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ABSTRACT: We demonstrate the use of femtosecond direct
laser writing lithography for a fast and homogeneous large-area
fabrication of plasmonic nanoantennas on a substrate by
creating a patterned polymer as an etch mask on a metal layer.
Subsequent argon ion beam etching provides plasmonic
nanoantennas with feature sizes below the diﬀraction limit of
the laser light. They exhibit tunable high-quality plasmon
resonances in the mid-infrared spectral range, which are ideally
suited for surface-enhanced infrared absorption (SEIRA). In
the present work, we demonstrate reliable, fast, and low-cost
fabrication of a wide variety of antenna arrays and examine
particularly the inﬂuence of plasmonic coupling between neighboring antennas on the SEIRA enhancement eﬀect. Speciﬁcally,
we measure the enhanced infrared vibrational bands of a 5 nm thick 4,4′-bis(N-carbazolyl)-1,1′-biphenyl layer evaporated on
arrays with diﬀerent longitudinal and transversal spacings between antennas. An optimum SEIRA enhancement per antenna of 4
orders of magnitude is found close to the collective plasmon excitation in the nanoantenna array, rather than at the highest
antenna density. Our method establishes a low-cost replacement technique for electron beam lithography. Simple, fast, and
straightforward fabrication of optimized SEIRA antenna arrays with cm2 areas, which can be used in real-world applications such
as chemical and biological vibrational sensing, is now possible.
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inﬂexible, and low-cost access to such facilities is quite limited,
particularly on a research level. In contrast to that, randomly
distributed metal island ﬁlms6,7 can easily be prepared on large
scales at low costs but provide relatively low SEIRA
enhancement. Nanostructures fabricated by colloidal mask
lithography8,9 or laser interference lithography10 oﬀer a higher
enhancement, but only randomly or particularly arranged
nanostructure geometries with low aspect ratios are feasible.
Some other methods such as nanostencil lithography11,12 or
direct nanocutting13 employ a patterned sample as a mask,
which needs to be prepared by other techniques, mostly EBL.
However, the use of tailored masks allows for a fast
nanofabrication on large areas. For example, reconstructable
mask lithography proposed by Yang et al.14 is able to fabricate
wafer-scale-sized metamaterial with nanoscale dimensions.
Recently, photoinduced fabrication methods have been
introduced for SEIRA applications, but the tailored nanostructures fabricated by these methods do not provide a suﬃcient
homogeneity and high SEIRA enhancement at the same time.
For example, nanospherical-lens lithography15 suﬀers from

nfrared (IR) spectroscopy is a standard technique in
chemistry and life science for the unambiguous identiﬁcation
of materials and molecules based on their speciﬁc infrared
absorption. The main limitation of infrared spectroscopy,
however, is the relative low-absorption cross-section of
molecular excitations.1 Recently, special designs of metal
structures, known as plasmonic antennas,2−4 are employed to
overcome this limitation. Such nanoantennas provide huge
electromagnetic near ﬁelds, which can be used to enhance
vibrational signals of molecules located in such hot spots.
Following this approach of surface-enhanced infrared absorption (SEIRA), the sensitivity is increased by up to 5 orders of
magnitude in comparison to conventional infrared transmittance spectroscopy.5
While large-area fabrication methods are required for
practical applications of SEIRA, nanoantennas in the abovementioned studies are typically prepared by electron beam
lithography (EBL) and lift-oﬀ techniques. This process allows
for precise control of the nanostructure geometries but
hampers direct and maskless large-area fabrication on
reasonable time scales. In principle, state-of-the-art photolithography methods such as used in the semiconductor
industry today enable a fast production of decimeter-sized
arrays of nanometer-sized and well-deﬁned metal structures.
However, mask fabrication for this process is expensive and
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Figure 1. Illustration of the nanoantenna fabrication process using femtosecond direct laser writing (DLW) lithography. (a) The laser beam scans
the sample and exposes the photoresist at the gold interface selectively. (b) Argon (Ar) ion beam etching process: after photoresist development the
exposed resist is used as an antenna mask during the etching process. Positive Ar ions are accelerated toward the sample and remove gold atoms
from the surface. (c) Antennas with diﬀerent distances (dx, dy) are covered by a 5 nm thick 4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP) layer to
investigate the impact of collective excitations on the signal enhancement in surface-enhanced infrared spectroscopy.

