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ABSTRACT: Spectroscopic infrared chemical imaging is ideally
suited for label-free and spatially resolved characterization of
molecular species, but often suffers from low infrared absorption
cross sections. Here, we overcome this limitation by utilizing
confined electromagnetic near-fields of resonantly excited
plasmonic nanoantennas, which enhance the molecular absorp-
tion by orders of magnitude. In the experiments, we evaporate
microstructured chemical patterns of Cg and pentacene with
nanometer thickness on top of homogeneous arrays of tailored
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nanoantennas. Broadband mid-infrared spectra containing plasmonic and vibrational information were acquired with diffraction-
limited resolution using a two-dimensional focal plane array detector. Evaluating the enhanced infrared absorption at the
respective frequencies, spatially resolved chemical images were obtained. In these chemical images, the microstructured chemical
patterns are only visible if nanoantennas are used. This confirms the superior performance of our approach over conventional
spectroscopic infrared imaging. In addition to the improved sensitivity, our technique provides chemical selectivity, which would
not be available with plasmonic imaging that is based on refractive index sensing. To extend the accessible spectral bandwidth of
nanoantenna-enhanced spectroscopic imaging, we employed nanostructures with dual-band resonances, providing broadband
plasmonic enhancement and sensitivity. Our results demonstrate the potential of nanoantenna-enhanced spectroscopic infrared
chemical imaging for spatially resolved characterization of organic layers with thicknesses of several nanometers. This is of
potential interest for medical applications which are currently hampered by state-of-art infrared techniques, e.g., for distinguishing

cancerous from healthy tissues.
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Infrared (IR) spectroscopy is a powerful tool for label-free,
nondestructive, and unambiguous identification and charac-
terization of molecular species and their conformational
structure. Such information is extracted from material-specific
IR vibrations," located mainly in the fingerprint region (500 to
1500 cm™') but also between 1500 and 4000 cm™' (mainly
stretching vibrations of single, double, and triple bonds). This
method enables applications such as environmental and
industrial monitoring, security screening, medical diagnosis, or
chemical imaging.”™"

IR chemical imaging, for example, is often applied in
combination with diffraction-limited microscopic IR spectros-
copy (microspectroscopy) and provides spatially resolved and
material-specific information on microstructured samples.”®
This is of special interest in medicine and biology for the
discrimination between healthy tissues and tumors’ of
unstained biological tissue sections.”

Unfortunately, the IR absorption cross sections, which are
exploited to identify the respective materials and generate the
chemical images, are relatively small. This is of minor
importance for conventional IR spectroscopy of extended
molecular films where many molecules contribute to the
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vibrational signal, since large apertures can be used. In such
experiments (e.g,, in IR reflection absorption spectroscopy,
IRRAS), monolayer sensitivity is reached. However, laterally
resolved spectroscopic IR imaging, with resolutions and
aperture sizes close to the diffraction limit, suffers from the
low IR absorption. This hampers imaging of nanometer-thick
tissues with widely used standard Fourier-transform infrared
(FTIR) spectrometers employing thermal light sources.
Advanced light sources, such as synchrotrons, provide higher
sensitivity but are not easily accessible.” "' Additionally,
hyperspectral IR chemical imaging with lateral resolution at
the diffraction limit is still hampered by the synchrotron’s low
intensity, even when focal plane array (FPA) detectors are used.
Such detectors record up to 128 X 128 spectra simultaneously,
which results in drastically reduced acquisition times compared
to conventional scanning techniques. Laser-based approaches,
e.g, using quantum cascade lasers, provide more intense IR
radiation but suffer from a narrowband emission that prevents
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spectroscopic imaging.'>~'* Recently, it was demonstrated that
wavelength-sweeping techniques may improve this situation."”

