical resonances.

ACS Photonics Article

DOI: 10.1021/acsphotonics.8b01050
ACS Photonics 2018, 5, 4903−4911

4904

http://dx.doi.org/10.1021/acsphotonics.8b01050


array becomes essentially transparent for the transversal
polarization.
A logarithmic frequency axis is used in Figure 2d to capture

the multiscale log-periodic properties of the self-similar array.42

The spectral response at the higher order modes in our
multiscale array is a frequency-scaled copy of the fundamental
mode, which corresponds to a horizontal shift in a logarithmic
axis. Additionally, the uniform scaling factor results in an even
distribution of the resonance peaks over the logarithmic
frequency axis.
It is remarkable that, despite the densely packed structure of

the self-similar array, especially for N = 3 and 4, all resonance
peaks are well-defined and reach high reflectance intensities
(>70%), indicating that the electromagnetic near-field coupling
between different subarrays is relatively low. Furthermore, it is
important to emphasize the strikingly broad wavelength range
covered by the multiresonant array, reaching almost a 1:10
resonance frequency ratio. In particular, the 4-peak array is able
to operate from the long-wavelength infrared (10 μm) to the
near-infrared telecom wavelengths (1.55 μm). In general, the
maximum number of resonances Nmax for a given fractal design
is determined by the requirement of geometrically non-
overlapping dipoles for all subarrays. The critical minimum gap
distance Dmin is located between the dipoles of first and Nth

order and can be calculated from the unit cell parameters via
Dmin = (PN − W1 − WN)/2, where PN = P1/2

N−1 is the
periodicity of the Nth subarray and W1 and WN are the
respective dipole widths. In the case of P1 = 5.20 μm and W1 =
WN = 0.1 μm, this results in a maximum of five resonances with

a minimum gap size of Dmin = 62 nm, which is still sufficiently
large to avoid strong near-field coupling between the adjacent
dipole elements.41 If needed, the number of resonances can be
increased further by tailoring both the array periodicity and the
width of the individual dipoles.

Numerical Analysis and Optical fields. The electro-
magnetic response and the underlying physical mechanisms in
the self-similar structure are analyzed using numerical
simulations. In the following, the third-order fractal array is
considered, which captures the main properties of the
multiscale structure. The electromagnetic response of the 3-
peak multiresonant array is simulated using a full-wave
frequency-domain solver of Maxwell’s equations. The calcu-
lated spectrum is presented in Figure 3a and is in good
agreement with the experimental results. In particular, it
accurately reproduces the spectral positions, lineshapes and
line widths of the resonances. In Figure 3b, we plot the
simulated near-field intensity of the structure for each
resonance frequency. It is clear that only the corresponding
set of dipoles is active at each resonance frequency and a low
coupling level is observed between different subarrays. The
maximum near-field enhancement takes place at the tips of the
corresponding dipoles, reaching peak intensity enhancements
between three and four orders of magnitude. Most
significantly, the field enhancement at each resonance of the
multiresonant array is almost identical to that of the single-
resonance structure obtained by isolating the corresponding
subarray (Figure 3c).

Figure 2. (a) Scanning electron and (b) atomic force microscopy images of the 3-peak multiresonant array. (c) Scanning electron microscope
images and (d) infrared reflectance spectra of the multiresonant arrays with 1, 2, 3 and 4 resonance peaks. Solid (dashed) curves correspond to the
excitation with vertical (horizontal) incident light polarization. Each additional resonance is supported by a new dipole subarray with shorter length
and periodicity (from top to bottom). The nominal dimensions of the array are periodicity P1 = 5.20, P2 = 2.60, P3 = 1.30, P4 = 0.65, dipole length
L1 = 3.60, L2 = 1.80, L3 = 0.90, L4 = 0.45, dipole width W1 = 0.40, W2 = 0.20, W3 = 0.10, W4 = 0.07 and thickness t = 0.10 (units in μm).
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Spectral Tunability. The allocation of the different
resonance modes on separate nanostructure subarrays provides
an additional advantage: each resonance can be individually
adjusted by scaling the geometry of the corresponding
subarray. In Figure 4a, we present the reflectance spectra of
the multiresonant array when the length of each dipole set (L1,
L2, L3) is individually scaled in increments of 8%. The spectral
data show that the resonance corresponding to the scaled
dipole subarray is shifted, while the other resonance peaks
remain virtually unaffected. This result contrasts with tradi-
tional multiband arrays composed of individual multiresonant
nanoantenna elements, where any geometrical modification
simultaneously affects all the resonance modes. The mutual
independence of the modes of our multiresonant array allows
its response to be easily tailored to provide strong field
enhancements for specific target frequencies.
Significantly, the spectral position of each resonance can be

