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ABSTRACT Infrared vibrations of molecular species can be

T T T

enhanced by several orders of magnitude with plasmonic nano- N I % ° E_xperiment |
antennas. Based on the confined electromagnetic near-fields é 6 ° %g —— Simulation ]
of resonantly excited metal nanoparticles, this antenna-assisted § al §§

surface-enhanced infrared spectroscopy enables the detection of g i
minute amounts of analytes localized in the nanometer-scale vicinity W 2r

of the structure. Among other important parameters, the distance of 0 . =T =5

the vibrational oscillator of the analyte to the nanoantenna surface

determines the signal enhancement. For sensing applications, this is

Distance to antenna surface (nm)

a particularly important issue since the vibrating dipoles of interest may be located far away from the antenna surface because of functional layers and the

large size of biomolecules, proteins, or bacteria. The relation between distance and signal enhancement is thus of paramount importance and measured

here with in situ infrared spectroscopy during the growth of a probe layer. Our results indicate a diminishing signal enhancement and the effective

saturation of the plasmonic resonance shift beyond 100 nm. The experiments carried out under ultra-high-vacuum conditions are supported by numerical

calculations.
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n recent years surface-enhanced infrared

(IR) absorption (SEIRA)' has gained tre-

mendous attention because of the extra-
ordinarily strong signal enhancement of
more than 5 orders of magnitude when
using resonant plasmonic antennas.??
Whereas several impressive results were
obtained,* ' many open problems still
hamper its broad application in life sciences,
medicine, food and water safety, or explo-
sives detection. Some of these are related
to the nanoantenna surface to which the
molecules are adsorbed. It may happen that
their vibrations do not appear even if the
nanoantennas are properly designed and
fabricated. One reason could be quantum
effects,”’ as shown for small carbon mon-
oxide molecules directly adsorbed on a gold
antenna.'? Other factors in practice could
be impurities that hinder adsorption of the
molecules of interest in the sites of the
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plasmonic near-field enhancement, which
are localized in nanometer-sized volumes.'>'*
A further reason for missing antenna-
enhanced infrared signals could be that
damping is too strong and therefore the
Fano effect, which is the underlying cou-
pling mechanism for SEIRA, is not effec-
tive.'” Beyond these damping and surface
effects, the enhancement of infrared vibra-
tions of biomolecules depends on the ad-
sorption geometry of the molecules (e.g., ref
16). If the antennas are covered with layers
that are too thick, the SEIRA effect may
almost disappear, as derived from a com-
parison of antenna-enhanced signals of a
30 nm thick polymer layer'” and molecular
films of only a few nanometers' thick-
ness.>'? For practical applications, the ques-
tion of up to which distance can reasonable
signal enhancement be expected is much
more important than the interface problem

AMRTAN TS

* Address correspondence to
f.neubrech@pi4.uni-stuttgart.de.

Received for review March 28, 2014
and accepted May 8, 2014.

Published online May 08, 2014
10.1021/nn5017204

©2014 American Chemical Society

WWwWW.acsnano.org

6250



since in most sensing applications the antenna is
covered by a functional monolayer that already pre-
selects the adsorbates (e.g., ref 18). From a purely
numerical study'® it was already estimated that above
a distance of approximately 100 nm the enhanced
vibrational signals may vanish. However, an experi-
mental proof of the relation between the signal en-
hancement and the distance starting from less than
one nanometer up to more than 200 nm was not given.

In the present work, we address the distance pro-
blem by experimentally monitoring SEIRA while a
molecular probe film is growing on an antenna array.
Antenna-assisted SEIRA of well-known probe mol-
ecules allows mapping of plasmonic near-fields with
ananometer-scale resolution limited only by the size of
the probe molecule, here 4,4'-bis(N-carbazolyl)-1,1'-
biphenyl (CBP). We evaporated this material stepwise
under ultra-high-vacuum (UHV) conditions onto gold
nanostructures and acquired IR spectra after each
evaporation step (Figure 1a). Besides the decreasing
signal enhancement, we also studied the red-shift
of the plasmonic resonance with increasing CBP
thickness. This shift originates from the polarizability
change caused by the evaporated material. Further-
more, we performed finite-difference time-domain
(FDTD) simulations and found a very good qualitative
agreement with our experimental data.