We demonstrate in this paper that the use of resonant
plasmonic nanoparticles can overcome these limitations and
enable spectroscopic IR chemical imaging. As a matter of fact,
plasmonic nanoantennas confine electromagnetic radiation on
the nanometer scale.'® Such enhanced near-fields have been
exploited to increase the performance of different spectroscopic
methods, for example, enhanced fluorescence,'” surface-
enhanced Raman spectroscopy (SERS),"*™*° or surface-
enhanced IR spectroscopy (SEIRA).'~>* For the latter, a
variety of tailored nanostructures, such as wire gratin%s,24 linear
antennas,” nanoslits,”® or more complex objects,2 31 were
used to enhance the IR vibrations of molecules and phonons by
up to S orders of magnitude.”” In contrast to conventional
SEIRA using inhomogeneous and randomly arranged metal
island films,”>** the use of resonantly tuned nanostructures
provides significantly higher sensitivity. More importantly,
state-of-the-art nanofabrication techniques such as electron-
beam lithography or direct laser writing” allow for the
homogeneous preparation of large arrays of tailored nano-
antennas, which is a prerequisite for spatially resolved chemical
imaging. Moreover, the plasmonic near-fields and thus the
SEIRA enhancement are localized within a distance of 100 nm
from the antenna surface, enabling ultrasensitive chemical
imaging of nanometer-thick molecular layers.36 This implies
that only vibrations of molecules located in the hotspots of
antennas are enhanced. No enhancement is found for
molecules located outside the plasmonic hotspots, resulting in
a sparse sampling. However, since conventional far-field IR
chemical imaging is diffraction-limited and micropatterns with
dimensions larger than the diffraction limit are imaged in our
experiments, the effect has no consequences for our measure-
ments.

In contrast to a previous study where SEIRA was combined
with IR chemical imaging to detect vibrational bands of only
one molecular species, namely, poly(methyl methacrylate)
(PMMA),”” we apply this concept to enhance different
vibrational bands of two different materials by single and
multiresonant structures. Consequently, spatially and chemi-
cally resolved identification of microstructured molecular
patterns has been demonstrated in our experiments. More
specifically, we employed stencil mask lithography®*” to cover
homogeneous arrays of tailored gold nanoantennas with
microstructured patterns of Cg and pentacene molecules.
The molecular patterns, as obtained from the material-specific
IR vibrations, are clearly visible if nanoantennas are used. We
show that this approach is superior to refractive index sensing,
which only allows for unspecific material detection. Addition-
ally, dolmen-shaped nanostructures with dual-band plasmonic
resonances were employed to broaden the accessible bandwidth
of nanoantenna-enhanced spectroscopic imaging substantially.
The use of dual-band as well as single-band antennas will not
lower the spatial resolution when compared to conventional IR
chemical imaging, since the nanostructures are substantially
smaller than the imaging wavelength.

In a first series of experiments, we use linear gold
nanostructures featuring a single plasmonic resonance to
enhance the molecular vibrations of pentacene and Cg in
order to demonstrate spectroscopic chemical IR imaging. Our
experimental concept is schematically illustrated in Figure 1.
The plasmonic resonance of our nanoantenna is designed to
overlap with a characteristic vibrational mode of pentacene as
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Figure 1. Nanoantenna-enhanced IR chemical imaging (schematic
drawings). Surface-enhanced IR absorption spectroscopy refers to the
resonant interaction of a plasmonic nanoantenna with a vibrational
mode of a nearby molecular species. The far-field spectrum of such
hybrid structures then contains the characteristic vibrations of the
specific molecules, as sketched in the upper part of the figure. These
characteristic signatures allow for resolving the known spatial
distribution of thin layers with thicknesses of several tens of
nanometers of two distinct molecular species. In our model system,
pentacene and Cq, are deposited in a microstructured fashion
(typically 100 X 100 um?), as illustrated in the center of the figure.
Extracting the strength of the vibrational mode for different spectra
taken over the entire region of interest allows drawing a chemical map
of the spatial distribution of the molecular species.

well as Cg. Due to the coupling of the molecular vibration to
the antenna resonance, a clear vibrational feature is visible in
the far-field response of the antennas. As sketched in Figure 1
this material-specific vibration of the molecule makes it possible
to infer on the presence of that particular molecular species
inside the near-field volume of the nanoantennas. The far-field
spectra of the antennas can therefore be used for the
identification of the molecular species that are present at the
spatial location at which the spectrum was recorded. In our
proof-of-concept experiments, we resolve the spatial distribu-
tion of evaporated microstructured and nanometer-thick films
of pentacene and Cg, indicated as the red and blue patches in
Figure 1. The relative distribution on top of the nanoantenna
array is known due to the design of the stencil that was used in
the evaporation process of the molecular layers. Recording the
spectra of the antennas over the entire array thus permits
construction of a chemical image of the sample by utilizing
material-specific vibrations of the molecular species, as sketched
in the lower part of the figure.

