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We report the enhancement of infrared absorption of
chemisorbed carbon monoxide on platinum in the gap of
plasmonic nanoantennas. Our method is based on the
self-assembled formation of platinum nanoislands on nano-
scopic dipole antenna arrays manufactured via electron
beam lithography. We employ systematic variations of
the plasmonic antenna resonance to precisely couple to
the molecular stretch vibration of carbon monoxide ad-
sorbed on the platinum nanoislands. Ultimately, we reach
more than 1500-fold infrared absorption enhancements,
allowing for an ultrasensitive detection of a monolayer of
chemisorbed carbon monoxide. The developed procedure
can be adapted to other metal adsorbents and molecular
species and could be utilized for coverage sensing in surface
catalytic reactions. © 2017 Optical Society of America
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Infrared spectroscopy is one of the major tools to identify and
analyze chemical molecules. It is sensitive to structure, compo-
sition, and orientation of the chemical species. Besides giving
“fingerprint” information, infrared light is also capable of res-
onant excitation of molecular vibrations [1]. For a detailed mi-
croscopic understanding of chemical processes on surfaces, for
example, in catalysis and sensors, a surface sensitive detection
method is needed. In recent years, there has been significant
progress on enhancing light matter interactions of molecules
and infrared light fields for the above mentioned processes.
Surface enhanced infrared absorption (SEIRA), similar to sur-
face enhanced Raman spectroscopy, utilizes the roughness of a
metal surface or metal island layers on substrates to locally en-
hance the electromagnetic field of the infrared light [2–6]. It is
well known that the enhancement of molecular vibration scales
with the square of the local electric field [3]. Bringing molecules
in proximity to local electric field enhancements will therefore

lead to SEIRA. More recently, a new branch of SEIRA using
plasmonic nanoantenna arrays has been developed [7–19]. The
use of such metallic antennas allows for a resonant coupling
between the collective plasmonic antenna mode and the
molecular vibrations. The local electric field distribution can
be controlled [20], and the obtained infrared absorption signal
enhancement can reach factors of 20,000 [21].

While recent works elaborated SEIRA of molecules that
were adsorbed or deposited on semiconductor and insulator
substrates, the study of surface catalytic reaction, for example,
requires SEIRA of gas molecules adsorbed to metals [22–24].
Here we report a hybrid procedure combining gold nanoanten-
nas and platinum nanoparticles to couple the infrared excita-
tion of adsorbed gas molecules such as carbon monoxide, to
the plasmonic resonance of nanoantennas. Our procedure links
nanoscopic platinum island films to adsorb carbon monoxide
with high-quality gold nanoantenna arrays. This method allows
for an ultrasensitive detection of chemisorbed carbon monoxide
and, in principal, can be applied to other gas molecules and
metal adsorbents as well.