RESULTS AND DISCUSSION

It is well known that electromagnetic fields of metal
nanoantennas are typically confined on the nanometer
scale, resulting in near-field intensity enhancements
up to 2000 (see Figure 1b), which can be calcu-
lated with nanometer precision employing simula-
tion techniques, e.g,, FDTD, boundary element,®® or
finite element?' algorithms. In order to experimentally
achieve a similar resolution, which is required to
vertically resolve the near-fields and thus the plasmo-
nic enhancement, without using scattering near-field
optical microscopy?*?* we covered the lithographic
antennas with CBP, acting as probe molecules. CBP
molecules, with typical dimensions of about 2 x 1 x
0.25 nm?, enable such a thickness resolution in the
nanometer range and modify the electronic structure
of the antenna surface only marginally since they are
physisorbed.?* This allows us to exclude strong chemi-
cal effects, as may be present in surface-enhanced
Raman scattering (SERS) (e.g., ref 25), and interpret
our results with purely classical electromagnetic
models. Furthermore, CBP features several vibrational
bands, which in principle allow for multispectral ana-
lysis.2® CBP layers freshly evaporated at room tempera-
ture are amorphous and thus isotropic in their optical
properties.*

In order to achieve an optimum coupling between
the CBP vibrations and the plasmonic excitation, we
employed electron beam lithography to fabricate
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Figure 1. (a) lllustration of our experimental technique.
Under UHV conditions gold nanoantennas (yellow bars)
are covered stepwise with molecular CBP layers (blue) of
different thickness (dcgp) that act as near-field probes. After
each evaporation step, corresponding to a certain thickness
dcgp, the infrared transmittance is recorded for both polar-
izations (Epar and Egg,). (b) Numerically calculated electro-
magnetic near-field intensity (I = |E,J* + |E,|> + |E/*) of a
resonantly excited antenna (resonance frequency wes =
1632 cm ') recorded 6 nm away from the antenna's surface
and normalized to the field distribution of the bare sub-
strate /y. Only one apex range of the antenna is shown. The
gray line indicates the substrate's surface. The geometric
dimensions of the nanostructure (length L = 2140 nm, width
w =90 nm, and height h = 80 nm, contour as dashed black
line) are taken as the nanofabrication data. In the experi-
ments, the antennas are arranged in a periodic array, as
shown in the scanning electron micrograph in (c) (zoom).

structurally and spectrally tailored gold nanostructures
on an infrared transparent calcium diflouride (CaF;)
substrate (see Methods). The antennas are arranged in
a periodic array (Figure 1c) with lateral and longitudinal
distances large enough to have only marginal antenna
interaction® in the spectral range of interest. Thus, the
measured optical response can be considered as that
of a single antenna in a first approximation. After the
nanofabrication process, we stepwise evaporated dis-
tinct amounts of CBP onto the sample under UHV con-
ditions, ensuring a homogeneous layer growth and
stable conditions during the infrared spectroscopic
measurements. The thickness of the CBP layer (dcgp),
whose precision is of paramount importance for our
studies, was determined from the deposition time, and
the rate was calibrated with a quartz microbalance.**
Following this approach, over 30 layer thicknesses
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ranging from 0.5 to 200 nm were evaluated. More
details are given in the Methods section. Please note
that due to the stochastic nature of the evaporation
process, the thickness dcgp is an average value. This is
especially important for layer thicknesses smaller than
the geometric dimensions of the molecules. After each
evaporation step corresponding to a certain CPB layer
thickness, relative transmittance measurements near
normal incidence were performed for incident light
polarized parallel and perpendicular to the antenna
axis (Figure 1a). From these spectra we calculated the
extinction, defined as 1 — (T/Ty), where T is the trans-
mittance at the sample position, ie., the antennas
covered with CBP, and T is the reference measure-
ment, i.e., the antennas without CBP.