B EXPERIMENTAL SECTION

Arrays of linear and dolmen-shaped gold nanoantennas are prepared
on IR transparent calcium fluoride (CaF,) substrates with a size of 1 X
1 cm? and a thickness of 1 mm via standard electron beam lithography
(Raith eLINE Plus) using a double layer poly(methyl methacrylate)
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resist (200 kDa and 950 kDa, Allresist). In order to dissipate electric
charge on the insulating substrates, we utilize a commercially available
conductive polymer (espacer, ShowaDenko) which is applied via spin
coating and is removed in water prior to development. After
development, a 2-nm-thick Cr (for adhesion) and an 80-nm-thick
Au layer are thermally evaporated followed by a lift-off procedure in an
N-ethyl-2-pyrrolidone (NEP) based remover (Allresist). The lateral
size of the final arrays on the substrate is 4 X 4 mm? As we want to
carefully map the spatial distribution of our molecular species,
excellent homogeneity of the antennas is essential for our imaging
application. The size, shape, and other geometrical parameters
crucially influence the resonance behavior of the particles and might
mask the desired vibrational feature if the resonance position of the
antennas is a strong function of the location on the sample. A slightly
varied resonance frequency will result in differently enhanced
molecular vibrations,* generating artifacts in the chemical images,
e.g., spurious intensity gradients. The rectangular cross sections of the
linear antennas are 80 nm X 100 nm with a length of 2.3 ym in order
to match the plasmon resonance to the vibrational bands of the
investigated molecules, as shown on top of Figure 1. Additionally, the
periodicities parallel and perpendicular to the antennas’ long axis (3.3
and 3.9 pm, respectively) are optimized to excite Rayleigh modes for
further enhancement of the molecular vibrations.*'

As a second step, 30 nm (for single band antennas) and 100 nm
(for dual band antennas) thick micron-scale spatially discrete films of
pentacene and Cg, are thermally evaporated via stencil mask
lithography to obtain spatially separated molecular patterns.”®*’
Since the deposition of high-quality pentacene layers requires that
the substrate is held at an elevated temperature during the
deposition,”” whereas the Cq layers should not be exposed to
elevated temperatures during or after the deposition, the pentacene
layer was deposited first, with the substrate held at a temperature of 60
°C, followed by the deposition of the Cg, layer, with the substrate at
room temperature. As the lateral alignment accuracy of the subsequent
evaporation steps is limited, overlap of the microstructured Cg, and
pentacene cannot always be avoided, which is, however, not limiting
our measurements. Typically, these structures are deposited via
evaporation in high vacuum (<107 mbar) at a substrate temperature
of 25 °C with a rate of 0.2 to 0.8 A/s for Cy, and at 60 °C with a rate
of 0.15 to 0.35 A/s for pentacene. Based on the evaporation rates the
layer thickness is calculated and verified by fitting the dielectric
function of pentacene and C4 known from the literature to the
measured transmittance. Since the two molecular species feature
several different vibrational modes in the mid-IR fingerprint region, the
spectral width of a single-band antenna is in general sufficient for an
unambiguous identification of these two different molecular species.
This holds particularly true for our chosen model system of pentacene
and Cgy, making the microstructured pattern ideally suited as model
system for an arbitrary distribution of any other molecular specimen.

