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ABSTRACT Optical antennas represent an enabling technology
for enhancing the detection of molecular vibrational signatures at
low concentrations and probing the chemical composition of a sample
in order to identify target molecules. However, efficiently detecting
different vibrational modes to determine the presence (or the absence)
of a molecular species requires a multispectral interrogation in a
window of several micrometers, as many molecules present informa-
tive fingerprint spectra in the mid-infrared between 2.5 and 10 m. As
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most nanoantennas exhibit a narrow-band response because of their dipolar nature, they are not suitable for such applications. Here, we propose the use of
multifrequency optical antennas designed for operating with a bandwidth of several octaves. We demonstrate that surface-enhanced infrared absorption gains
in the order of 10° can be easily obtained in a spectral window of 3 zm with attomolar concentrations of molecules, providing new opportunities for

ultrasensitive broadband detection of molecular spedes via vibrational spectroscopy techniques.
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ibrational spectroscopy of molecules

provides a unique chemical finger-

print of a material, making it an ana-
lytical tool of choice for life sciences, med-
icine, and biotechnologies. The probing of
molecular vibrational modes is mainly per-
formed via Raman or infrared absorption
spectroscopy, and brings access to the chem-
ical composition of a sample without prior
knowledge. While Raman spectroscopy relies
on an inelastic scattering occurring after light
excitation at a higher frequency, infrared ab-
sorption spectroscopy is based on a direct
excitation of the vibrational modes, leading
to similar, but complementary, information
for inversion-symmetric molecules.! Multi-
spectral interrogation of vibrational signa-
tures represents an accurate way for deter-
mining the molecular composition of a
sample in order to confirm the presence
(respectively the absence) of target molec-
ular species, and reduces the number of
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false positives during biosensing experi-
ments. However, because of the low cross
section of these infrared processes (10—15
orders of magnitude smaller than typical
fluorescence cross sections of dye molecules),
efficiently detecting the multiple vibrational
signatures of a sample at trace, or ultimately,
single molecule level remains a challenging
task. Therefore, improving the sensitivity of
vibrational spectroscopy methods requires
to invoke enhancement mechanisms such
as resonant field enhancement on a broad
range of frequencies.

Metallic nanodevices based on surface
plasmon polaritons provide new routes to
enhance light matter interactions in sub-
wavelength volumes,? with major applications
in molecular sensing,? light-emitting devices*
and photovoltaics.’ In this context, special
attention was recently devoted to optical
antennas, counterparts of radio and micro-
wave antennas in the optical regime.5~8
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Figure 1. (a) Schematic geometry of the multifrequency gold optical antenna. (b) SEM image of a fabricated optical antenna,
with geometrical parameters identical to the schematic in a. (c) Simulated (dash—dot line) and experimental (solid line)
extinction cross sections of the optical antenna. The four resonance peaks are numbered from the fundamental (1) to the
fourth resonance (4). (d) Intensity enhancement of the electric field with respect to the incident field (|E(x,y)|*/|Eo|?) 2 nm above
the surface for wavenumbers at 1163 cm ™~ (5), 1370 cm ™" (6), 1639 cm ™" (7), and 1961 cm ™" (8) when the optical antenna is
illuminated by an x-polarized plane-wave. (e) Intensity enhancement of the electric field with respect to the incident field
(|E(0,0,0)|2/|E0|2) at the center of the optical antenna when illuminated by an x-polarized plane-wave.

By reversibly converting propagating electromagnetic
waves into localized energy and modifying the emis-
sion properties of individual quantum emitters,®~ '3
optical antennas appear to be essential devices to
enhance fluorescence spectroscopy of molecules fixed
on a substrate'® or diffusing in solution,’>'® Raman
spectroscopy,’’ 2" and infrared absorption spectros-
copy.>~% However, such optical antennas exhibit a
narrow-band response and hence are not suitable for
multispectral sensing of biomolecules. Proposing effi-
cient nanodevices operating in a large spectral window
is a current challenge to be addressed for multispectral
biosensing on the same substrate.

Optical antennas operating in a broad range of
frequencies have been recently proposed to enhance
nonlinear light matter interactions during second?%?’
and third order nonlinear processes,?®?° thus introdu-
cing the concept of multifrequency optical antennas.
By designing the nanoantenna with a bandwidth of
several octaves, a high intensity enhancement of the
electric fields can be obtained in a spectral window of
several micrometers. However, up to this point, the
broadband properties of such devices have not been
yet exploited for biochemical sensing applications.