Typical extinction spectra of nanoantennas covered
with CBP layers of selected thicknesses are shown in
Figure 2 for parallel and perpendicular polarized infra-
red radiation.

For perpendicular polarization (shown in Figure 2a)
strong absorption of C—N, C—C, and C—H vibrations is
found between 1200 and 1650 cm™". With respect to
their spectral positions and oscillator strengths, the
measured vibrations are in good agreement with
studies of CBP films grown on unstructured substrates
(see Supporting Information). Thus, fits to our experi-
mental spectra enable us to determine the layer thick-
ness based on the CBP dielectric function taken from
ref 26. The fitted layer thicknesses are in good agree-
ment with the values obtained from the deposition
time and rate and are therefore used in the following.
However, the situation completely changes for parallel
polarization. Here, the infrared optical response is
dominated by the broadband plasmonic excitation of
the antennas. In addition, we observe several narrow-
band CBP vibrations. Each band observed in the mea-
surement with parallel polarized light (Figure S1b) is a
superposition of two vibrational signals originating
from different sample areas. One part stems from the
coupling with the antennas (Figure 2b) and features
the characteristic asymmetric Fano-type line shape,'>*’
whereas the other part originates from molecules
located sufficiently far apart from the enhanced plas-
monic near-fields, namely, the area between the an-
tennas (Figure 2a). Since we are interested only in the
enhanced vibrational signal, we divide the spectra
measured with parallel polarized light by the respec-
tive ones under perpendicular polarization and obtain
the purely antenna-enhanced CBP vibrational signals
(Figure 2b). As expected, these signals are enhanced,
show an asymmetric Fano-type line shape, and in-
crease in signal strength with layer thickness dcgp until
they saturate. In addition, the plasmonic resonance
shifts toward lower energies with increasing layer
thickness because of the change of the polarizability
of the antennas' surrounding during evaporation. This
shift is the base of localized surface plasmon resonance
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Figure 2. Measured (a and b) and simulated (c) extinction as
deduced from the relative transmittance for selected thick-
nesses dcgp given in nanometers (numbers, left). The inset
(blue: CBP layer, orange: gold antennas, gray: substrate)
indicates the respective normalization. (a) For thick layers
several CBP vibrations are clearly visible in the spectra
measured with light polarized perpendicular to the long
wire axis and normalized to the bare substrate (see inset).
(b) To obtain the antenna-enhanced signal originating
solely from molecules located in the plasmonic near-fields,
the ratio of parallel (E,,,) and perpendicular (E,,) transmit-
tance is calculated (see inset). Besides the broadband
antenna resonance, which shifts with thickness, enhanced
vibrational CBP signals increasing with thickness are ob-
served. The black dashed lines in (b) and (c) represent fits to
the bare antenna resonance curves. Please note the differ-
ent scales in the respective panels.

