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and low-cost fabrication is required. Ide-
ally, one would like to have low-cost and 
cm 2  sized chips, which provide plasmonic 
resonance over the whole area and can be 
simply put into standard infrared spec-
trometers, serving as smart substrates for 
the detection and identifi cation of bio-
logical or chemical substances. Randomly 
distributed metal island fi lms [ 10,11 ]  or metal 
stripe gratings [ 12 ]  enable such large-area 
fabrication, but their plasmonic enhance-
ment is orders of magnitudes smaller than 
the one of tailored nanoantennas. In con-
trast, metal antennas prepared by bottom-
up approaches, such as nanosphere 
lithography, [ 13–15 ]  offer higher enhance-
ments but suffer from inhomogeneity on 
large scales. Recently, colloidal hole mask 
lithography [ 16,17 ]  has been introduced as an 

approach to fabricate tailored nanostructures that provide high 
near-fi eld enhancements. However, due to intrinsic limitations 
of the method, only randomly distributed antennas can be real-
ized. Other methods, like nanoimprint techniques, have their 
own limitation such as a slow fabrication process of mask. [ 18–20 ]  
In contrast laser interference lithography enables a fast prepara-
tion of tailored polymer and metal structures arranged in well-
defi ned geometries on large scales up to 4 inches, [ 21 ]  with a high 
structure density. [ 22 ]  These characteristics make laser interfer-
ence lithography a powerful tool for the fabrication of plasmonic 
materials with a broad range of applications, for example, plas-
monic color fi ltering [ 23 ]  or biosensing. [ 24,25 ]  Also, the fabrication 
of substrates for antenna-assisted SEIRA is enabled by this fl ex-
ible approach as we will demonstrate in this paper. 

 In particular, we will highlight the potential of laser inter-
ference lithography as a powerful tool for the fast and low-cost 
preparation of homogeneous large-area substrates for antenna-
assisted SEIRA. More specifi cally, we utilized laser interference 
lithography to prepare tailored metal structures featuring high-
quality plasmon resonances in the near- and mid-infrared spec-
tral range. These substrates provide excellent SEIRA activity as 
we demonstrate with two different molecular layers attached to 
the antennas. Furthermore, they enable sensitive in situ moni-
toring of the UV degradation of polymers via the signal contrast 
in their vibrational spectra.  

  2.     Laser Interference Lithography 

 The interference of two coherent laser beams with wavelength 
λ causes a standing wave grating pattern which can be used 
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 Laser interference lithography is utilized to fabricate large-area plasmonic 
antenna substrates for surface-enhanced infrared absorption (SEIRA). 
Changing the interference condition in each exposure process allows precise 
control over the geometrical parameters of the structures and thus tailoring 
of their optical response. Independent of the underlying wafer, the technique 
enables a homogeneous preparation of antennas over cm 2  areas with tunable 
and high-quality plasmonic resonances in the near- and mid-infrared spectral 
range. The broad applicability of such SEIRA substrates is demonstrated by 
enhancing the infrared vibrational signals of a monolayer octadecanethiol 
and by monitoring the ultraviolet degradation of a polymer via the decrease 
of its specifi c vibrational modes. Due to the large-area and fast fabrication 
process, laser interference lithography is ideally suited for the preparation of 
low-cost sensing platforms for a variety of different SEIRA applications in the 
chemical, analytical, and life sciences. 

  1.     Introduction 

 Infrared (IR) spectroscopy is a standard tool in life science and 
medicine for the detection and chemical characterization of 
molecular species, since it allows for an unambiguous identi-
fi cation based on the specifi c molecular vibrations. Unfortu-
nately, these molecular vibrations are excited ineffi ciently with 
infrared light. Thus, the detection of minute amounts of toxic 
or harmful [ 1,2 ]  substances, which is essential for sensing appli-
cations, is hampered. One way to overcome this limitation is 
the use of specially designed metal structures, known as reso-
nant plasmonic antennas. Such structures concentrate electro-
magnetic radiation in nanometer-sized volumes and therefore 
provide huge near-fi eld enhancements (see  Figure    1  a and 
ref.  [ 3 ] ). Molecular vibrations of species located in these hot 
spots can be enhanced up to fi ve orders in comparison to con-
ventional infrared spectroscopy. [ 4–6 ]   

 Several studies following this approach of antenna-assisted 
surface-enhanced infrared absorption (SEIRA) utilize small-area 
samples fabricated by cost-intensive and time-consuming elec-
tron-beam lithography. [ 5,7–9 ]  To transfer the high sensitivity ena-
bled by antenna-assisted SEIRA to life science laboratories and to 
allow for a broad range of sensing applications a fast, large-area 
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for the preparation of tailored structures in photoresists and 
optionally transferred to metals via etching processes. Tuning 
the periodicity (p)

    λ θ= ×p /(2 sin( / 2))  (1) 

 of this grating pattern by changing the angle θ between the 
two incident beams and adding a second exposure step enables 
the fabrication of geometrically tunable structures. [ 26 ]  Here, we 
utilize such a two-exposure process to fabricate large-area and 

defect-free plasmonic antenna arrays for antenna-assisted sur-
face-enhanced infrared absorption. 

