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ABSTRACT: While there has been a tremendous increase of
recent interest in noble metal-based antennas as substrates for
surface-enhanced infrared absorption spectroscopy, more
abundant and manufacturable metals may offer similar or
additional opportunities for this mid-infrared sensing modality.
Here we examine the feasibility of aluminum antennas for
SEIRA, by designing and fabricating asymmetric aluminum
cross antennas with nanometer-scale gaps. The asymmetric
cross design enables the simultaneous detection of multiple
infrared vibrational resonances over a broad region of the mid-
infrared spectrum. The presence of the AlL,O; amorphous
surface oxide layer not only passivates the metal antenna
structures but also enables a very straightforward covalent
binding chemistry for analyte molecules to the antenna

through multiple approaches, in this case by the use of carboxylic acid functional groups. The aluminum—oxygen stretching
mode of the oxide can be used as a self-calibration standard to quantify the number of analyte molecules on the antenna surface.
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S ome of the most promising applications in the field of
plasmonics are in surface-enhanced spectroscopies, where
metallic nanostructures are designed to provide local electro-
magnetic field enhancements of adsorbed analyte molecules for
chemical detection. In addition to the well-established topics of
surface-enhanced Raman scattering (SERS)'™ and localized
surface plasmon resonance (LSPR) sensing,"  the direct
enhancement of vibrational modes of molecules in the infrared
“chemical fingerprinting” region of the spectrum, known as
surface-enhanced infrared absorption (SEIRA) spectrosco-
py, "% is a topic of rapidly increasing interest. Unlike SERS
and LSPR sensing, which exploit plasmonic effects in the visible
and near-IR regions of the spectrum, local field enhancements
in the mid-infrared are also enhanced by the lightning-rod
effect.'”>~"° SEIRA antennas have been designed and
fabricated in a wide range of geometries,lé_19 and detection
of spectroscopic features of molecules deposited on these
structures down to zeptomolar concentrations on individual
antennas has been reported.”” These results indicate that the
potential for using SEIRA antenna-based substrates for
chemical monitoring and identification is quite promising.
While the vast majority of SEIRA-enhancing antennas have
been demonstrated using noble metals, the potential of this
technique for widespread use with commercial IR spectropho-
tometers impels us to consider the use of more sustainable and
cost-effective materials for this enhanced spectroscopy. Of
particular interest is aluminum, which recently has been shown
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to possess excellent properties for sensing.’'~** Here we
examine the potential of aluminum-based antenna structures for
SEIRA. Although the electronic and plasmonic properties of
gold and aluminum differ greatly in the visible and UV regions
of the spectrum, due to their similarities in the infrared region
of the spectrum (see Figure S1), aluminum antennas have been
designed, fabricated, and demonstrated as high-quality SEIRA
substrates. Asymmetric aluminum cross antennas consisting of
two pairs of symmetric arms of two differing lengths, positioned
orthogonally with a central nanometer-scale junction gap,
support a broad mid-IR resonant response. This geometric
arrangement of antennas provides high field enhancement
while still supporting two distinct resonances (see Figure S2).
This enables the detection of multiple functional groups of an
analyte molecule, due to the characteristic coupling of
vibrational modes of the molecule to the antenna structure.
We observe that while the SEIRA enhancement of Al antennas
is somewhat less than what is found for Au antennas of the
same geometry, the properties of aluminum provide some
unique opportunities as an alternative SEIRA substrate.
Specifically, the omnipresent 2—4 nm thick surface oxide
layer, which passivates the antenna structure against further
oxidation, enables a broader range of covalent binding schemes
for molecules to the antenna than Au or Ag. In the present
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Figure 1. (a) Schematic diagram labeling the variable dimensions of the antenna. L, and L,, the antenna height and width, are fixed at 35 and 50 nm,
respectively. (b) High-tilt (75°) SEM image of a single aluminum asymmetric antenna. L; and L, = 2600 and 650 nm. (c) Increased magnification
image showing the surface roughness of the alumina. (d) Tuning of 3 X 3 (9 um pitch in both directions) arrays of asymmetric Al antennas across
the IR “fingerprinting region”. The peak at 950 cm™ is due to the native aluminum oxide layer, measured using unpolarized light to excite both arms
of the antenna. (e) Simulated absorption spectra of the same antennas in (d).

study we demonstrate functionalization of analyte molecules to
the antenna based on their carboxylic (—COOH) functional
groups, studying the SEIRA response of stearic acid molecules
bound to Al antennas, and are able to observe the
characteristics of this substrate—adsorbate binding in detail.
By tuning one pair of the antenna arms to be resonant with the
dominant aluminum—oxygen stretching mode of the surface
oxide, we show that the inherent SEIRA signal from the oxide
layer can be used as a self-calibration to monitor relative
concentrations of analyte bound to the antenna surface against
the AlI-O “standard”.