In order to reconstruct the spatial distribution of the molecular
species it is necessary to record spatially resolved spectra. The IR
optical data are acquired with a standard FTIR spectrometer (Bruker
Vertex 80v) coupled to an IR microscope (Bruker IRscope II) which is
equipped with a thermal light source (globar). The crucial addition to
the setup is a mercury cadmium telluride (MCT) focal plane array
(FPA) detector consisting of 64 X 64 pixels. For a given magnification
of 15X with a numerical aperture of 0.52 and a focal pixel size of 2.5
pum, the detector images an area of 171 ym X 171 ym. The imaging
resolution is restricted by the diffraction limit. Within the sampled
area, the FPA detector records the IR transmittance for each of these
pixels simultaneously. For a complete chemical map, 4096 spectra are
recorded and normalized to a bare CaF, wafer as reference. Sample
and reference spectra over a spectral range of 1000 to 4000 cm™" are
taken with a spectral resolution of 4 cm™ and 1000 scans
(corresponding to approximately 1 h acquisition time) each. In
contrast, conventional chemical maps acquired with a single element
(one pixel) detector and scanning techniques take roughly 300 times
longer acquisition as compared to the FPA detector employed here.
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B RESULTS AND DISCUSSION

Representative relative transmittance spectra (normalized to a
bare CaF, wafer) of selected pixels are shown in Figure 2a for
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Figure 2. Nanoantenna-enhanced molecular vibrations of Cg and
pentacene. (a) Three representative transmittance spectra of our
samples (excitation along the long axis of the antennas): Uncovered
antennas (black), antennas covered with 30-nm-thick films of
pentacene (blue), and Cg, (red). The overcoat leads to a resonance
redshift (Aw) due to the higher effective refractive index. Additionally,
the spectra of the covered antennas exhibit the clear vibrational
features which are characteristic for pentacene at 1300 cm™ and Cg at
1430 ecm™. (b) Baseline-corrected vibrational signal spectra. In the
overcoated case one can clearly see the enhanced signal strength AS
(peak-to-peak value) at the characteristic spectral positions. No cross-
talk is observed, and the bare antennas show a featureless response, as
expected. (c) Control experiment for off-resonant excitation of the
plasmon mode. For perpendicularly polarized (E,) incident light, no
plasmon mode is observed, and the transmittance spectra lack of
vibrational fingerprints. These findings demonstrate the larger
detection efficiency of the antenna-enhanced scheme. It is noteworthy
that the molecular films are too thin to be detected without plasmonic
enhancement.

three different positions on the molecule-covered antenna
sample. The incoming light field is polarized parallel to the long
axis of the antennas in order to excite the fundamental
plasmonic resonance. The blue and red curves correspond to
pentacene- and Cgjy-covered areas, respectively, whereas the
black curve displays an uncovered area. Two main features are
clearly visible: First, the plasmonic resonance undergoes a
redshift when the antennas are covered with the molecular
layer. This is caused by the increased effective refractive index
of the surrounding medium. Second, one can identify two
characteristic vibrations in the transmittance spectra of the
covered antennas at 1300 cm™" in the case of pentacene and
1430 cm™ in the case of Cg. It is also noteworthy that no
crosstalk between the two molecular species is observed,
underlining that it is indeed possible to identify the spatial
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distribution of the molecular species from the far-field
spectrum.

Both these features can be utilized to create a map of the
sample. If the refractive index difference of the molecular
species is sufficiently large, one can determine the covering
molecule from the associated resonance shift. However, as we
will also show below, this method has several drawbacks: The
refractive index difference is in fact very small. Also, if both
molecular species are present within a certain volume they
cannot be distinguished. In contrast, the molecular vibrations
are not only more pronounced features, but they also allow for
simultaneous detection of the molecular species.