 A schematic drawing of our laser interference lithography 
setup is shown in Figure  1 b. Two parts of an expanded HeCd 
laser beam at 325 nm wavelength are selected with movable 
mirrors and directed towards the sample. The fi rst UV exposure 
process generates a grating pattern in a photoresist which is 
spun onto a metal fi lm (in our case gold) on the sample. Sub-
sequently a second grating pattern with different orientation is 
achieved after rotating the sample (angle ϕ which is 53° for this 

Adv. Optical Mater. 2014, 2, 1050–1056

www.MaterialsViews.com
www.advopticalmat.de

 Figure 1.    (a) Numerically calculated electromagnetic near-fi eld intensity I/I 0  (18 nm above the CaF 2  substrate, parallel polarization) of an ellipsoidally 
shaped antenna (length L = 1.0 µm, width W = 0.5 µm, and height H = 35 nm) resonant at 3380 cm −1 . The electromagnetic near-fi eld intensity is con-
centrated in hot spots at the antenna tip ends. (b) Schematic view of our laser interference lithography set up: The expanded laser beam (blue-green) is 
directed by two mirrors to the gold and photoresist-covered wafer. This wafer is rotated by an angle ϕ (in this work 53°) for a second exposure process 
in order to obtain 2D periodic structures. Antennas with various geometrical parameters (length, width and distance between antennas) are produced 
by changing the interference angle θ. This is realized by moving the sample holder in direction of the expanded laser beam, thus changing the sample 
distance, and controlling the direction of the refl ected light (sky blue) by tuning the mirrors. The photograph (c) and the scanning electron micrograph 
((d), tilted view) of gold antennas (length: 2.1 µm, width: 1 µm, height: 35 nm) demonstrate the excellent homogeneity of our substrates on a large 
scale. The homogeneity is further confi rmed by infrared transmittance measurement (parallel polarization, E par ) recorded at different positions of the 
antenna substrate (e).
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work) and exposing the photoresist a second time. Tuning the 
exposure dose for each step enables us to employ the double-
exposed areas as a mask for antennas, which can be used for 
a fl exible preparation independent of the underlying wafer. 
The pattern is then transferred via directional argon ion beam 
etching into the metal fi lm, resulting in large-area regular arrays 
of metallic antennas with tunable lengths and widths as well as 
periodicities. For more details please see Experimental Section. 

 As a result of the sample fabrication process, we obtain highly 
homogenous antenna substrates on large scales (10 × 10 mm 2 ) 
as shown in the photograph (Figure  1 c) and the scanning elec-
tron microscopy (SEM) image (Figure  1 d). This fi nding is also 
supported by the infrared optical properties of our antenna sub-
strates. Typical infrared transmittance spectra recorded at var-
ious positions of such a sample feature plasmonic antenna reso-
nances with frequencies and extinction varying by less than 3 % 
(Figure  1 e). This excellent homogeneity of our large-area antenna 
substrates enables routine measurements with cm-sized aper-
tures in simple standard FTIR spectrometers as they are present 
in many life sciences, chemistry and pharmacy laboratories. For 
a demonstration we acquired the transmittance of an antenna 
substrate (L = 1.8 µm and W = 0.8 µm) with a simple FTIR 
spectrometer (Bruker Alpha) and a high-end FTIR spectrometer 
combined with an IR microscope. As expected we found a good 
agreement (see Figure S1 in the Supporting Information). 

 It is a well-known fact that the resonance frequencies of 
metal particles are tunable by their geometrical dimensions. [ 4,27 ]  
In our experiments, these geometrical parameters, such as 
length (L), width (W), and distance between the antennas 
cannot be chosen completely independently and are linked via 
simple geometrical relations:

    L a(p)/ sin( /2)ϕ= Δ   (2)  

    W a(p)/ cos( /2)ϕ= Δ   (3)   

 As mentioned before, the rotation angle is given by ϕ and 
the photoresist linewidth by Δa, depending on the periodicity 
p. According to these equations and Equation  ( 1)   we can, for 
example, adjust the periodicity by changing the interference angle 
θ for a constant ratio of length and width. Additionally we are able 
to control the antenna geometry by using different exposure doses 
or different development times of the photoresist. Larger antennas 
are fabricated with a higher exposure dose or shorter development 
time, whereas smaller antennas are produced with lower exposure 
dose or longer development time. These parameter variations 
enable us to prepare micro- and sub-micrometer-sized structures 
in different geometries on a large scale with plasmon resonances 
in the near- and mid-infrared spectral range.  