varied over a wide wavelength range. The spectral tuning range
measured from the shortest to the longest resonance
wavelength is 47%, 57%, and 60% for the first, second, and
third resonance modes, respectively. For comparison, Figure
4b presents the spectra of single-resonance arrays with
dimensions identical to the corresponding subarrays in the
multiscale structure. Interestingly, the resonance frequencies of
the multiresonant arrays match almost perfectly those of the
single-resonance arrays. This is a clear indication of low near-
field coupling between subarrays, which otherwise would have
produced frequency shifts associated with the bonding and
antibonding modes. The achieved spectral tuning ranges in the
multiresonant structures are almost identical to those in their
single-resonance counterparts. The tuning range is currently

limited by the excitation of the grating modes on the high-
frequency side and by the antenna overlap (Li > Pi) on the low-
frequency side of the spectrum.

TCMT Modeling. The electromagnetic response of the
multiresonant array can be understood with temporal coupled-
mode theory (TCMT),43 allowing for the straightforward
extension of our multiresonant concept to other target
wavelengths. TCMT models the optical platform as a set of
N resonance modes with amplitudes a = (a1, ..., aN), which are
coupled both mutually and to external ports. The time-
evolution of the modes’ amplitudes (a) and the incident (s+)
and scattered waves (s−) are determined by the following
expressions:

= Ω − Γ + +t
j K sa a

d
d

( ) T
(1)

= +− +s Cs Da (2)

where Ω is a N × N matrix determined by the mode resonance
frequencies (ω01, ..., ω0N) and the near-field coupling rates; Γ is
determined by the mode radiative damping (γ1, ..., γN) and
radiative coupling rates; D corresponds to port-mode coupling;
and C is the direct port−port coupling. Taking into account
the even symmetry of the modes with respect to the two ports,
the rest of the matrices are calculated as follows:44
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The scattering matrix of the structure, composed of
reflection (s11, s22) and transmission (s12, s21) coefficients can
then be calculated as
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−
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jjjj
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s s s C D j I j K s( )

11 12

21 22

1 T

(4)

where the coupling and damping matrices are determined from
eq 3 using the mode resonance frequencies (ω0i) and the mode
damping rates (γi) obtained from single-resonance measure-
ments (Figure S1). The only free parameters in the TCMT
model are the near-field coupling rates (Ωij, i≠ j).
In Figure 5a, we compare the experimental reflectance

spectrum of the 3-peak multiresonant array and the one
obtained from the TCMT model for different values of near-
field coupling (Ωij). The reflectance of single-resonance arrays
is represented by shaded areas. The TCMT model accurately
captures the main spectral features of the multiresonant
reflectance spectrum. Particularly interesting is the asymmetric
Fano-type line shape of the lowest frequency peak, which is a
result of the spectral overlap between the sharper first-order
mode and the second-order mode with broader line width.45

Importantly, this asymmetric line shape also emerges when
only far-field coupling is considered (Ωij = 0). Increasing the
near-field coupling in the TCMT model produces a stronger
asymmetry of the lowest frequency peak corresponding to the
first-order mode and, at the same time, increases the spectral
separation between this mode and the one at the high
frequency side of the spectrum due to the presence of
coupling-induced bonding and antibonding modes.46 From the
spectral shift of the lowest frequency mode measured in the

Figure 3. (a) Comparison between electromagnetic simulations and
measurements of the 3-peak multiresonant array. (b) Simulated near-
field intensity distributions of the multiresonant array for each of the
three resonance frequencies. Only the corresponding subarray is
electromagnetically excited for each frequency. (c) Simulated near-
field intensity distribution of the corresponding single-frequency
arrays. The field enhancements of the multiresonant array are almost
identical to those of the isolated single-resonance subarrays.
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experiments, we estimate a coupling rate of ωωΩ = 0.05ij i j (i