Figure 2. (a) The macrophotograph demonstrates the fabrication of gold nanoantennas on cm2-sized areas with excellent homogeneity as
representatively shown in the tilted view scanning electron micrograph (b) for antennas (2.4 μm length, 140 nm width, and 105 nm height) arranged
in arrays with (dx, dy) = (5, 5) μm. (c) The homogeneity is also conﬁrmed by relative transmittance spectra (E∥, parallel polarization) measured at
diﬀerent positions by infrared microscopic spectroscopy (spot size ≈ 100 × 100 μm2). Typically, the resonance frequency of the plasmonic excitation
deviates less than 2%, as seen in the inset.

provide additional SEIRA enhancement31,32 if the critical
grating periodicity Λx and Λy fulﬁll the following equation:

inhomogeneities, and metal stripe gratings produced by
photolithography oﬀer only moderate enhancement.16
In contrast to that, direct laser writing (DLW) as a twophoton absorption process allows for a homogeneous and wellcontrolled fabrication of nanostructures17,18 over large areas at
low costs. In this approach, a tightly focused spot of
femtosecond laser light causes local polymerization in a
polymer and thus enables the writing of arbitrarily shaped 3D
structures, e.g., for perfect absorption,19 telecommunications,20
and optical devices for integrated optics.21−23 However, the
preparation of 2D metal nanostructures is easily feasible via
selectively scanning the photoresist interface and subsequent
argon ion etching as demonstrated in the following. Besides a
homogeneous fabrication of nanostructures on large areas, this
versatile nanofabrication technique allows for the preparation of
arbitrarily arranged nanoantennas. Thus, systematic studies on
the impact of various plasmonic coupling eﬀects on the
enhancement in surface-enhanced spectroscopic techniques,
such as surface-enhanced Raman spectroscopy (SERS),24
enhanced ﬂuorescence,25 or SEIRA, are feasible.
Numerous studies during the past decade report on how the
optical properties of such specially arranged nanoantennas
depend on the interaction with other particles situated in the
near26,27 or far ﬁeld.28,29 For SEIRA it was demonstrated that
nanoantennas with nanometer-sized gaps increase the enhancement by 1 order of magnitude in comparison to individual
antennas.30 However, also collective plasmonic excitations
originating from periodically arranged nanostructures can
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Here, ns denotes the refractive index of the substrate, i and j are
the diﬀraction grating orders, and λcollective is the resonance
wavelength of the collective mode. Nanoantennas with
resonances tuned to this Rayleigh anomaly33 strongly enhance
the collective plasmonic response, which results in an eﬃcient
funneling of incident light into stronger near ﬁeld excitations.
The eﬀect was ﬁrst exploited for SEIRA by Adato et al.,32
employing nanoantenna arrays with identical periodicities
perpendicular (Λy) and parallel (Λx) to the long antenna
axis, whereas in the present study both periodicities are varied
individually.
In the present paper, we demonstrate how direct laser writing
lithography combined with argon ion etching can be used as a
reliable method to prepare homogeneous large-area arrays of
plasmonic nanoantennas for vibrational sensing in the midinfrared range. Enabled by the versatility of DLW with respect
to the arrangement of nanostructures, we fabricate nanoantenna arrays with diﬀerent longitudinal and transversal
spacings. After the evaporation of the molecular probe named
4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP), their SEIRA activity is measured and then evaluated regarding the optimum
conﬁguration for SEIRA.
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RESULTS AND DISCUSSION