In this paper, we report the realization of broadband
log-periodic trapezoidal nanoantennas ideally designed
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for multispectral surface-enhanced infrared absorption
(SEIRA) spectroscopy. An experimental demonstration
of multispectral ultrasensitive infrared sensing was per-
formed using alkanethiol molecules adsorbed on in-
dividual gold optical antennas, leading to SEIRA gains
greater than 10° in a spectral window of 3 um. This
opens promising opportunities for the development of
biosensors suitable for multispectral sensing on the
same chip.

RESULTS AND DISCUSSION

To facilitate the design and final assessment of the
performance of the experimental log-periodic trape-
zoidal optical antenna array, finite-difference time-
domain (FDTD) simulations (Lumerical FDTD Solutions
v7.5) were performed for a single optical antenna.
Figure 1 shows the design together with relevant FDTD
simulation results. The geometry of the gold (Au) trape-
zoidal nanoantenna is defined by the following param-
eters: Ry 1/Rm = (0.54)"2 with m = 1,2,..,9, R, = 1900 nm;
inner and outer angles 6; = 30° and 6, = 90°, respectively;
metal thickness t = 45 nm; and gap between arms
g = 20 nm (Figure 1a). These dimensions match those
inferred from the high-resolution scanning electron
microscopy (SEM) images of the fabricated samples
(Figure 1b), but neglect fabrication asymmetries and
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Figure 2. Infrared extinction spectrum of alkanethiol molecule before (a) and after (b) treatment of EDC and NHS mixture
measured in the case of adsorption on a flat gold film under grazing illumination.

imperfections. In addition, the nanoantenna rests over a
3 nm thick titanium (Ti) adhesion layer and a semi-infinite
barium fluoride (BaF,) substrate. The multifrequency
nanoantenna was illuminated from the semi-infinite
air space with a x-polarized plane-wave propagating
along -z. As can be see in Figure 1¢, the extinction cross
section of the nanoantenna displays a fundamental
resonance peak at 1370 cm™' (7300 nm), and three
resonance peaks respectively centered at 1923 cm™'
(5200 nm), 2439 cm™' (4100 nm), and 3125 cm™'
(3200 nm), which overlap with each other preventing
the extinction cross section from decreasing to zero.
Each resonance is related to a pair of induced horizontal
dipoles, which, in turn, induces a local vertical dipole
between arms, as previously reported in ref 29 (see
Supporting Information for more details). The electro-
magnetic field enhancement (defined as |E(xy)|%/|Eo|%
where |Eq|* is the amplitude of the incident field) provided
by the multifrequency nanoantenna 2 nm above the
surface is displayed in Figure 1d for several wavenum-
bers corresponding to our area of interest. This dis-
tance is considered as representative for the sensing
mechanism since the binding monolayer used has an
estimated thickness of 2 nm. Lastly, the field enhance-
ment at the gap only (|£(0,0,0)|/|Eo|> the origin of the
coordinate axis is considered to be at the very center of
the gap defined by the two arms of the nanoantenna)
is plotted in Figure 1e for wavenumbers ranging from
1150 to 4000 cm ™. A high electromagnetic enhance-
ment is expected with this multifrequency optical anten-
na in a bandwidth of several octaves, ideally designed for
multispectral infrared sensing (see details in Methods).

The trapezoidal optical antennas were fabricated by
using electron-beam lithography and standard lift-off
process (see Methods for more details about the fab-
rication process), with geometrical parameters iden-
tical to those described in Figure 1a. The surface mor-
phology of the optical antenna was characterized by
high-resolution scanning electron microscopy (SEM) and
atomic force microscopy (AFM). A representative SEM
image of an individual nanoantenna is presented in
Figure 1b, and a 3D AFM image is available in the
Supporting Information.
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The extinction spectrum of the fabricated structures
(defined as 1-transmission) was measured by Fourier
transform infrared spectroscopy (FTIR, Bruker Hyperion
2000) through a square array of approximately 150
nanoantennas (pitch of 10 um) at normal incidence
under linear polarization. This 10 um pitch ensured that
coupling between neighboring nanoantennas was
insignificant, as confirmed by numerical simulations.
We point out that the number of nanoantennas used in
our experiments can be drastically reduced by using a
synchrotron light, as this excitation light source allows
single nanoantenna measurements with a good signal-
to-noise ratio. The measured extinction spectrum of
the trapezoidal gold nanoantenna array has been super-
imposed on the simulated spectrum of Figure 1c, where
the detected fundamental resonance of the nano-
antenna is centered at 1410 cm™" (7092 nm), and the re-
sonances at larger wavenumbers are respectively mea-
sured at 1910 cm™' (5236 nm), 2400 cm ™' (4167 nm),
and 3150 cm ™' (3175 nm), which agrees very well with
the numerical simulations.