The plasmonic nanoantennas where fabricated via e-beam
lithography on a 380 μm thick double-sided polished silicon
substrate. Following the development of the polymethyl meth-
acrylate e-beam resist with methyl isobutyl ketone in isopropyl
alcohol (1:3) and 5 s of oxygen plasma at 50 W, we deposit
3 nm of chromium as an adhesion layer and 65 nm of gold
via thermal evaporation. The lift-off is done in hot acetone.
Subsequently, we get rod antennas with two coupled arms
and a gap of 30 nm between the arms. A scanning electron
7micrograph of the resulting structure is shown in Fig. 1(a).
Systematic elaborations on the gap size proved the coupling
of individual antenna arms for gap sizes below 140 nm, leading
to a joint plasmonic mode with significant field enhancement
in the gap region. Following a systematic variation of the an-
tenna arm width, the value was fixed to 100 nm, delivering a
proper match between the quality-factor and the scattering
cross section [25]. To tune the antenna resonance to the carbon
monoxide stretch vibration, we vary the arm length from 700
to 850 nm in 10 nm steps.
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For an efficient SEIRA, the gas molecules should be ad-
sorbed to antenna regions with maximum field enhancement.
According to our finite element simulations, this is mainly the
antenna gap region, as shown in Fig. 1(b), where we plotted
the intensity enhancement I∕I0 for the antenna resonance
at 2000 cm−1 wavenumber. The intensity is defined as
I � jEx j2 � jEyj2 � jEz j2, and I and I0 are the electric field
intensities with and without the nanostructures, respectively.
In our approach, we cover the entire antenna with 0.5 nm plati-
num via electron beam evaporation. The non-wetting behavior
of platinum on the native silicon dioxide layer on the sample
surface leads to the formation of platinum islands with diam-
eters ranging between 4 and 6 nm, equally distributed over the
whole sample surface [Fig. 2(a)]. For optical measurements in a
transmission FTIR microscope, we produce antenna arrays of
66 times 66 antennas with a spacing of 3 μm between individ-
ual two-arm rod antennas. This results in antenna areas of 200
by 200 μm2. Within one antenna field, the antenna arm length
is kept constant, so the resulting antenna spectra are ensemble
measurements. In Fig. 2(b) [left], transmission spectra of an-
tenna arrays with arm length varying from 700 to 840 nm
are shown in 20 nm steps. The plasmonic antenna resonance
shifts towards lower wavenumbers when increasing the antenna
arm length. The comparison of a spectrum of an antenna
array covered and non-covered with platinum nanoislands in
Fig. 2(b) [right] shows that the plasmonic resonance of the gold
antenna is not disturbed by the platinum nanoislands. The
quality factor of the ensemble resonance is approximately
2.5. The reasons for such a low value most probably are plas-
mon damping mechanisms such as the scattering of electrons
on grain boundaries, impurities, and the rough surface of the
antenna. To mimic these damping mechanisms in finite
element simulations, we reduced the conductivity of gold in
the material parameters by one order of magnitude to
4.56 · 106 S∕m. Consequently, the quality factor of our simu-
lated transmission spectra drops to 2.5 and matches with the
measured spectrum, as shown in Fig. 2(b) [right] for an antenna
with a 30 nm gap size, a 770 nm arm length, and a 100 nm
arm width.

To reduce the oxidized platinum surface and adsorb carbon
monoxide molecules, we heat the sample to 150°C in a flow cell
while flushing with 5% carbon monoxide in helium. The flow
cell contains two windows and is designed to be used in a FTIR
transmission microscope. One window is the silicon substrate
itself with the sample surface pointing inward, and the other
one is made from calcium fluoride to maintain optical visibility
of the sample surface for alignment purposes.

In Fig. 3, transmission spectra of antenna arrays with a
100 nm arm width, a 30 nm gap size, and different antenna
arm length are shown. The sample surface is covered with plati-
num nanoislands, and carbon monoxide has been adsorbed
with the above mentioned procedure. The transmission mea-
surements are acquired on antenna arrays with platinum nano-
islands and are referenced to the transmission from a field
without antennas, but with platinum nanoislands. We thereby
ensure to observe the pure antenna enhanced absorption.
Figure 3(a) shows a systematic variation of the antenna arm
length, enabling us to tune the plasmonic oscillation into res-
onance with the molecular carbon monoxide stretch vibration.
For an antenna arm length between 750 and 800 nm, a
coupling of the gold antennas to a molecular absorption at a

Fig. 1. Plasmonic nanoantenna with two coupled rod antenna arms
made from gold. The dimensions are a 30 nm gap, a 770 nm arm
length, and a 100 nm arm width. (a) Scanning electron micrograph
and (b) simulated electric field enhancement at the resonance
frequency.