≠ j). This low level of near-field coupling is in agreement with
the levels observed in the near-field simulations (Figure 3).
The TCMT model is also able to reproduce the

experimental results for different number of modes (N = 1,
2, 3, and 4), as shown in Figure 5b. Similar to the observations
in Figure 5a, each line shape is initially symmetric and becomes
progressively asymmetric as the higher order modes are
incorporated into the structure. Since the asymmetric line
shape is a consequence of the spectral overlap, it depends
strongly on the line widths and the spectral separation between
the modes. This is clearly observed in Figure 5c, where the
length of the second-order dipoles (L2) is changed from 1.54
μm (blue) to 2.45 μm (red) in incremental steps of 8%. The
change in the antenna length corresponds to a 50% resonance
tuning in the 1450 to 2130 cm−1 (4.7 to 6.9 μm) spectral
range. Longer second-order dipoles (red curves) generate
broader resonances at lower frequencies, producing higher
spectral overlap with the first-order resonance. The result is a
clear increase in the asymmetry of the first-order mode, which
is well captured by the TCMT model.
Simultaneous Operation of Multiband SEIRA and

Refractometry. Due to the broad spectral coverage of its
constituent resonances, our multiresonant plasmonic design is

ideally suited for a combined sensing scheme that simulta-
neously provides two of the main label-free detection
mechanisms: surface-enhanced IR spectroscopy and refrac-
tometry.
To illustrate the power of this approach, we implement our

technique for the chemically specific detection of the two
polymers poly(methyl methacrylate) (PMMA) and poly-
(styrene-b-1,4-butadiene-b-styrene) (PS-PBd-PS). At mid-IR
frequencies, both polymers exhibit distinct absorption finger-
prints over a wide spectral range (Figure 6a, top). Importantly,
we can easily tailor the optical response of our design through
the tuning of the dipole lengths L1, L2, and L3 so that each of
the three resonance peaks (#1, #2, and #3) overlaps with a
target vibrational band of interest. In contrast, the highest
frequency resonance peak (#4) is designed to be in the near-
IR, which is free of vibrational modes and well suited for
refractometric detection.
The reflectance spectrum of the fabricated multiresonant

antenna array clearly shows these tailored resonance properties
as well as the analyte-induced modulation of the resonance
lineshapes after deposition of the polymer layers (Figure 6a,
bottom). In particular, peak #1 is tuned to detect a
characteristic mode of PS-PBd-PS at 966 cm−1, which
corresponds to the trans-alkene out of plane bending mode

Figure 4. (a) Experimental demonstration of individual resonance tuning in the multiresonant array by adjusting the length of the corresponding
subarray dipole. The dipole lengths L1, L2 and L3 are individually varied in increments of 8% (L1 = 2.86−4.90 μm, L2 = 1.43−2.45 μm, L3 = 0.71−
1.22 μm) and the periodicities are unmodified (P1 = 5.20, P2 = 2.60, P3 = 1.30 μm). The 1st resonance shifts from λ1 = 8.57 to 12.61 μm, the 2nd
resonance shifts from λ2 = 4.44 to 6.98 μm, the 3rd resonance shifts from λ3 = 2.27 to 3.64 μm. (b) Experimental reflectance spectra of the isolated
single-resonance subarrays composed of dipoles with identical length (Li) and periodicity (Pi) to those in the corresponding multiresonant
structure.
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of the butadiene moieties,47,48 peak #2 detects the CO
stretching mode of PMMA49 at 1736 cm−1, and peak #3
provides spectral overlap with the various C−H modes of the
two polymers.50 For PMMA, the main C−H modes are found
at 2840, 2950, and 2996 cm−1, whereas for PS-PBs-PS, they are
observed at 2846, 2920, and 3006 cm−1. To further highlight
the SEIRA performance, Figure 6b shows the measured
reflectance spectra when the dipole lengths L1, L2, and L3 are
adjusted around their optimized values. The visibility of the
target vibrational bands, which show up as reflectance dips,
increases as the resonance frequency of the corresponding
antenna elements is tuned toward the spectral location of the
absorption band, highlighting the importance of precisely
controlling the spectral positions of multiple resonances in a
single optical sensor design. The wide spectral operating range
of our design also illustrates the intrinsic scaling law of the
SEIRA enhancement, which has recently been shown to be
inversely proportional to the third power of the resonance
frequency f via (1/f)3.51 In accordance with this scaling
behavior, we observe reduced absorption band visibility for the
high frequency peak #3 compared to the low frequency peak
#1, even though both peaks have similar extinction amplitude
and the absorption strengths of the sensed bands are
comparable.
When comparing the reflectance spectrum of the multi-