The broadband SEIRA activity of our trapezoidal
optical antenna was investigated by functionalizing
the structures with self-assembled monolayers (SAM)
of carboxyl-terminated alkanethiols AT-EG4-COOH
(HS-C41-EG4-OCH,—COOH from Prochimia, Poland). To
probe the infrared absorption enhancement in a broad
spectral window, the vibrational signatures of the SAM
have been measured before and after treatment with a
mixture of 1-ethyl-3-(3-dimethylaminopropyl)-carbo-
diimide (EDC) and N-hydroxysuccinimide (NHS), corre-
sponding to the conversion of the carboxylic group
of AT-EG¢-COOH to NHS ester. The reference infrared
spectra of AT-EGs-COOH before and after activation
with EDC and NHS have been determined in the case of
adsorption on a flat gold film under grazing illumina-
tion and are respectively presented in Figure 2ab.
Please note that this data will be used hereafter as a
reference to compute the SEIRA gains brought by
the broadband nanoantennas. The molecular SAM
before and after activation exhibits several infrared
active vibrational signatures from 1000 to 1800 cm™".
We point out that our research work is motivated by
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Figure 3. Experimental extinction cross section of the multi-
frequency optical antenna adsorbed with alkanethiol mol-
ecules before (a) and after (b) treatment of EDC and NHS
mixture. Peaks around 2362 cm ™" are due to CO, absorp-
tion. Vertical dashed lines indicate the wavenumbers of the
intensity maps presented in Figure 1d.

high security and defense needs, as enhancing infrared ab-
sorption signals in a spectral window of several micro-
meters would improve the sensitivity detection of
target molecular species at trace level such as trinitro-
toluene (TNT), and reduce the number of false positives
via a multispectral interrogation of the vibrational
modes. As AT-EG¢-COOH presents strong vibrational
signatures in the mid-infrared part of the electromagnetic
spectrum and in particular from 1000 to 1800 cm ™', these
molecules are used in this paper as TNT mimetic mol-
ecules. The results that we will present below can be
extended to experimental configurations corresponding
to TNT molecules adsorbed on metallic film.

The interactions between the alkanethiol molecules,
before treatment with EDC and NHS, and the multi-
frequency nanoantennas are presented in Figure 3a.
The extinction spectrum of the nanoantennas presents
a similar overall shape as the initial infrared spectrum
measured (Figure 1c¢), but the fundamental resonance
profile is affected by the appearance of strong dips
around 1400, 1434, and 1627 cm ™', which is character-
istic of a Fano antiresonance profile.?? Since these dips
in the extinction spectrum of the nanoantennas are not
observed before adsorption of the SAM (Figure 1c), we
conclude that these Fano signatures are originated
from the coupling between the nanoantennas and the
vibrational modes of the AT-EGs-COOH molecules in
this region. This Fano profile results from the quantum
antiphase interactions between the enhanced electro-
magnetic field associated to the broad resonance of
the trapezoidal nanoantenna, and the narrow field
resonance corresponding to the vibrational active
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TABLE 1. SEIRA Factors for the Different Vibrational
Modes Analyzed Computed Using Figure 3a,b

wavenumber (cm~") SEIRA factor
1139 0.8 x 10°
1200 14 x 10°
1400 19 x 10°
1434 19 x 10°
1627 0.8 x 10°

modes of AT-EGs-COOH molecules in this spectral
window®° 32 (vcy, scissoring vibration at 1400 cm ™',
Vcnp asymmetrical deformation vibration at 1434 cm ™'
and V,sym,sym,coo— in deprotonated form of —COOH at
1627 cm™ "), as previously reported.”? The detected
vibrational signal size, defined as the difference be-
tween the maximum and minimum extinction at the
vibrational mode feature, respectively reaches values
of 6.2% at 1400 cm™', 5.3% at 1434 cm™', and 2% at
1627 cm ™.