An illustrated drawing of the two-photon direct laser writing
process is shown in Figure 1a. The femtosecond laser light
selectively exposes the photoresist, and a photoresist mask is
generated via scanning the interface between the photoresist
and the gold-coated calcium diﬂuoride (CaF2) substrate. After
the development process, the exposed photoresist remains on
the surface and is used as a mask for argon ion beam etching
(Figure 1b), enabling the fabrication of gold nanoantennas with
well-deﬁned geometrical parameters. In order to prepare largearea samples required for practical applications, the maximum
scanning area (200 × 200 μm) is subsequently extended by
using a positioner stage that moves up to several centimeters.
Following this approach, we fabricate homogeneous nanoantenna arrays on large areas as shown exemplarily in the
photograph and a scanning electron microscope (SEM) image
(Figure 2a and b, respectively). The large-area sample is
fabricated by stitching 2601 ﬁelds next to each other. Each ﬁeld
has a size of 150 × 150 μm2; hence the antenna array covers 7.6
× 7.6 mm2. In order to prevent stitching errors, the whole area
is designed in such a way that only small movements of the
mechanical stage are necessary and additionally the stage is
always moved from one direction to each ﬁeld. Typical DLW
illumination times of such cm2-sized samples are 1 order of
magnitude smaller than standard EBL exposure times. Their
remarkable homogeneity is also conﬁrmed by their infrared
optical properties measured at diﬀerent positions with average
distances of about 2 mm (Figure 2c and Supporting
Information S1). As seen in the inset, the resonance frequencies
(transmittance minimum) deviate less than 2% over the sample,
conﬁrming the excellent homogeneity of our nanoantennas on
large scales.
Precise tunability of plasmonic properties is desirable for any
sensing application but requires full control over their
geometry.12 Direct laser writing combined with argon ion
etching oﬀers such versatile control during the fabrication
process. On one hand, speciﬁc illumination times and laser
powers in the DLW process result in diﬀerent antenna lengths
(L) and widths (W), respectively. Keeping the argon ion beam
etching time at 210 s, for example, but changing the DLW
illumination power from 9 to 5 mW (in steps of 1 mW) enables
us to prepare nanoantennas with widths changing from 335 to
150 nm. Such nanoantennas with design lengths between 1.7
and 2.8 μm feature tunable plasmon resonances in the mid-IR
spectral range, as shown in Figure 3a. For more details on the
nanofabrication process see the methods.
On the other hand, antenna geometries can be controlled by
the argon ion etching process. The widths of antennas can be
further narrowed by higher argon etching times, 255 s instead
of 210 s, but the same laser powers during direct laser writing.
Figure 3b shows typical SEM images (selected antenna arrays)
and typical relative transmittance spectra of such antennas
measured in parallel polarization. Their widths vary from 105 to
290 nm, demonstrating the capability of our approach to
prepare antennas with feature sizes below the diﬀraction limit
of the femtosecond laser light. Please note that longer argon
etching times slightly decrease the antenna lengths. However,
this is only a small absolute change (50 nm) compared to the
design length (micrometer range) and thus does not inﬂuence
the resonance properties signiﬁcantly.
In order to demonstrate the SEIRA activity of our
nanoantennas, we evaporated a homogeneous layer of CBP

Figure 3. SEM images (right) and relative transmittance spectra (E∥,
parallel polarization) of nanoantennas with widths below the
diﬀraction limit of radiation used in the direct laser writing lithography
process are shown. The width (W) of each antenna can be deﬁned
independently of the length (L) by changing the laser power (a) and
further narrowed by increasing the etching time (210 to 255 s) (b).
Lengths and widths of the antennas are varied from 1.7 to 2.8 μm and
105 to 335 nm, respectively. The laser powers in (a) and (b) are varied
from 9 to 5 mW (in steps of 1 mW), resulting in narrower antennas
for lower illumination powers. The height of the narrowest antenna is
75 nm, for all other antennas it is approximately 105 nm, and the
distances between antennas are (dx, dy) = (5, 5) μm.