An SEM image of the antenna geometry is shown in Figure
1b; Figure la displays the corresponding schematic diagram.
The asymmetric cross antenna consists of two horizontal Al
nanorods with a length L, and two vertical nanorods of length
L,. Both pairs of arms taper to a tip with a radius of curvature of
~6 nm at the central junction, where opposite rods are
separated by a gap size of 30 nm. The thickness of the antenna
is nominally 35 nm, but in Figure lc, the surface roughness of
the antenna due to the presence of the native aluminum oxide
coating is clearly observable. The tapering distance is 75 nm
from each tip. The antennas are excited at an incident angle 6,
which ranges from 15° to 30°, using unpolarized light. In this
study we measure 3 X 3 arrays of antennas to demonstrate the
proof-of-concept with readily apparent signal strength. Previous
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studies have demonstrated that these results should be directly
scalable to single-antenna measurements.”” The antennas are
straightforwardly tuned across the IR “fingerprinting” region, as
shown in Figure 1d, and correspond to simulated models of
these structures, Figure le. The prominent dip in the spectra
for the experimentally characterized longer antennas (Figure
1d) near 950 cm™" is the v(Al—0) vibration.”® The discrepancy
between the simulated and experimental antennas at lower
energies is due to difficulty in modeling the very thin Al,O;
layer on the surface of the antenna, leading to differences near
the v(Al-0O) vibration.

To learn more about the properties of asymmetric Al
nanoantennas, it is useful to directly compare the same antenna
structure made from Al with the same structure made from Au
(Figure 2). Here the antenna resonances are tuned to ~1100
and ~3000 cm™’, the spectral regions for Al-O vibrations and
for C—H molecular vibrations, respectively, by tuning the arm
lengths to L;= 1800 nm and L, = 525 nm (Figure 2a). A
distinct absorptive shoulder at 950 cm™ can be observed in the
spectrum of the Al antenna, which is absent in the Au antenna
spectrum. We attribute this shoulder to the presence of the
native oxide layer on the Al antenna. In Figure 2b,c we see a
direct comparison of the near-field enhancements (IEI/IE,l) in
the antenna junction region of both the Au and the Al
antennas, calculated using FDTD simulations. The simulations
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Figure 2. (a) Au and Al 3 X 3 antenna array spectrum comparison for
antennas with L, and L, = 1800 and 525 nm. (b) Simulated peak
electric field enhancement for the gold antenna at 2920 cm™. (c)
Simulated peak electric field enhancement for the aluminum antenna
at 3185 cm™. Scale bars in (b) and (c) are 20 nm.
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were performed at the wavenumber corresponding to the
maximum local electric field enhancement (2920 and 3185
ecm™ for Au and Al, respectively). For both structures, the
results clearly show that the field enhancements are
concentrated in the junction. A direct comparison of these
two simulations shows that the local field enhancement is
stronger for Au than for Al, due both to the presence of the
AlL,O; oxide layer for the Al antenna case as well as to the
greater loss in the dielectric function of Al in this energy range.
However, it is important to point out that the lower field
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enhancement in Al is not that severe: in this case, we observe a
peak field enhancement near 90—95 for Au and in the 55—60
range for Al. While this lower field enhancement factor may
make ultrasensitive trace chemical detection with Al nano-
antennas slightly less feasible than with Au nanoantennas, the
benefits of internal calibration based on the aluminum oxide
make aluminum a compelling material for use in future SEIRA
studies.