Fig. 2. (a) Scanning electron micrograph of platinum nanoislands
with diameters distributed between 4 and 6 nm in the gap region of a
plasmonic gold antenna. The nanoparticles form by self-assembling
when evaporating 0.5 nm platinum onto silicon/silicon dioxide.
(b) Left, transmission spectra of nanoantenna arrays with a 100 nm
arm width, a 30 nm gap size, and a varying arm length from 700
to 840 nm, shown in 20 nm steps. The broadband plasmonic antenna
resonance shifts towards lower wavenumbers when increasing the
antenna arm length. Right: transmission spectrum of an antenna array
with an arm length of 770 nm with (dashed black line) and without
(solid red line) platinum nanoislands. The blue dotted curve is a scaled
simulated transmission spectrum for comparison.
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wavenumber of 2050 cm−1 is observed. We can attribute this
absorption to carbon monoxide adsorbed on platinum in the
atop-position. The resonance appears as an enhanced transmis-
sion due to the Fano-like coupling of narrow-band molecular
vibrations to broadband plasmonic resonances [8,26,27,19].
When plotting the local minima positions of the coupled system,
we observe an avoided crossing of the plasmonic and the molecu-
lar mode. From the minimal mode splitting of 26 cm−1, we can
calculate a normalized coupling strength of 1.3% [28,29].

For an antenna arm length of 770 nm, the plasmonic os-
cillation is exactly in resonance with the molecular vibration
of carbon monoxide. In Fig. 3(b), we can observe an absorb-
ance signal of the strength of 1 mOD for a monolayer of carbon
monoxide chemisorbed on platinum nanoislands in transmis-
sion. We point out that the observed signal has been referenced
to the transmission of carbon monoxide on platinum nanois-
lands without plasmonic antennas. Therefore, it reveals the
pure antenna enhancement, since any signal originating from
carbon monoxide adsorbed on platinum without antenna
enhancement cancels out.

The increase in sensitivity caused by the antenna originates
from the resonant field enhancement in the antenna gap region
[11,18]. To quantify the antenna enhancement experimentally,
the best way is to measure in polarization direction of the
antenna and reference to a measurement with orthogonal
polarization to the antenna where the plasmonic field is off-
resonant and does not contribute to an enhancement [18].
However, in our case, we are not able to measure the carbon
monoxide signal without antenna enhancement. We therefore
prepared the base of a right angle calcium fluoride prism with
similar platinum nanoislands and adsorbed carbon monoxide
following the same procedure as for the sample with the an-
tenna arrays for referencing purposes. Figure 3(c) shows a trans-
mission spectrum measured via attenuated total internal
reflection (ATR). By ensuring that the platinum nanoisland
layer with the adsorbed carbon monoxide molecules is entirely
included within the penetration depth of the evanescent ATR
probe field, we can define the absorbance of 6.6 mOD as a
reference for a full surface coverage. Estimating the active area
of a single plasmonic antenna, i.e., the antenna gap region with
the highest field enhancement, by 900 nm2 (30 nm times
30 nm, derived from Fig. 1) in a total area per antenna of
9 · 106 nm2, we deduce a filling factor of approximately 10−4.
With this filling factor, and the absorbance of 6.6 mOD as a
reference, we can calculate a signal enhancement for the nano-
antenna signal of a factor of approximately 1500. Taking into
account that the reference signal is also enhanced, since the
presence of platinum nanoislands leads to SEIRA as well
[4], we conclude that the enhancement factor of 1500 is only
a lower limit. The upper limit, given the cavity Q factor of 2.5,
can be estimated from the finite element simulations. In the gap
region, the intensity enhancement is approximately 2000. We
therefore conclude that the presented method gives a SEIRA
between 1500- and 2000-fold which qualifies this method
for an ultrasensitive detection of an adsorbed molecular species.

With our findings, we have shown that SEIRA using plas-
monic nanoantennas can be applied to gas molecules as well.
We developed a procedure to adsorb carbon monoxide mole-
cules on platinum nanoislands in field enhanced regions of gold
nanoantennas without disturbing the plasmonic resonance of the
antenna. We isolate the pure antenna enhanced absorption which
gives a signal as high as 1 mOD for a monolayer of chemisorbed
carbon monoxide on platinum in transmission. This corresponds
to a SEIRA enhancement factor between 1500 and 2000.

The presented method can be adapted to other molecular
species and adsorbent metals. Therefore, it gives rise to ultra-
sensitive gas detection on surfaces in normal incidence trans-
mission and can be utilized to study coverages of metal
surfaces in surface catalytic processes.
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