(thickness 5 nm) on antenna arrays with various lengths and
spacings (see Figure 1c). For more details on the CBP
evaporation process, see Figure S2 in the Supporting
Information and ref 30. Since the optical properties of
nanoantenna arrays strongly depend on the plasmonic coupling
caused by their periodical arrangement, we expect a similar
behavior for their SEIRA enhancement.31,34 To independently
investigate the eﬀects of longitudinal (parallel to long antenna
axis) and transversal (perpendicular to long antenna axis)
plasmonic coupling on SEIRA, the spacing along the long
antenna axis (dx) and the short antenna axis (dy) is varied
individually from 0.5 to 10 μm (Figure 1c). Additionally, the
fabrication of diﬀerent antenna lengths for each conﬁguration
(dx, dy) ensures a good match of the plasmonic resonances and
selected CBP vibrations (combined CH deformation and CN
stretching mode at 1504 cm−1 as well as CH deformation mode
at 1230 and 1450 cm−1), which is necessary for an optimum
SEIRA enhancement. For this preparation task, DLW
combined with argon ion etching is ideally suited, since it
provides full ﬂexibility regarding antenna arrangement and
geometry on reasonable time scales.
Representative SEM images of four selected nanoantenna
arrays with similar lengths (L = 2.6 μm) but diﬀerent spacings
(dx, dy) and their corresponding transmission spectra are shown
in Figure 4.
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adoption of the computational approach of asymmetric leastsquares smoothing36 while excluding the spectral regions of the
selected vibrational bands. As an example we show the
measured spectra of (dx, dy) = (1, 2) μm for diﬀerent antenna
lengths in Figure 5a (top panel) and the corresponding

Figure 4. (a) Representative SEM images of nanoantennas with
selected antenna distances prepared by direct laser writing lithography
for our SEIRA studies. (b) Relative transmittance spectra of the
corresponding antennas (2.6 μm length, 140 nm width, antenna
spacings in μm are indicated by colored numbers in the plot) covered
with a 5 nm thick layer of CBP acting as a probe for the SEIRA
enhancement. Depending on the antenna distances, diﬀerent enhancements of the CBP vibrational bands are found for parallel polarization
(E∥), whereas no enhanced signals are found for perpendicular
polarization (E⊥, purple curve).

Figure 5. Surface-enhanced infrared spectroscopy of CBP-covered
nanoantennas in dependence on the tuning between the plasmonic
and molecular excitation. (a) Upper panel: Relative transmittance
spectra (parallel polarization) of representative antenna arrays with
same distances (dx, dy) = (1, 2) μm and antenna widths (140 nm) but
diﬀerent lengths L as indicated. Lower panel: Corresponding baselinecorrected IR spectra with resonance positions indicated by black
triangles. Due to the diﬀerences in resonance matching of the
antennas, diﬀerent enhanced signals and line-shapes are observed.
Dotted lines indicate the spectral positions of the CBP vibrations of
interest at 1230, 1450, and 1504 cm−1. (b) Signal enhancements (SE)
per antenna (enhanced vibrational signal normalized to a reference
measurement of a 5 nm CBP layer on unstructured CaF2) of the
strongest CBP vibrational bands (1450 and 1504 cm−1) versus tuning
ratio (ratio of vibration frequency to resonance frequency) with
(dx, dy) as given in the legend. The solid lines are Lorentzian ﬁts for
better visualization.

IR measurements in perpendicular polarization (purple
curve) do not provide infrared plasmonic resonances, and
thus no enhanced CBP vibrations are detected. In contrast to
that, broadband plasmonic resonances are excited with parallel
polarized light. Here, the CBP absorption bands are enhanced
by the plasmonic near ﬁelds. In the spectra, they appear as
sharp features on the antenna resonance curve with Fano-type
line-shapes originating from the coupling between the
plasmonic and the vibrational excitation.5,35 As expected, arrays
with higher antenna densities mostly show higher signal
intensities. However, this correlation does not hold for
distances smaller than (dx, dy) = (1, 2) μm. For example,
although conﬁgurations (1, 1) and (1, 2) have the same
extinction, the enhanced vibrational signals of conﬁguration
(1, 2) are signiﬁcantly stronger despite the lower antenna
density. Consequently, plasmonic interactions between nanoantennas, which considerably change the IR optical properties,
must play a signiﬁcant role in the SEIRA enhancement.
In order to investigate this eﬀect, we extract the enhanced
vibrational signals from the baseline-corrected transmittance
and normalize them to nonenhanced CBP vibrations (see
Figure S2 in the Supporting Information) as well as to the
antenna density given by (dx, dy). In more detail, we
approximated the baseline of the antenna resonance using an