The asymmetric Al antenna design supports a strong SEIRA
signal for molecular adsorbates (Figure 3) and also allows for
polarization-dependent detection (Figure S3). Because of the
Al,O; terminating layer of the antenna, the chemistry for
molecular functionalization of Al antennas differs entirely from
the largely thiol-based surface functionalization chemistry of Au
nanostructures. The oxide layer supports numerous attachment
chemistries applicable to a wider variety of functional groups.
One such example is the carboxylic acid functional group,
which can be bound to the oxide surface layer of the antenna by
a straightforward condensation reaction. The functionalization
of Al nanoantennas and the SEIRA spectrum of the adsorbate is
shown in Figure 3. Here we use stearic acid (also known as
octadecanoic acid, C;;H;sCO,H) as our analyte molecule. It
has been shown that stearic acid forms a self-assembled
monolayer (SAM) on alumina and that the binding of the
carboxylate group with the alumina surface is surprisingly
complex, displaying four separate types of binding.”**’ In
Figure 3a, which shows both the nonfunctionalized and the
functionalized antenna spectrum, the molecular signal is clearly
visible (red curve) as a series of Fano lineshapes superimposed
on the broad antenna background. A closer look at the C—H
stretching region (Figure 3b) shows the CH, symmetric and
antisymmetric stretching modes at 2920 and 2850 cm™" as well
as the terminal CH; group at 2950 cm™. In the region of the
spectrum corresponding to the carboxylic acid stretch modes
for the bound adsorbate molecule (Figure 3c), the observed
vibrations at 1540 and 1560 cm™" report some of the types of
bonding that can occur between a carboxylic acid and an
alumina surface; the vibrations at 1592 and 1464 cm™! are due
to the CO, symmetric stretch and the combination of CO, and
CH, stretch modes, respectively.”” With these antennas we are
able to detect subsets of the total population of binding events
at the surface of the antenna, indicating the sensitivity of the
device. Were these antennas tuned to more strongly overlap the
CO stretching region (~1400—1600 cm™"), we would expect
the sensitivity to these various binding types to improve by
approximately a factor of 2.5 (see Figure S4). Better overlap
between the resonant energy of the local field enhancement and
the molecular vibration of interest would lead to improved
molecular detection, but as can be seen from Figure 3a even off-
resonant vibrations are still readily detected due to the
sensitivity of the device.

To examine how the inherent absorption feature correspond-
ing to the AL,O; capping layer can be utilized to calibrate
adsorbate coverage, we prepared antennas with L, = 650 and L,
= 2600 nm. This antenna exhibited a response peak at both the
Al,O; resonance and the CH stretching region. We then
functionalized a series of antennas by immersion in increasing
concentrations of stearic acid. This procedure allows us to
obtain an adsorption isotherm for our antenna as a function of
analyte solution concentration. As the concentration of stearic
acid is increased, the partial pressure of the solute increases,
resulting in a greater concentration of stearic acid onto the
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Figure 3. (a) Comparison of spectra from a 3 X 3 Al antenna array (L,
and L, = 1800 and 650 nm) before and after stearic acid (SA)
functionalization in a 2 mM solution. (b) Expanded view of the C—H
group region molecular signal on the antennas and a reference
spectrum of a stearic acid SAM on bulk aluminum film (scaled for
visibility), with prominent vibrations at 2850, 2920, and 2950 cm™
labeled. (c) Expanded view of CO vibration region with the vibrations
indicated at 1464 and 1592 cm™, as well as a pair of mixed-strength
C—0O bonds at 1540 and 1560 cm™', indicating different types of
bonding between the carboylate headgroup and the alumina surface.

junction surfaces of the antennas until total coverage is
achieved.

To extract the peak strengths of the various molecular
vibrations, we first performed asymmetric least-squares
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smoothing (AsLSS) on the data, shown in Figure S5.°° This
removed the “background” antenna signal from the spectrum
and resulted in spectra such as those in Figure 4b,c,d. Then we
fit the resulting absorbance spectrum, A(w), with a summation
of Fano functions for the C—H region, as shown by the solid
lines in Figure 4b,c,

r 2
(qﬂl to- w‘l)

(%)2 + (o — a)rl)2

Alw) =b+ q

(1)

where b is a constant to account for any background offset and
a; is the strength; g; is the Fano parameter; I'; is the damping;
and @, is the resonant frequency of the ith vibration (i = 1, 2).

Similarly, for the AL,O; vibration we use only a single Fano
function (a, = 0), as shown by the solid line in Figure 4d. This
simple fitting function is based on a more rigorous quantum
mechanical description that accounts for various combinations
of substrate—analyte interaction strengths and symmetries to
produce both asymmetric and “spike” lineshapes.”” The
inclusion of a strength parameter “a” allows us to determine
the relative amplitudes of the molecular peaks in the antenna
spectrum. It should be noted that this model works equally well
for both large well-defined “spikes” (Figure 4b) and less intense
asymmetric lineshapes (Figure 4c). These different lineshapes
at low concentration could be due to a large number of effects,
such as surface defects on the antenna or slight differences in
antenna—adsorbate interactions, producing different coupling
between the antenna and the SAM. This method is even able to
detect peaks only marginally above the noise floor of the
spectrometer used, as evidenced by the substantial noise
surrounding the peaks in Figure 4b,c. By computing the Fano
peak ratio (FPR) for these resonances,

la | + la |
v,—CH. y,—CH
FPR = 2 2

aAlZOS

)

we are able to determine the ratio of the “strength” of the C—H
group peaks to that of the Al,O; peak, for a given
concentration. Note that we must compare the summation of
the two peak strengths since the tails of the first resonance
contribute to the peak height of the second resonance and vice
versa.