sensing®®?° and is intrinsically connected with the

vibrational signal enhancement, since both effects
originate from the confined plasmonic near-fields.
We now compare our experimental results to nu-
merical simulations (Figure 2c), which were carried out
with the commercially available FDTD software pack-
age Lumerical. By solving Maxwell's equations, a nu-
merical solution of the infrared transmittance for single
antennas was obtained under normal incidence of a
plane wave. The nanoantenna itself was modeled as a
cuboid-like structure with dimensions taken from the
fabrication process and covered with a homogeneous
CBP layer of the respective thickness. The substrate
beneath the gold antenna was described with a dis-
persionless refractive index of n = 1.41 without any
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absorption. Furthermore, we described the infrared
optical properties of gold with data by Palik3° The
dielectric function of CBP was modeled as a sum of
Brendel oscillators and a background polarizability of
€. = 2.9.%* Further details are given in the Methods
section. The numerically calculated infrared transmit-
tance was processed analogous to our experimental
data and is shown in Figure 2c for different layer
thicknesses dcgp. The simulated spectra are in very
good qualitative agreement with the experimental
ones. For example, the shift of the resonance frequency
as well as the molecular signal evolution is well repro-
duced. However, there are also minor differences,
mainly concerning the low energy range of our acces-
sible spectrum. Here, the plasmonic resonance and
also the signal enhancement of the C—H deformation
vibration (mode at 1230 cm™") differ significantly. We
attribute these differences to bulk multiphonon ab-
sorption of CaF, (onset at around 1000 cm™') and
interaction effects between nanoantennas in the array
(see Supporting Information), which are both not
considered in the simulations due to computational
restrictions. Depending on the periodicity of the an-
tenna array, interferences may modify the plasmonic
resonance (e.g., their line shape) as well as significantly
influence the signal enhancement.’ In our experi-
ments, a constructive interference is estimated to
appear at approximately 1000 cm ™', which is spectrally
close to the resonance of nanoantennas covered with
200 nm of CBP. However, the spectral range between
1300 and 2000 cm™ " is not significantly impacted by
the discussed issues, and vibrations located within this
spectral range are therefore considered to be un-
affected and included in our analysis. It should be
mentioned that the dielectric background polarizabil-
ity (¢.. & n2) of CBP, which predominantly determines
the resonance position, contains an error of approxi-
mately 7%.2* As we have evaluated with FDTD simu-
lations of a nanoantenna covered with 150 nm of
modified CBP (n.. = 1.64 instead of n.. = 1.7), such an
error already causes a plasmon resonance shift of
about 10%. This is an indicator of the high sensitivity
of plasmonic resonances to refractive indices and,
here, the explanation of some deviations between
experimental and simulated resonance.

As a result of the plasmonic—molecular coupling,
the molecular vibrations are enhanced, but inconve-
niently located on a nontrivial baseline given by the
antenna resonance, which in addition changes with
the CBP coverage. Thus, a reliable method for baseline
correction is required. We used an adaption of the
computational approach of asymmetric least-squares
smoothing introduced by Eilers*' to fit our experimen-
tal and numerically calculated spectra. One advantage
of the algorithm is the possibility to exclude data points
from fitting, in our case the regions with vibrational
signals. Following this approach, we obtained the
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Figure 3. Plasmonically enhanced CBP vibrations after the
baseline correction: experimental (a) and simulated (b) data.
The vibrational Fano-type line shapes and signal strengths
change with increasing CBP layer thickness (given in nano-
meters) that originates from a modified plasmon—molecule
coupling induced by the polarizability of the evaporated
material. For the sake of clarity, the black curve (CBP layer
thickness of 0.5 nm) is multiplied by a factor of 10. The C—H
deformation vibration (1450 cm ™) is indicated by a dotted
line and used for further analysis.

baseline-corrected extinction without any vibrational
features (dashed black lines in Figure 2b and c). From
this, we extracted the resonance frequencies () and
compared them to higher order excitations? of the
very same antenna and CBP thickness to evaluate the
quality of the fitting. Furthermore, we performed FDTD
simulations with a modified CBP model, only taking
the dielectric background .. into account and thus
neglecting the oscillators that describe the infrared
vibrations. Both the comparison with higher order
excitations and FDTD simulations provide very good
agreement with the fitted resonance frequencies.
Please note that the baseline correction is more reliable
for weak molecular oscillators due to the negligible
impact of the vibrations on the baseline.

A quantitative analysis of the signal evolution with
layer thickness, however, requires full access to the
asymmetric line shape of the enhanced vibrations,
which we obtained by subtracting the fitted baseline
from the experimental and simulated data, respec-
tively. The corrected spectra (Figure 3) feature asym-
metric molecular vibrations changing in intensity and
line shape with increasing CBP coverage as a result of
the coupling between the plasmonic and vibrational
excitations.