baseline-corrected signals (bottom panel) obtained by the ratio
between the measured transmission spectrum and the ﬁtted
baseline. The vibrational signals of the baseline-corrected
spectra exhibit a typical asymmetric Fano shape.5,35 As seen
in the upper panel, the signal enhancement strongly depends
on the match between vibrational frequency (ωvib) and the
plasmonic resonance frequency (ωres). This becomes even
more obvious in Figure 5b, where the signal enhancement per
antenna of the CBP vibration at 1450 and 1504 cm−1 in
dependence on the tuning ratio (ωvib/ωres) is plotted for
selected conﬁgurations (dx, dy). As expected, the signal
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Figure 6. Signal enhancement (SE) per antenna of the vibrations at (a) 1230 cm−1 and (b) 1450 and 1504 cm−1 over the longitudinal dx and
transversal dy spacing. Due to the close spectral vicinity of the vibrations at 1450 and 1504 cm−1, both modes are grouped together (see text).
Notably high values are found in (a) for dy = 5 μm and in (b) for dy = 2 μm, with the highest signal enhancement at (dx, dy) = (1, 5) (μm) and
(1, 2) (μm), respectively, indicating a signiﬁcant inﬂuence of the collective plasmonic excitation in antenna arrays on the signal enhancement. The
total enhancement is the signal enhancement per antenna multiplied with the total number of antennas that participate in the collective resonance,
which ranges typically on the order of 100 to 4000. The dashed lines indicate the calculated critical grating distances dcrit (dcrit,y = Λy − W and
dcrit,x = Λx − L). The area between the measurement points is linearly interpolated.

Figure 6. Furthermore, the maximum value diﬀers due to the
stronger near ﬁelds found for longer antenna lengths.42
For both plots, a remarkably sharp drop is observed for
transversal spacings dy smaller than 2 μm, while the eﬀect is
much less prominent for longitudinal spacings dx. This result is
in agreement with previous studies,32,34 where a strong
broadening of the plasmonic resonances and a decrease of
the near ﬁeld intensity were found for small spacings dy induced
by transversal coupling. In contrast to that, longitudinal
coupling over micrometer-sized dx only marginally aﬀects the
antenna resonance and near ﬁeld enhancement.34 However, a
further decrease of dx down to several tens of nanometers,
which is not the subject of the present study, results in higher
SEIRA enhancements due to near ﬁeld coupling, as shown for
example in ref 30. For larger separations of dy, the beneﬁt of a
plasmonic interaction vanishes and the signal enhancement per
antenna decreases. Nevertheless, also the limit of a single
nanoantenna is of potential interest, since here the absolute
amount of detectable molecules is lowest.
Please note that the signal enhancement (not normalized to
one antenna) peaks at slightly smaller spacings (see Figure S3
in the Supporting Information), but the above-mentioned
behavior still holds. For example, smaller distances do not
necessarily provide higher signals, even though more antenna
hot spots are available for enhancement. This is in contrast to
other studies with periodically arranged ITO nanoparticles
acting as SEIRA substrates.31 There, the signal enhancement
scales with the antenna density, since collective plasmonic
excitations are negligible due to the high absorption but low
scattering of the particles.
Finally, we representatively estimated a SEIRA enhancement
factor by taking into account the molecules located in the
conﬁned electromagnetic near ﬁelds of the antennas. Only
molecules situated in these active areas contribute to the
enhanced vibrational signal. Therefore, we multiply the
maximum signal enhancement per antenna (SE ≈ 0.04),
which is found for the (dx, dy) = (1, 5) μm conﬁguration and
ω = 1230 cm−1, by the used spot size (A0 = 100 × 100 μm2).
Assuming an active area 2 times the antenna end faces
according to ref 43 and a homogeneous coverage, we ﬁnd an