The previous extinction profile differs after conver-
sion of the AT-EG¢-COOH acid group into NHS ester. As
we can see in Figure 3b, two neighboring Fano dips
appear in the infrared spectrum at 1171 and 1221 cm ™,
respectively, corresponding to the vibrational modes of
the crystalline structure and amorphous layer in AT-EGg
(vcoc)*** Such high interactions between the activated
AT-EG,-COOH SAM and the multifrequency optical an-
tennas are made possible due to the strong electromag-
netic field enhancement generated out of the funda-
mental resonance peak (Figure 1d). From this set of data,
the signal size is estimated to 7.3% at 1171 cm™ ' and
3.8% at 1221 cm™".

We are now able to determine the infrared absorp-
tion enhancement provided by the trapezoidal optical
antennas. To this end, we define the SEIRA factor as the
ratio between the average signal amplitude per mole-
cule with the optical antenna for the vibrational mode
studied as compared to the average signal amplitude
per molecule in the case of adsorption on the flat gold
film. The average signal amplitude per molecule has
been determined by normalizing the overall molecular
infrared signal amplitude from a single optical antenna
for the target vibrational mode, by the number of AT-
EGe-COOH molecules adsorbed. The concentration of
AT-EG4-COOH molecules has been deduced knowing
the bulk occupied by a molecule in the SAM and the
dimension of the adsorbed optical antenna. Results are
presented in Table 1. Experimental SEIRA gains greater
than 0.9 x 10> were obtained for the different vibra-
tional modes, with a maximum enhancement at 1400
and 1434 cm™", where the estimated gains reach values
up to 1.9 x 10°. This infrared amplification of the vibra-
tional signal comes from the contributions of electro-
magnetic and chemical enhancement mechanisms, as
previously highlighted.>>~3® However, determining the
respective weight of each contribution participating to
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the overall SEIRA gain is a difficult task, and is out of the
scope of this paper. The electromagnetic enhance-
ment mechanism can be nevertheless qualitatively
correlated with the intensity enhancement 2 nm above
the nanoantenna (which corresponds to the SAM
thickness) presented in Figure 1d.

The broadband properties of the trapezoidal na-
noantennas provide infrared absorption enhancement
of the adsorbed molecules in the order of 10° in a
spectral window of 3 um. As each nanoantenna is
covered by alkanethiol molecules at attomolar con-
centrations (less than 1.2 x 10° molecules), the pro-
posed broadband nanodevice represents a powerful
tool for multispectral enhanced-detection of molecular
vibrational signatures with high sensitivity. The anal-
ysis spectral window associated to the extinction cross
section of the multifrequency optical antennas could
be expanded by optimizing several parameters of the
design, thus increasing the electromagnetic intensity
enhancement provided by the nanoantennas in the
spectral region corresponding to secondary reso-
nances. This can be accomplished by reducing the
gap between the two elements, optimizing the
adhesion layer between the gold film and the glass
substrate,3 or tuning the geometrical parameters of

METHODS

Numerical Simulations. Extinction cross section and near-field
field distributions is calculated using the 3D finite-difference
time-domain (FDTD) commercial software Lumerical FDTD
Solutions v7.5. The optical dielectric functions of gold (Au)
and titanium (Ti) taken from Palik,*° are fitted by a built-in, multi-
coefficient model in the FDTD software: five and six coefficients
were used for Au and Ti, respectively. The BaF, is assumed to be
dispersionless with an index of refraction n = 1.465.%" Perfect
matched layers are defined as boundary conditions of our
simulation volume at a distance with respect to the nanoan-
tenna of at least one wavelength. To reduce computational
effort, the total-field scattered-field (TFSF) source is used. A
nonuniform mesh with overridden subgridding volumes is used
to discretize the simulation volume such that the different
length scales involved in the solution of the Maxwell's equations
are treated accurately and the fine details of the geometry are
modeled precisely. The default cubic grid of the region defined
by the TFSF source is setto 12nm x 12 nm x 10 nm.The mesh is
further increased to 7 nm x7 nm x 5 nm in the rectangular
cuboid enclosing the six smallest teeth of the nanoantenna. A
mesh size 1nm x 1 nm x Tnmand 2 nm x 2 nm x 0.5 nm are
overridden over the volume enclosing the gap between the
arms and the adhesion layer, respectively. The maximum simula-
tion time is set as 300 fs. The time stepping stability factor is set to
0.95, which corresponds to a time step of t = 0.00129 fs. The
residual energy in the calculation volume is 1 x 10° of its peak
value to ensure that the simulation has run for a sufficiently long
time for the CW information obtained by Fourier transformations
to be valid. The convergence of the simulations against the
residual energy in the simulation volume, the mesh, and the
performance of the perfect matched layers at the boundaries is
checked following the same procedure as in ref 29.