It is known from the literature®”*33* that the vibra-
tional line shape follows a Fano-type behavior if the
resonance frequency (wyes) is shifted relatively to the
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vibrational band (w,). In these studies, w,es was tuned
via the antenna length, whereas in the present experi-
ment the plasmonic resonance frequency and thus the
tuning ratio (defined as wes/wyip) is changed due to
the increased polarizability of the evaporated material.
For the thinnest layer thickness of only 0.5 nm we
already observe enhanced molecular vibrations (black
curve), which increase for thicker layers, since more
CBP is located in the plasmonic near-fields. On the
other hand, the signal enhancement also changes with
the resonance frequency, which hampers a direct com-
parison of the molecular vibrations of different layer
thicknesses. In the simulated spectra, for example, the
enhanced C—C stretching vibration (1600 cm ') of the
20 nm thick layer (red curve) shows a signal strength
comparable to the 50 nm one (blue curve), even
though the amount of material is twice as much. In
order to separate the undesired influence of the tuning
from the impact of the layer thickness on the signal
evolution, we prepared a second series of nanoanten-
nas with various lengths having resonances close to
the CBP vibrations. After the nanostructures were
covered with a 5 nm thick CBP layer, infrared spectros-
copy was conducted and the tuning dependence of
the C—H deformation vibration was evaluated.”® By
fitting a driven harmonic oscillator, we finally obtain a
calibration curve (Figure S2a) reaching its maximum
close to a perfect match of the plasmonic and vibra-
tional excitation. This result is expected®>>® and used
to correct for the tuning in our experiments (see
Supporting Information). Certainly, the origin of the
resonance shift differs in both kinds of studies.
Whereas in our reference measurements the plasmon
changes with length, the resonance shift is caused by
the polarizability of the evaporated CBP material in the
other experiment. With FDTD simulations we proved
that the near-field distribution is only marginally af-
fected by the evaporated material, justifying the
above-mentioned approximation (see Supporting
Information).

For a more detailed analysis of the signal evolution
with layer thickness we representatively consider the
C—H deformation vibration at 1450 cm™". Its vibra-
tional strength, defined as the difference between
minimum and maximum, is extracted from the base-
line-corrected spectra (Figure 3) and corrected for the
tuning as described above. As a result, we obtain the
enhanced signal stengths (open symbols) with respect
to the CBP layer thickness (Figure 4).

For a low CBP coverage we observe a steep increase
of the enhanced signal strength, which then saturates
for thicker layers. Please note that the signal originates
only from molecules located in the plasmonic near-
fields (compare Figure 2). The behavior is expected
from the electromagnetic near-field of the resonantly
excited antenna (see Figure 1b), which rapidly de-
creases with increasing distance from the antenna
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Figure 4. Evolution of signal strength with layer thickness
for the plasmonically enhanced (/e n, Open squares) and
unenhanced (/¢ filled dots) C—H deformation vibration
(1450 cm ™). As expected, the enhanced vibrational signal
saturates for thicker layers, whereas the unenhanced signal
increases linearly. The relative resonance shift (red dashed
line) is defined as Aw = (wyes(dcpp) — Wres(0))/wyes(0), where
wres(dcgp) is the resonance frequency at the respective
thickness dcgp. It evolves similarly to the enhanced vibra-
tional signal. The data extracted from simulations (b) are in
good qualitative agreement with the measurements (a).