resonant sensor before and after deposition of the polymers, a
red-shift of the resonance position can be observed for all
peaks. To better quantify this behavior, we extract the relative
frequency shift for all four resonance peaks (Figure 6c). We
find that the spectral shift is largest for the highest frequency
peak, which corresponds to the smallest antenna dipole with
length L4. This is due to the stronger confinement of the
electric near-fields for higher frequencies, which produces a
stronger overlap with the thin molecular layer and therefore

leads to a better refractometric sensitivity. In addition,
resolving the spectral shifts in the near-IR range is facilitated
by the absence of interfering molecular vibrational signals.
With this dual sensing scheme, we are able to take advantage of
both chemical identification and refractometric detection
simultaneously, opening up new opportunities for the
interrogation of nanometric analyte layers. Our multiresonant
design is capable of leveraging additional degrees of freedom to
obtain further flexibility, such as (1) different geometrical
scaling factors, (2) different types of lattices, and (3) different
types of nanoantenna geometries. Specifically, it is not limited
to the previously described ratio of 1:2 for the dipole array
periodicities, but can also be applied for other periodicity ratios
such as 1:1.5 or 1:3. Furthermore, our design can easily be
extended to utilize more complex lattice types such as rhombic
or hexagonal, opening up a new design space for multiresonant
geometries (Figure S2).

■ CONCLUSIONS

We presented a method for producing multiresonant structures
able to enhance optical near-fields by more than three orders of
magnitude for frequencies covering an ultrawide spectral range
from the long-wavelength IR (10 μm) to the near-IR (1.5 μm).
The structure consisting of self-similar subarrays supports well-
defined resonance peaks and, most importantly, all of them are
efficiently excited with nearly equal amplitudes. We controlled
each of the resonances over a 50% frequency tuning range
while preserving the integrity of the other resonances thanks to
the low near-field coupling between the subarrays. We used
temporal coupled-mode theory to explain the electromagnetic
response of our multiscale arrays and demonstrated an intuitive
scaling scheme that allows to tailor the resonances at specific
spectral bands. Strikingly, we leveraged the broad spectral
coverage of the design to implement a novel biochemical

Figure 5. Temporal coupled-mode theory (TMCT) modeling. (a) Experimental (top) and TCMT calculated (bottom) spectra of the 3-peak
multiresonant array for different values of near-field coupling ( ω ωΩ /ij i j0 0 , i ≠ j). Shaded areas represent the corresponding single-resonance

spectra. (b) Experimental and TCMT calculated spectra of multiresonant arrays with different number of resonances: 1-peak (red), 2-peak
(yellow), 3-peak (green), and 4-peak (blue). (c) Experimental and TCMT calculated spectra of the 3-peak multiresonant array for different lengths
of the 2nd-order dipoles (L2).
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sensing technique, which simultaneously performs surface-
enhanced mid-IR absorption spectroscopy and near-IR
refractometry. The near-IR resonances are more sensitive to
refractive index changes due to higher field confinements,
while the multiple mid-IR resonances enable chemically specific
detection. The performance and versatility of our technique
makes it a powerful tool for multiband optical devices with
particular interest for infrared sensors.

■ MATERIALS AND METHODS

Nanofabrication. Infrared nanoantennas are fabricated on
CaF2 substrates using a lift-off process. Poly(methyl meth-
acrylate) (PMMA) is used as the pattern defining electron
beam resist and a lower molecular weight sublayer is used to
aid lift-off. A 5 nm thick gold layer is sputtered before the
exposure to minimize charging effects and is removed
immediately after exposure by wet etching in KI+I2 solution.
The resist is developed in 1:3 MiBK/IPA solution for 1 min
and rinsed in IPA. A 100 nm thick layer of gold is evaporated
using 5 nm of chromium as an adhesion layer. The lift-off is
carried out in acetone and resist residue is eliminated by
oxygen plasma.