enhancement per antenna peaks around a tuning ratio of 1,
corresponding to a perfect match between vibrational and
resonance frequency.
Finally, by taking the maximum values determined in Figure
5b, we obtain the signal enhancement per antenna over the
longitudinal and transversal spacings between antennas (see
Figure 6). Notably high values are found close to dy = 5 μm for
the vibration at ω = 1230 cm−1 (Figure 6a) and dy = 2 μm for
the vibrations at ω = 1450 cm−1 and ω = 1504 cm−1,
respectively (Figure 6b). The appearance of the enhancement
maxima can be explained by the excitation of collective
resonances in metal arrays, namely, the Rayleigh anomalies.37,38
As discussed in the introduction, stronger near ﬁelds and thus
stronger SEIRA enhancements39,40 are found for nanoantennas
arranged with the critical grating periodicity. In a ﬁrst
approximation, we consider only the interaction between next
neighbors and neglect the contributions from longitudinal
coupling, since a dipole antenna radiates preferentially
perpendicular to its axis of polarization.34,41 According to
eq 1, we deduce a critical grating distance dcrit ≈ 5.6 μm
(diﬀerence of critical grating periodicity Λy and antenna width
W) for the maximum signal enhancement per antenna of the
CH deformation vibration at 1230 cm−1, which is in good
agreement with our experimental data (see Figure 6a). Slight
deviations may originate from an angle dependency of the
collective plasmonic excitation.41 For the vibrations located at
1450 and 1504 cm−1, which can be pooled due to their spectral
vicinity, one calculates dcrit ≈ 4.6 μm as the critical grating
distance. Obviously, this estimated critical spacing deviates
from our experimentally determined maximum signal enhancement per antenna (Figure 6b). As shown by Adato et al.,41
spacings slightly larger than the critical grating distance result in
a strong damping of the collective plasmonic resonances and a
loss of the additional near ﬁeld enhancement. Thus, only a
relatively small spectral window provides additional enhancement, which was not precisely matched to the antenna
resonance and the vibrational bands at 1450 and 1504 cm−1
in our experiments. However, the maximum signal enhancements per antenna of diﬀerent vibrations scale with the critical
grating distance, as expected from eq 1 and qualitatively seen in
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were approximately 105 nm. For the initial design, the
geometrical parameters were estimated by Fourier modal
method simulations.46
CBP Evaporation. 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl
(Sigma-Aldrich, 99.9%) was evaporated under ultra-highvacuum conditions. For more details, see ref 30.
IR Transmittance Measurements. IR optical properties
were measured using a Bruker Hyperion 2000 IR microscope
(Schwarzschild-objective with 15-fold magniﬁcation, NA = 0.4)
coupled to a Bruker Vertex 80 spectrometer with an optical
path purged with nitrogen. To obtain the relative transmittance
spectra, the transmittance at the position of the CBP-covered
nanoantenna is normalized to an unstructured but CBPcovered area close to the nanostructures. A typical spot size is
100 × 100 μm2 for the SEIRA measurements, allowing the
illumination of about 500 antennas for (dx, dy) = (1, 5) μm. All
spectra were acquired with an IR polarizer (working range 2 to
10 μm) and a liquid-nitrogen-cooled mercury cadmium
telluride detector with at least 25 scans and a resolution of
2 cm−1. For the acquisition of the nonenhanced CBP spectrum,
we used an area without nanostructures on the sample and a
bare CaF2 wafer as reference.
Photograph and Scanning Electron Micrographs. The
photograph was taken with a Canon EOS 60D camera with a
Canon EF100 mm f/2.8 Macro USM (f/8, 1/4 s, ISO 100).
The sample was illuminated with a white LED light source. The
scanning electron micrographs were acquired with an S-4800
scanning electron microscope (Hitachi Company). Charged
areas in the SEM image were removed for a better visualization.