The nanoantenna is illuminated with a x-polarized plane-
wave propagating along -z, and thus, incident from semi-infinite
free-space. The extinction cross-section oy is calculated with
the solver defined script by the sum of the power flowing
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the metallic teeth,® but nevertheless requires over-
coming the nanofabrication challenges.

CONCLUSIONS

We have reported in this paper a multispectral
enhanced detection of the vibrational signatures from
alkanethiol molecules adsorbed on trapezoidal optical
antennas. By designing the optical antenna with a
bandwidth of several octaves, a broadband electro-
magnetic intensity enhancement is generated in its
vicinity. SEIRA enhancement factors in the order of 10°
were experimentally provided for alkanethiol mol-
ecules at attomolar concentrations, in a spectral win-
dow of 3 um. The next step of our research work is to
functionalize the samples with molecules localized at
the gap only, in order to exploit the full broadband
properties of the trapezoidal nanoantenna at the hot
spot. Experimental measurements would be conducted
with TNT molecules, in order to efficiently detect plastic
explosives at trace level, and reduce the number of false
positives by probing several vibrational modes. We
believe that these results could open new opportunities
for biosensing including ultrasensitive multispectral vi-
brational detection and simultaneous identification of
different molecular species.

outward through a rectangular cuboid enclosing the TFSF
source and the net power flowing inward through a rectangular
cuboid enclosing the nanoantenna, but not the TFSF source. A
probe monitor and a 2D field profile monitor recorded the
electromagnetic field strengths at the center of the nanoanten-
na and at the xy-cross-sectional plane 2 nm above the Au-air
interface, respectively.

Fabrication of Trapezoidal Nanoantennas. The structural geome-
tries are fabricated by electron-beam lithography (Elonix 100KV
EBL system) in poly(methyl methacrylate) (PMMA) positive resist,
accompanied with standard lift-off process. The substrate used
for this research work is BaF, with a thickness of 1 mm. To avoid
charging, a 20 nm Espacer is coated on the resist. The sample
possesses a footprint of 150 um x 150 um in which arrays of
antennas with a pitch of 10 um are fabricated. Structures consist
of 3 nm Ti adhesion layer and 40 nm Au thin film, which are
deposited by e-beam evaporation (EBO3 BOC Edwards).

FTIR Measurements. The infrared absorption measurements
have been conducted using a commercial FTIR setup (Bruker
Hyperion 2000). For measurements in the mid-infrared regime,
we used a MCT detector cooled with liquid nitrogen (hold time
approximately 8 h). During normal operation, purging the
microscope interior is not necessarily required. However, pur-
ging the optics with dry air or nitrogen gas (dew point < —40 °C,
that corresponds to 128 ppm humidity) reduces the peak in-
tensity of water vapor, CO,, or other environmental contami-
nants in the middle infrared region of the spectrum. During the
purging operation, the maximum pressure should not exceed
2 bar and the gas low rate 300 L/hour. The purge gas pressure
can be regulated by installing a pressure control valve between
the purge gas line and the purge gas inlet. The experimental ex-
tinction spectra have been obtained by integrating the infrared
signal from an optical antenna array (4 nm resolution, 1000
scans). The absorption of the BaF, substrate has been taken into
account by subtracting it to the previous spectrum, before
being normalized by the excitation source profile (determined
by using a silver mirror), thus giving access to the extinction
spectrum displayed in Figure 1c.
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Functionalization of the Samples. A self-assembled monolayer
(SAM) of carboxy-terminated alkanethiols is used as a model
biomolecular system for infrared absorption spectroscopy.
Details of the functionalization procedure are given below.
The substrate is thoroughly rinsed with ethanol and cleaned
in UV-ozone cleaner for 5 min. Carboxyl-terminated alkanethiols
HS-C;4-EG¢-OCH,—COOH (Prochimia, Poland) are dissolved in
ethanol (purity >99.9%, Merck, USA) at a concentration of 200 «M.
The clean substrate is immersed in the solution of the thiols at 40
°C for 10 min and stored at room temperature overnight. Then the
substrate is rinsed with ethanol, dried with stream of nitrogen, and
stored under argon atmosphere. To activate the carboxylic groups,
the sample is incubated for 10 min in an aqueous solution of 0.5 M
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 0.1 M
N-hydroxysuccinimide (NHS) (from GE Healthcare, USA). Then, the
substrate is rinsed with deionized water and dried with a stream of
nitrogen.
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