Electromagnetic Simulations. The reflectance of the
nanoantenna arrays and their optical near-fields are simulated
using frequency domain finite element Maxwell solver on a
tetrahedral mesh contained in CST Studio Suite 2016. The
periodic structure is modeled by enforcing periodic boundary
conditions surrounding the unit cell and exciting the structure
with the corresponding Floquet modes. The number of modes
is chosen so that all nonevanescent Floquet modes are
considered in the simulation. The permittivity of gold has
been taken from Palik52 and a refractive index n = 1.4 is used
for the CaF2 substrate. The simulation mesh is iteratively
refined until the simulation results fulfill the convergence
criteria.

Optical Measurements. The reflectance spectra of the
nanoantenna arrays are measured with a Fourier transform
infrared (FT-IR) spectrometer (Bruker Vertex 80v) coupled to
an infrared microscope (Bruker Hyperion 3000). A 15× (NA =
0.4) Cassegrain objective in combination with an infrared
polarizer and a knife-edge aperture is used to illuminate and
collect the reflected light from the arrays. Two different
configurations of the FT-IR are used to cover the full spectral
range of operation of the multiresonant arrays. The mid-
infrared region of the spectrum is measured using a Globar
source and a KBr beamsplitter. The near-IR spectrum is
measured using a tungsten lamp and a CaF2 beamsplitter. In
both cases, a liquid-nitrogen cooled mercury−cadmium−
tellurium detector is used. The measured mid- and near-IR
spectra are matched to produce the broadband spectra.

Analyte Preparation. For the chemical sensing experi-
ments, poly(methyl methacrylate) (PMMA) and poly(styrene-
b-1,4-butadiene-b-styrene) (PS-PBd-PS) are diluted in me-
thoxybenzene (i.e., anisole) and chloroform, respectively. Thin
polymer layers are created on the multiresonant antenna chip
by spin coating these dilutions at 6000 rpm for 60 s. The same
multiresonant chip is used for both measurements by
employing a thorough solvent-based cleaning step before
coating of the individual polymer layers.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsphoto-
nics.8b01050.

Comparison between experimental spectra and Lor-
entzian models for single-resonance arrays and extracted
TCMT parameters (resonance frequencies, intrinsic, and
radiative damping rates) in Figure S1. Extension of the
multiresonant array to different periodicity ratios,

Figure 6. (a) Reflectance spectra of the multiresonant sensor chip
before and after coating with either PMMA or PS-PBd-PS analytes.
(b) SEIRA performance for the reflectance peaks #1, #2, and #3 when
the lengths of the corresponding dipole antennas are varied around
the optimum value. Visibility of the target vibrational modes is best
when the antenna resonance frequency overlaps with the spectral
location of the absorption band. (c) Refractometric resonance shift is
strongest for peak #4 with the highest resonance frequency located in
the near-IR.
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oblique lattices and other lattice types in Figure S2
(PDF).
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(29) Turkmen, M.; Aksu, S.; Çetin, A. E.; Yanik, A. A.; Altug, H.
Multi-Resonant Metamaterials Based on UT-Shaped Nano-Aperture
Antennas. Opt. Express 2011, 19 (8), 7921.
(30) Wu, Z.; Kelp, G.; Yogeesh, M. N.; Li, W.; McNicholas, K. M.;
Briggs, A.; Rajeeva, B. B.; Akinwande, D.; Bank, S. R.; Shvets, G.; et al.
Dual-Band Moire ́Metasurface Patches for Multifunctional Biomedical
Applications. Nanoscale 2016, 8 (43), 18461−18468.
(31) Wallace, G. Q.; Tabatabaei, M.; Hou, R.; Coady, M. J.; Norton,
P. R.; Simpson, T. S.; Rosendahl, S. M.; Merlen, A.; Lagugne-́
Labarthet, F. Superimposed Arrays of Nanoprisms for Multispectral
Molecular Plasmonics. ACS Photonics 2016, 3 (9), 1723−1732.

ACS Photonics Article

DOI: 10.1021/acsphotonics.8b01050
ACS Photonics 2018, 5, 4903−4911

4910

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b01050/suppl_file/ph8b01050_si_001.pdf
mailto:hatice.altug@epfl.ch
http://orcid.org/0000-0003-3191-7164
http://orcid.org/0000-0002-3554-1574
http://orcid.org/0000-0001-5522-1343
http://dx.doi.org/10.1021/acsphotonics.8b01050


(32) Alaee, R.; Lehr, D.; Filter, R.; Lederer, F.; Kley, E.-B.;
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