For both methods the recorded spectra are evaluated for
every single pixel. A change in the effective refractive index is
detected by straightforwardly extracting the resonance position,
or transmittance minimum. In order to characterize the
strength of the vibrational feature, additional analysis is
required. As displayed in Figure 2a, the acquired SEIRA
spectra are composed of the plasmon resonance and the
vibrational features. The overall spectrum arises due to the
coupling of the vibrational mode of the molecules to the
plasmonic mode of the antenna, mediated by the near-field
enhancement around the antenna. The observed spectrum is
therefore the one of a coupled molecule—plasmon system. In
order to extract the vibrational (peak-to-peak) signal strength
AS and thus identify and localize the molecules, a baseline-
correction routine is utilized, as introduced by Eilers.*> The
algorithm, which represents a commonly used technique
described in detail in previous works,®** reconstructs the
uncoupled plasmonic resonance of the antenna. The baseline-
corrected spectrum is obtained by dividing the measured raw
data by the reconstructed plasmonic resonance. As a result, an
uncoupled and baseline-corrected vibrational spectrum with
enhanced Fano-type line shape is obtained, as depicted in
Figure 2b. For both the refractive index change and the strength
of the vibrational feature, this analysis is performed for each
spectrum recorded for every individual pixel. Thus, an image of
the change in refractive index and of the strength of the
vibrational feature can be displayed. This represents in fact a
chemical image, indicating the spatial distribution of the two
molecular species.

In order to verify the plasmonic origin of the discussed
features we also irradiated the antennas with perpendicular light
polarization. The resulting transmittance spectra, once more
depicted for the uncovered, the Cg,-covered, and the
pentacene-covered case, are displayed in Figure 2c. No
plasmonic resonance is observed in the displayed wavelength
range. The perpendicular plasmonic mode is located at
significantly higher frequencies and cannot be excited. None
of the spectra show any vibrational features. This fact
corroborates the enhanced detection efficiency of the vibra-
tional modes due to the interaction of the molecules with the
resonant plasmonic mode. In Figure S1 of the Supporting
Information we additionally show the transmittance spectra of
pure Cg and pentacene films having a thickness of 100 nm,
which partially show weak signatures of vibrational modes. By
comparing the nonenhanced (shown in Figure S1) to the
enhanced vibrational signal strength (Figure 2) we find a 15-
fold enhancement. If the number of molecules actively
contributing to the signal (ie, molecules located in the
antenna hotspot) are taken into account additionally
(according to Vogt et al.),* an enhancement factor of roughly
16 000 for the Cg, vibration at 1430 cm™" is estimated.
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Figure 3 illustrates the layout and our measured chemical
maps of the pentacene and Cgy-covered single resonant antenna
array sample. Panel 3a shows the visible microscope image of
the investigated region. One can clearly distinguish the areas
covered with molecular films of 30 nm thickness. As we know
the design of the stencil used for the evaporation of the two
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Figure 3. Nanoantenna-enhanced chemical imaging of pentacene and
Cgo- (a) Optical micrograph of the investigated sample area. Darker
areas contain nanoantennas covered with microstructured pentacene
and Cy layers, brighter ones only contain uncovered nanoantennas. As
a guide to the eye the molecule-covered areas are outlined with blue
(pentacene) and red (C4) dashed lines. (b) Plasmon imaging: Due to
the larger effective refractive index of the molecular layers (outlined
with dashed white lines), the plasmon resonance of the covered
antennas shifts spectrally. The color map indicates the spectral
position of the plasmon resonance for every recorded pixel. One can
clearly identify the covered areas as regions of smaller resonance
frequency when compared with the uncovered areas. However, a
material-specific identification of pentacene and Cqj is not possible this
way. (c) Chemical imaging of C4): The vibrational signal strength AS
at 1430 cm™ for parallel (left panel) and perpendicular polarization
(right panel) is plotted for each detector pixel. The Cqy-covered areas
are outlined with dashed black lines. If the vibrational signals are
resonantly enhanced (parallel polarization) the Cg, areas can be
identified as regions of large AS. (d) Chemical imaging of pentacene:
The vibrational signal strength AS at 1300 cm™ for parallel (left
panel) and perpendicular polarization (right panel) is plotted for each
detector pixel. The pentacene-covered areas are outlined with dashed
black lines. Similar to the Cy case, the pentacene-covered areas can be
identified as regions of large AS.
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molecular films, we can assign the different areas to the two
molecular species. Without this prior knowledge of the
distribution of the two molecular species, we would not be
able to unambiguously identify them from the visible
microscope image alone. The areas with a blue rim contain a
film of pentacene, and the red-rimmed ones are composed of
Cgo- The remaining areas are uncovered antennas.