surface. Since the enhanced signal strength scales with
the plasmonic near-fields,'* vibrations of molecules
located in the direct vicinity of the nanoantenna are
strongly enhanced, while vibrations of molecules lo-
cated apart do not contribute significantly to the
integrated signal. For this reason a constant signal is
expected in the limit of infinite distances. In contrast,
the unenhanced signal strength (filled dots) measured
in perpendicular polarization (see spectra in Figure 2a)
linearly increases with the layer thickness only as
expected from Lambert—Beer's law. Interestingly, for
a thickness of about 250 nm the enhanced and un-
enhanced signal strengths are similar. This means that
antenna-assisted SEIRA provides higher sensitivity only
in comparison to conventional infrared spectroscopy
below this value for the given molecular—plasmonic
system, which is in agreement with previous numerical
studies.'® Finally, the relative resonance shift Aw,e (red
dashed line) behaves very similarly with respect to the
enhanced signal, indicating that the resonance shift as
well as the enhanced vibration is very distance depen-
dent. Please note that the enhanced signal is already
corrected for different plasmonic—vibrational cou-
pling strengths caused by different tuning ratios (see
Supporting Information). The identical feature of
the two curves, however, further reveals the same na-
ture of the shift and signal enhancement, which is the
confined electromagnetic near-field of the antenna.
The experimental findings are in good qualitative
agreement with the numerically calculated data. In line
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Figure 5. Relative incremental enhancement (d/c,n/ddcgp)/
(dl,ef/ddcgp) at a certain distance dcgp from the antenna (the
quotient of the derivatives of the enhanced (d/.,n/ddcgp)
and unenhanced (dl,.¢/ddcgp)) for the C—H deformation
vibration (wy;, = 1450 cm ") versus the layer thickness dcgp.
The simulated (blue symbols) data are normalized to the
experimental ones (black symbols). The red curve repre-
sents the numerically calculated near-field intensity en-
hancement I/, summed up over the surfaces of a cuboid
defined by the antennas' geometry and the respective layer
thickness at certain distance dcgp (see inset). The inset
depicts a cross-section, where the surface of the cuboid
surface is sketched as a black line. The dashed area indicates
the substrate. A good qualitative agreement between the
decay of I/l and of the simulated and experimental incre-
ments is found from about 5 nm on with slight deviations
around 80 nm (indicated by the black arrow).

with our experimental results, we observe saturation of
the enhanced signal strength as well as the relative
resonance shift. There are quantitative differences with
respect to the frequency shift and the enhanced signal
strength that mainly originate from the modeling of
the nanostructures (e.g. as ideal arrangement on a
nonabsorbing substrate) and the CBP layer (as a com-
pletely smooth one with a background polarizability
from literature) in our simulations as addressed above.

In our study, we always measure an integrated signal
strength also containing the contributions of the mol-
ecules from lower layers. In order to determine the
contribution of the enhanced signal at a certain dis-
tance to the integrated signal strength only, we calcu-
late the derivative of the enhanced (dlenn/ddcgp) and
unenhanced signal (d/,./ddcgp) with thickness. Build-
ing the quotient of both derivatives yields the relative
incremental enhancement at a certain distance (thick-
ness in Figure 5), which is a measure of the enhanced
electromagnetic near-field at this distance.

For coverage above approximately 5 nm the experi-
mental incremental enhancement is in good qualita-
tive agreement with the decay of the simulated one
(blue symbols; for better comparison of the slope, data
from simulation are normalized to experimental data at
dcgp = 10 nm). In order to address the relation between
the incremental enhancement and the near-field, we
summed up the numerically calculated near-field in-
tensity I/l (compare Figure 1b) over the surfaces of a
cuboid defined by the antenna geometry and the
respective layer thickness at certain distance dcgp
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located symmetrically around the antenna (see inset
in Figure 5). The identical decay of both curves pro-
ves the purely electromagnetic nature of the SEIRA
enhancement mechanism and confirms that the
antenna-enhanced signal strengths linearly scale with
the near-field intensity as suggested by previous
studies." Obviously, at a thickness of about 80 nm,
corresponding to the antenna height, the simulated
intensity slightly differs from the experimental incre-
mental (see black arrow). In contrast to our assumption
in the near-field simulations (red curve), the CBP layer
also growths on the CaF, substrate and not solely
around the nanostructure. Thus, molecules located at
distances larger than 80 nm also contribute to the
enhanced signal (even though the contribution is very
small). This situation in combination with more intense
electromagnetic near-fields at the upper antenna sur-
face (Figure 1b) leads to an enlarged relative incre-
mental enhancement in comparison to our near-field
simulations. The tiny feature at 80 nm demonstrates
the sensitivity of the measurement to the morphology
of the molecular layer on the substrate in the vicinity of
the antenna. Also in the coverage regime below 5 nm
the morphology of the evaporated film may play a
crucial role. More specifically, the stochastic nature of
the evaporation process always yields condensation
nuclei. The evaporation on gold at room temperature
enables only limited molecular diffusion, resulting in a
disturbed layer-by-layer growth where more mol-
ecules stick at higher layers before lower ones are
completed. Consequently, the incremental signal en-
hancement may decrease more rapidly, as observed
below 5 nm, than for thicker layers, where the film
entirely covers the surface, as we prove by atomic fore
microscopy (AFM, see Supporting Information). Incon-
veniently, this low thickness range is not accessible
with our purely electromagnetic simulations due com-
putational and, below 1 nm, conceptual limitations,
e.g., nonlocal and quantum effects." Also, the mole-
cules are not small enough for even higher resolution
at even smaller distances.