By assuming that the amorphous Al,O; layer on the surface
of the antenna is composed of a similar number of bonds
between different antennas, we can use the “strength” of the
Al,O; vibrational reference as an internal standard. By
comparing the signal intensity of the C—H stretches with
that of the AL, Oj stretch, we are able to determine the FPR (eq
2), an extrinsic quantity independent of the particular
antenna(s) being measured. By comparing FPR, as opposed
to absolute signal intensity, we are able to account for
differences in junction field intensity arising from slight
antenna-to-antenna variations in junction geometry. A larger
FPR corresponds to higher molecular coverage on the junction
surfaces of the antenna, as the strength of the C—H vibrations
grows relative to the reference of the Al,O; vibration. Another
potential use of this analysis is the ability to probe and quantify
the variations between antennas by focusing on the absolute
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Figure 4. (a) Full spectrum of a 3 X 3 antenna array functionalized in 2.0 mM stearic acid solution. (b) Fitting of a double Fano function for the C—
H peaks with “spike” molecular signals. (c) Double Fano peak approximation after immersion with asymmetric molecular signals. (d) Single Fano
peak approximation for Al—O vibration. (e) Concentration dependence of the molecular signal by comparing the strength of the Al,O; resonance
with that of the symmetric and asymmetric CH, vibrations; see eq 2. Error bars indicate the SD from three sets of antennas that underwent the same
immersion steps. The immersion concentration used for detection in (a), (b), and (c) is indicated in magenta.

strength of the Al,O; vibration, below the resolution limit of
traditional near-field optics.

Using the FPR as a stand-in for molecular coverage we can
plot a simple isotherm for our antenna—molecule system, as
shown in Figure 4e. Note that the results become less
repeatable as the concentrations increase (error bars are from
three separate sets of antenna measurements), even though all
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measured antennas were immersed in the same solution for the
same amount of time. We believe this to be the result of the
irreproducibility in SAM formation as a result of surface
defects.>® As the measured volume decreases to the nanoscale,
we would expect the surface roughness of the antennas (Figure
1c) to play an even larger role than previously reported for
large-area films (Figure S6). Additionally, at higher concen-
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trations the background measurements become increasingly
erratic, leading to relatively large systematic error in the high-
concentration measurements, effectively masking the saturation
of the isotherm. We speculate that this is due to aggregates of
stearic acid assembling on the substrate due to their strong
intermolecular van der Waals forces, leading to the substantial
variation in FPR at higher concentrations.

These results demonstrate the ability of this system to
quantify the number of molecules on the antenna, relative to
the internal standard of the Al,O; vibration. For a completely
covered antenna we would expect there to be ~3.6 X 10*
molecules in the tip re§ion of the antenna, based on the
footprint of stearic acid.”® By scaling this number down based
on the relative peak heights, we find that our antennas are
sensitive to ~4000 molecules of stearic acid (deposited at 2.0
mM concentration). Note that the peaks for incomplete SAMs
may overestimate the number of molecules present, as the
molecules are able to bend over to allow the long carbon chain
to become closer to the antenna junction surface where the
electric field enhancement is greater, increasing the strength of
the C—H vibrations.

Using this approach, aluminum antennas can be used to
simultaneously detect and quantify the molecules present on
their junction surfaces based purely on IR measurements
calibrated to their own internal standard. Additionally, this
method can be used to extract chemical information about the
types of binding occurring at the surface of the antenna. This
technique demonstrates how these structures are able to
measure and extract relevant information about a target
molecule on the surface of the antenna, including the detailed
vibrational spectrum with its structural information and the
number of molecules on the antenna.

In conclusion, we have shown that asymmetric Al antennas
provide a novel device design for quantitative SEIRA. With this
geometry, it is possible to measure the vibrational resonances of
both the native oxide on the Al antennas and a target molecule
of interest. The native Al,O; layer on the antennas serves as a
reference measurement for determining the number of
molecules present on the antenna. Due to the high sensitivity
of the antennas, complex molecular bond information can also
be extracted. This work demonstrates the feasibility for high-
quality SEIRA spectroscopy measurements with highly
abundant and low-cost metallic antenna structures.
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