We examine the case of pure plasmon imaging; that is, we
analyze the shift of the plasmonic resonance due to a changing
effective refractive index of the medium surrounding each
nanoantenna. In Figure 3b we plot the resonance frequency of
the plasmonic resonance observed in each of the 4096 pixels as
a colored map over their respective spatial position. As a guide
to the eye we have outlined the molecule-covered areas with
white dotted lines. One can clearly distinguish two different
regions, indicated by a consistently higher and lower resonance
frequency. As the antennas are homogeneous over the entire
field of view, the regions with a smaller resonance frequency
must be covered by a larger effective refractive index medium.
In fact, these are the regions with molecular layers. It is
noteworthy, however, that it is not possible to unambiguously
identify the molecular species from the (nonmaterial specific)
resonance shift, even though the shift is approximately 10 cm™.
Both the pentacene and Cg, films show plasmon resonances
with a very similar resonance frequency. This observation is
expected, as the difference in the refractive indices of these
organic compounds is very small. Thus, this plasmonic imaging
technique based solely on resonant shifts is not able to offer
molecular recognition.

We then analyze the spatial distribution of the nanoantenna-
enhanced vibrational features. Figure 3c,d depicts the color-
coded maps which are obtained when evaluating the strength of
the molecular vibrational feature. Again, the spectrum of each
of the 4096 individual pixel is analyzed and the extracted
strength of the vibrational features for pentacene and Cg, is
color-coded as a function of its respective spatial position.
Figure 3c depicts the result for the vibrational feature at 1430
cm™!, which is characteristic for the presence of Cg, for
incident light polarized along (left) and perpendicular (right) to
the long antenna axis. For the plasmon-resonant case on the left
one can clearly distinguish two regions on the sample. One is
characterized by a large vibrational strength, and the other by
vibrational strength close to zero. The first region perfectly
overlaps with the microstructured Cg, films, outlined by the
black dotted line. The other region is either covered by the
pentacene film or uncovered. These two regions are
indistinguishable. As already expected from the findings
discussed above in Figure 2c, the vibrational feature and thus
the molecular recognition vanishes when switching the
plasmonic resonance off, as indicated for the perpendicular
case shown on the right. Additional reference measurements
without any nanostructure are displayed in Figure S2. The
entire measured area is featureless; hence no differences
between the three different regions are visible. Figure 3d
shows similar results when analyzing the vibrational feature at
1300 cm™', which is characteristic for pentacene. In perfect
analogy to the previous case, we can observe two distinct
regions for the resonant case and only a featureless response for
the off-resonant case. The regions of the observed large
vibrational strength perfectly coincide with the pentacene films.
Areas with a priori high vibrational strengths in the upper left
and lower right corner of Figure 3c are artifacts resulting from
an inhomogeneous illumination of the FPA detector with IR

659

light. Combining these findings demonstrates the ability to
identify the spatial location of the two molecular species from
the far-field optical response of the plasmonic nanoantennas.
The coupling of the vibrational mode to the resonant
nanoantennas leads to a strongly enhanced signal that aids in
creating a chemical map of the sample. Clearly, this can be
obtained neither in the off-resonant case nor for purely
plasmon resonance shift imaging.

For many applications it is required to measure and detect
material-specific vibrations over a larger spectral range than can
be covered by a single plasmonic resonance. Examples are the
CH, asymmetric stretching vibrations (2926 cm™') and Amide
I vibrations from 1600 to 1700 cm™. However, to access full
chemical information, broadband characterization is required.
Our concept can be easily adapted to accommodate this
requirement. In the following we use a doubly resonant
nanostructure which allows us to access spectrally well
separated vibrational modes.”> We once more use pentacene
and Cg films evaporated via stencil lithography as model
system.