Finally, we representatively estimated an enhance-
ment factor for a layer thickness of one nanometer.
Therefore, we multiply the ratio (approximately 6) of
the enhanced (Figure 5a, open squares) and unen-
hanced (Figure 53, filled dots) signal taken at a distance
of one nanometer with the relative fraction of mol-
ecules actively contributing to the signal. In our refer-
ence experiments (perpendicular polarization) the
ratio is 1, since all adsorbed molecules are measured,
whereas in the SEIRA studies (parallel polarization) only
the molecules located in the plasmonic near-fields
contribute to the signal. Assuming homogeneous
CBP coverage and an active area of two times the
antenna end faces according to ref 12, we deduce
enhancement factors of up to 25000, in agreement
with other studies.?®
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CONCLUSION

In summary, molecular layers of CBP are utilized to
probe the distance dependence of antenna-assisted
SEIRA with nanometer-scale resolution up to more
than 200 nm in distance. In good qualitative agree-
ment with our numerical calculations we experimen-
tally observed a decrease of the signal enhancement
with probe layer thickness originating from the rapidly
decaying electromagnetic near-fields of resonantly
excited nanostructures. The highest sensitivity is found
for the thinnest layers due to the strongly confined
nature of the electromagnetic near-field. From about
5 nm on, the relative incremental enhancement of IR
vibrations linearly scales with the near-field intensity,
as we have proven in this study. Thus, for the distance
range beyond 5 nm, our approach is also applicable to

METHODS

Nanofabrication. The nanoantenna array was defined on an
infrared-transparent calcium diflouride (CaF,) substrate (pur-
chased from CrysTec GmbH, Berlin) via standard electron beam
lithography (Raith eLine) in double-layer PMMA resist (poly-
(methyl methacrylate), 250 K, 2.5% and 950 K 1.5%, Allresist).
After development in MIBK (methyl isobutyl ketone, diluted 1:5
in 2-propanol) a 2 nm chromium adhesion layer and an 80 nm
gold film are thermally evaporated followed by a lift-off proce-
dure (commercial remover based on NEP (N-ethyl-2-pyrrolidone),
Allresist, 65 °C, 2 h). The final nanoantenna array dimensions
are antenna length L = 2140 nm, width w = 90 nm, and height
h =80 nm, periodicity p, = 3140 nm and p, = 8090 nm, and array
size of 5 x 5 mm?

Infrared Spectroscopy and Molecular Evaporation. The organic
material 4,4'-bis(N-carbazolyl)-1,1’-biphenyl (CBP) was pur-
chased from Sigma-Aldrich with a purity of 99.9% and used
without any further purification. It was evaporated on the
nanostructure sample employing resistively heated quartz cru-
cibles in a UHV chamber. The deposition rates were controlled
by a quartz-crystal microbalance and were kept at 0.5 nm/min
for layer thicknesses up to 20 nm and approximately T nm/min
for layer thicknesses between 20 and 200 nm. The UHV chamber
was connected to a Fourier-transform infrared spectrometer. By
means of mirror optics the infrared beam was coupled into the
chamber, sent through a KRS-5 polarizer, and focused on the
sample (spot size of approximately 3 mm). After passing the
nanostructure sample, the transmitted infrared radiation was
detected with a mercury-cadmium-telluride (MCT) detector
located outside the UHV chamber. The base pressure during
sample preparation and spectroscopic measurements was
3 x 107° mbar in the UHV chamber and 3 mbar in the spectro-
meter and detector housing to prevent atmospheric absorp-
tion. The transmission spectra were recorded directly after
CBP deposition with a resolution of 4 cm™' and at least 500
scans at room temperature. After each evaporation step,
corresponding to a certain layer thickness, spectra with polar-
ization parallel and perpendicular to the long antenna axis
were acquired subsequently without moving the sample.
Thus, infrared spectroscopic measurements at the very same
position and the same layer thickness were assured for both
polarizations.