enhancement factor of 14 000, in agreement with other
studies.10,32,44

■

CONCLUSION
In conclusion, we combine femtosecond direct laser writing and
argon ion beam etching to fabricate homogeneous large-area
nanoantenna arrays, providing plasmon resonances in the midinfrared spectral range. Such nanoantennas are ideally suited as
substrates for surface-enhanced infrared absorption, as
demonstrated by enhancing vibrational signals of CBP
molecules evaporated on antenna arrays with diﬀerent spacings
between the elements. The signal enhancement is strongly
inﬂuenced by plasmonic coupling that originates from the
periodical arrangement of antennas and is maximum close to
the Rayleigh anomaly. For this optimum conﬁguration, we ﬁnd
a maximum SEIRA enhancement factor of about 4 orders of
magnitude, which is comparable to the SEIRA activity of
substrates prepared with other nanofabrication methods such as
interference lithography, colloidal hole mask lithography, or
electron-beam lithography.

■

METHODS

Sample Fabrication. CaF2 substrates (refractive index ns =
1.42) were cleaned with acetone and 2-propanol for 10 min in
an ultrasonic bath. After drying with nitrogen, we evaporated 5
nm of Cr as an adhesion layer and a 100 nm thick layer of gold
(Pfeiﬀer vacuum model PLS-500, 10−7 mbar) as a plasmonic
material onto the substrate. A drop of photoresist (Nanoscribe
IP-Dip), needed for the dip-in direct laser writing process,45
was then cast on top of the gold surface.
For direct laser writing, we used a Photonic Professional GT
machine (Nanoscribe GmbH, Germany) with a femtosecond
laser beam (λ = 780 nm), which was focused by an objective
lens (63-fold magniﬁcation, NA = 1.4) into the photoresist.
The tunable laser power at the entrance of the objective was
between 5 and 9 mW, resulting in diﬀerent thicknesses (175 to
105 nm) and line widths (full widths at half-maximum between
305 and 245 nm) of the exposed photoresist mask after
development. The typical writing speed was 12000 μm/s,
enabling the illumination of a 7.6 × 7.6 mm2 sized sample
within 90 min using stitching techniques as described in the
text.
After the illumination process, we kept the samples in the
developer (Microresist mr-dev 600) for 15 min and in
2‑propanol for 2 min to remove the nonilluminated areas.
The patterned areas were used as a mask and transferred into
the gold layer via an argon ion beam etching process (Technics
Plasma model R.I.B.-Etch 160, beam current range from 90 to
100 mA, typical etching times between 200 and 300 s). The
etching rates are 0.5 nm/s for gold, 0.24 nm/s for CaF2, and
0.54 nm/s for the polymer, measured by atomic force
microscopy. Thus, the etching ratios of exposed photoresist
to gold and to CaF2 are approximately 1:1 and 2:1, respectively.
The remaining polymer was removed using oxygen plasma
(Diener Electronic Plasma-Surface-Technology, 90 min,
1.4 mbar, 160 W). As a result, we obtained antenna arrays
with typical antenna lengths and widths in the range 1.7 to 2.8
μm and 105 to 350 nm, respectively. Also the spacing along the
long (dx) and short (dy) antenna axis was varied individually.
For both directions we chose six diﬀerent distances (0.5, 1, 2, 5,
8, and 10 μm), resulting in 36 diﬀerent conﬁgurations for
(dx, dy) with ﬁve lengths per conﬁguration. The antenna heights

■

ASSOCIATED CONTENT

S Supporting Information
*

Relative transmittance spectrum of a large-area sample
measured with a low-cost FTIR spectrometer (Bruker alpha),
IR optical properties of CBP, and laterally resolved signal
enhancement. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acsphotonics.5b00141.

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: h.giessen@pi4.uni-stuttgart.de.
Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the ﬁnal version of
the manuscript.
Author Contributions
‡

S. Bagheri and K. Weber contributed equally to this work.

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors gratefully acknowledge ﬁnancial support by ERC
Advanced Grant COMPLEXPLAS as well as DFG, BMBF,
GIF, Zeiss Foundation, and MWK Baden-Württemberg and the
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