The results of our dual-band nanoantenna-enhanced
chemical imaging are displayed in Figure 4. Figure 4a depicts
a sketch of the utilized plasmonic structure. We have
introduced two nanoantennas of different length and thus
two different plasmonic resonances arranged in a single unit
cell. Their cross section is 80 X 100 nm* with a length of 2.4
and 0.85 pm, respectively. The unit cell is repeated with a
periodicity of 3.9 ym in x- and 1.8 um in y-direction. We have
arranged the antennas perpendicular to each other in order to
be able to address each resonance individually. Additionally, we
use two short antennas per unit cell in order to partially
compensate for smaller dipole strength as compared to the
longer antenna. As before, a microstructured layer of pentacene
followed by a Cg layer evaporated using stencil mask
lithography. However, to account for the very weak oscillator
strength of the vibrational band at 3050 cm™ the layer
thickness was increased to 100 nm. Panel a of Figure 4 also
depicts the transmittance spectra of the sample for the two
polarization directions, revealing the two plasmonic resonances
at around 1425 and 2880 cm™' (please note the discontinuity
on the frequency axis). One can also clearly identify three
characteristic vibrational features at 1180 cm™ (Cg,), 1300
cm™! (pentacene), and 3050 cm™! (pentacene). However, the
vibrational band at 1430 cm™' is hardly visible (only after
baseline correction) because of the nonvanishing and non-
enhanced vibrational signal originating from molecules located
outside the antenna hotspots (see Figure S3). This absorption
feature with a Lorentzian line shape superimposes destructively
with the enhanced vibration of molecules located in the
antenna hotspot. For the vibrational band at 1430 cm™, an
anti-absorption (negative absorption) is present for the
enhanced signals due to the perfect energetic match of the
molecular and plasmonic excitation.*” Consequently, the total
signal strength, which is detected in the measurements, is
reduced. In contrast, for the Cy, vibration at 1180 cm™' the
tuning between antenna and molecular vibration is less perfect,
resulting in an asymmetric vibration for the enhanced part.
Consequently, the superposition of both effects leads to a signal
which is clearly visible in the IR spectra. Therefore, we selected
the Cg vibration at 1180 cm™ for further analysis. As
mentioned before, 100-nm-thick microstructured layers of Cg,
and pentacene were then thermally evaporated using stencil
mask lithography. The molecule-covered areas can be identified
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Figure 4. Dual-band nanoantenna-enhanced chemical imaging. (a)
Relative IR transmittance spectra of dolmen-shaped nanostructures
(see schematic drawing in inset) covered with microstructured areas of
pentacene and Cg,. The plasmon resonances are tuned to the
fingerprint (black) and C—H (orange) spectral region. One can clearly
identify the characteristic vibrational features of Cg, at 1180 cm™ and
pentacene vibrations at 1300 and 3050 cm™'. No polarizer was used.
(b) The visible image depicts the microstructured Cq (red) and
pentacene (blue) areas with a layer thickness of 100 nm. Locally,
pentacene and Cg4, micropatterns overlap resulting in less enhanced
vibrations of the upper Cg, layer due to the spatial confinement of the
near-fields (see text). Chemical images of the nanoantenna-enhanced
Cgo and pentacene vibrations in the fingerprint region are shown in (c)
and (d). Enabled by the dual-band response of the nanostructures, the
C—H vibration at 3050 cm™ can also be imaged (e). Chemical images
without nanoantennas feature significantly lower vibrational strengths
(compare also SI Figure S3. Please note the different scales in (c) to
(e). The dashed lines in (b) to (e) indicate the positions of C4, and
pentacene as extracted from the visible image and the stencil layout.

in the optical micrograph shown in Figure 4b. Knowing the
layout of the stencil, we can distinguish the areas covered with
pentacene (outlined in blue) and Cy, (outlined in red). The
two areas partially overlap, with the pentacene layer being the
lower one. This results in apparently smaller Cg, areas
compared to the designed ones since the molecular vibrations
of Cg are less enhanced in the overlap region, due to the spatial
confinement of the near-field and vibrational enhancement.*®
Using the same evaluation routine as discussed above we
create the maps depicting the strength of the vibrational
features at 1300 cm™" (panel c), 1180 cm™" (panel d), and 3050
cm™" (panel e) for unpolarized excitation. In all three cases we
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can clearly distinguish two regions, one with a large vibrational
signal strength and one with a small vibrational signal strength.
These regions perfectly overlap in all cases with the molecule-
covered regions as outlined as dashed lines. As discussed for
Figure 3¢, areas with a priori high vibrational strengths in the
upper left and lower right corner of Figure 4e are artifacts.
These results clearly demonstrate the capability of dual-band
resonant nanoantennas to enhance spectrally separated vibra-
tional modes of two distinct molecular species in IR chemical
imaging techniques.