Numerical Simulations. Near-field distributions and far-field
infrared transmittance were calculated using the commercial
FDTD software Lumerical FDTD-Solutions v8.5.3. The infrared
transmittance of individual nanoantennas was obtained by
numerically solving Maxwell's equations under normal inci-
dence of infrared radiation polarized parallel and perpendicular
to the long antenna axis. In all simulations, the antenna was
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gain precise information on the near-field of plasmonic
nanostructures of any shape as well as their expected
SEIRA enhancement.

With respect to possible sensor concepts based
on antenna-assisted SEIRA, the signal evolution with
layer thickness is most important. A comparison of
the enhanced signal to the unenhanced one re-
veals that antenna-enhanced spectroscopy provides
higher sensitivity only with respect to conventional
infrared spectroscopy below 250 nm layer thickness
for the given molecular—plasmonic system. The onset
of saturation of SEIRA effectively starts already at about
100 nm thickness, beyond which the signal enhance-
ment is negligibly small. Consequently, several hun-
dred nanometer-sized objects such as bacteria or cells
can be studied with SEIRA of surface regions, which may
be of interest for membrane studies.

placed on a CaF, substrate and is situated at least one wave-
length size away from the perfect matched layers (PMLs) that
describe the boundary conditions of the simulation volume. The
CBP coverage of the substrate and the nanostructure with
different thickness dcgp was assumed to be homogeneous, as
depicted in Figure 1a. In a first approximation, CaF, was
described by a dispersionless refractive index of n = 1.41, the
optical data of gold were taken from Palik,*® and the dielectric
function of CBP was taken from ref 24. Dielectric functions of
both CBP and gold were fitted with a built-in multicoefficient
model employing 40 and 2 coefficients, respectively. In order to
resolve the nanometer thickness of the molecular layer, sub-
gridding techniques were employed to obtain mesh cell sizes
down to 3 x 3 x 3 nm in volume given by the antenna and CBP
layer. Mesh sizes smaller than 100 nm were used elsewhere.
A plane wave incident from a broadband source (1000 to
2000 cm™") located inside the CaF, substrate excited the
nanostructure. Its transmittance was calculated by integrating
the power flux through a power monitor situated in air and
normalizing it with respect to the source power. Electromag-
netic field strengths of resonantly excited antennas without
any CBP (Figure 1b), however, were recorded with a two-
dimensional field profile monitor placed normal to the sub-
strate and parallel to the long wire axis. To avoid any simula-
tion artifacts, the electromagnetic field was taken 6 nm above
the antenna surface. Convergence testing was performed
by iteratively increasing the simulation volume, the number
of PMLs, and simulation times (up to 1 x 107" 5) as well
as reducing the mesh sizes until the results converged.
Typical residual energies of the decayed electromagnetic
fields below 1 x 1078 were found at the end of simulations.
All symmetries provided by the nanostructures were in-
cluded in the simulation setup to reduce the computational
requirements.

Analytical Calculations. For determining the layer thickness the
commercially available software package SCOUT 3.62 (W.
Theiss, hard- and software) was used. In SCOUT relative trans-
mission spectra of defined layer stacks are calculated using the
transfer-matrix method. Each material in a layer stack is repre-
sented by its dielectric function consisting of a dielectric back-
ground and several Brendel oscillators, which account for the
different vibrational modes of the material.
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