When comparing the results from Figures 3 and 4 as well as
when comparing the signal strength observed for the vibrational
features at 3050 cm™! with those at 1300 and 1180 cm™, it
becomes apparent that the vibrational signal strength at 3050
cm™ is significantly weaker. There are two distinct reasons for
this behavior: First, the plasmon resonance is not perfectly
tuned to the vibrational mode. However, a good tuning ratio is
indispensable for a maximum signal enhancement. According to
previous studies,”’ the enhanced vibrational signal can be
roughly twice as large as the observed one in the case of perfect
tuning. Second, the near-field enhancement has a 4*-depend-
ence, therefore dropping off for larger resonance frequencies*®
and reducing the plasmon enhancement which is mainly
mediated by the local field strength. However, as is obvious
from the map shown in Figure 4e as well as from reference
measurements (see Figure S3), the higher frequency vibration
of pentacene is still enhanced by the resonant plasmon.

B CONCLUSION

To summarize, we employed resonant plasmonic nanoantenna
SEIRA to enhance molecular vibrations of Cy, and pentacene
and improved the sensitivity of spectroscopic IR chemical
imaging. Based on the enhanced signals, we imaged the lateral
spatial distribution of nanometer-thick molecular layers, which
was not possible before without antenna enhancement. We
demonstrated that resonant SEIRA is able to detect and localize
the molecules with molecular distinction. Moreover, dual-band
chemical imaging was employed to expand the sensing regime
from the fingerprint region to larger wavenumbers. If even
higher spatial resolutions below the diffraction limit are desired,
near-field optical (SNOM) approaches are the method of
choice.”’~*

In the future, this concept which is straightforwardly
extendable to any molecular species, can be exploited for
ultrasensitive and selective broadband sensing, e.g., for ultrathin
molecular layers for attomolar amounts of molecules, or for
biologically or medically relevant samples containing proteins,
lipids, and so forth.
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The supporting information contains infrared spectra of extended 100 nm thick Ce¢o and
pentacene films. Additionally, chemical images of 30 nm thick (Figure S2) Cso and pentacene
films with and without antennas are presented. Figure S3 displays chemical images of micron-

scale spatially discrete Ceo and pentacene films with a thickness of 100 nm.
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Fig. S1: Infrared spectra of extended 100 nm thick Ceo and pentacene films. The spectra are
acquired with infrared microspectroscopy (aperture 50x50 pum?) using unpolarized light. The
black dashed lines indicate the considered vibrations of pentacene (1300 cm™ and 3050 cm™!) and

Ceo (1180 cm™ and 1430 cm™).
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Fig. S2: Chemical imaging with and without antennas. a) Visible micrographs of 30 nm thick
microstructured pentacene (blue areas) and Ceo (red areas) films with (left panel) and without
(right panel) antennas beneath. b) Chemical image of Cso (vibrational signal strength taken at
1430 cm™) with (perpendicular polarized light, left) and without (unpolarized IR radiation, right)
nanostructures. No differences in signal strengths and lateral distributions are found indicating
the negligible effect of plasmonic nanoantennas on molecular vibrations for non-resonant

excitations. The same holds for the pentacene distributions shown in c).
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Fig. S3: Chemical imaging of 100 nm thick organic layers with and without antennas. a)
Visible micrograph of 100 nm thick pentacene (blue) and Ceo (red) micro patterns without
nanostructures beneath. The chemical images (b to d) are acquired with unpolarized light and
feature lower vibrational signal strengths compared to antenna-enhanced measurements shown in

the manuscript. The vibrational intensities are extracted at the given frequencies.