  3.     Plasmonic Response of Large-Area Antenna 
Substrates 

 To demonstrate the capability of our method to precisely con-
trol the geometrical parameters of metal antennas and conse-
quently the tuning of their plasmon resonances, SEM images 
and typical relative transmittance spectra of fi ve different 
antenna substrates are shown in  Figure    2  .  

 The lengths (L) and widths (W) of the antennas vary from 
2.1 to 0.8 µm and 1 to 0.4 µm, respectively, resulting in tun-
able plasmon resonances in the near- and mid-infrared spec-
tral range (2.5 to 6.2 µm) with modulation depths up to 90 % 
for parallel polarization independent of the underlying wafer 
(Figure  2 a). On the contrary, plasmon resonances meas-
ured with perpendicularly polarized light (Figure  2 b) are less 
intense and much broader, mainly resulting from smaller 
dipole moments. [ 28 ]  Beside the fundamental resonance a 
variety of resonant modes are observed for both polarizations. 
Some of them have their origin in higher order excitations; [ 29 ]  
others are due to collective modes. [ 30 ]  Such Rayleigh anoma-
lies stem from the coupling of densely packed and periodically 
arranged metal structures [ 31 ]  with distances in the range of the 
resonant wavelength as present. This coupling behavior com-
bined with the low aspect ratio of our antennas causes a non-
linear dependency of the infrared resonant wavelength on the 
antenna length in contrast to single nanoantennas with high 
aspect ratio. [ 32 ]  
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 Figure 2.    SEM images and typical relative transmittance spectra of 
gold antenna arrays prepared by laser interference lithography fea-
turing tunable IR plasmonic resonances for (a) parallel (E par ) and 
(b) perpendicular (E per ) polarization (see upper right panel). The 
antennas are placed on CaF 2  (red, orange, green and blue) and glass 
wafers (purple). Lengths (L) and corresponding standard deviations 
are (2.1 ± 0.04) µm, (1.8 ± 0.02) µm, (1.6 ± 0.04) µm, (1 ± 0.04) µm, 
(0.8 ± 0.02) µm. Widths (W) of the antennas and corresponding standard 
deviations are (1 ± 0.02) µm, (0.8 ± 0.02) µm, (0.7 ± 0.02) µm, (0.5 ± 0.02) µm, 
(0.4 ± 0.03) µm. The height of antennas is 35 nm and their distances 
are different for each sample due to the fabrication process. The error 
in height results from the evaporation process whereas the deviations in 
length and width of the antennas are mainly caused by the photoresist. 
Typical angles θ range from 4 to 16 degrees.
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 As mentioned above our laser interference lithography setup 
has been designed especially for a precise control of the antenna 
parameters in order to achieve large tunability of plasmon reso-
nances in the near- and mid- infrared independent of the under-
lying wafer (Figure  2 ). For example, silicon as underlying wafer 
is also feasible, however it will reduce the SEIRA enhancement 
due to its higher refractive index. [ 14 ]  One can easily extend the 
spectral range to lower or higher energies by changing the 
interference conditions. For instance, smaller interference 
angles θ will enable the fabrication of larger antennas with 
plasmon resonances located at larger wavelengths. In con-
trast to that, using the maximum interference angle (θ = 90°) 
will allow for a preparation of nanometer-sized antennas 
(L = 100 nm and W = 50 nm), with particle plasmon resonances 
in visible spectral range.  

  4.     Antenna-Assisted Surface-Enhanced Infrared 
Absorption 

 The large tunability range, high modulation depths, and a 
homogeneous sample preparation make our antenna sub-
strates ideally suited for sensing applications based on sur-
face-enhanced infrared absorption. The only precondition 
for SEIRA, however, is a good overlap between the plasmonic 
excitation of the antennas and the molecular vibration. Con-
sequently, tailored antenna arrays are required which can be 
easily prepared with laser interference lithography as shown in 
Figure  2 a. In order to demonstrate the SEIRA activity of our 
large-area substrates, we covered two different samples with 
an octadecanethiol (ODT) monolayer and a 30 nm thick photo-
resist fi lm, respectively. 

 ODT [ 33 ]  has been introduced before as a self-assembled 
monolayer on gold surfaces in SEIRA experiments. [ 4 ]  Since the 
adsorption requires a clean gold surface, we treated our sub-
strate with oxygen plasma before we immersed it into an ODT 
solution to attach ODT molecules to the gold antennas (see 
Experimental Section). A typical relative transmittance spec-
trum of antennas covered with ODT is shown in  Figure    3  a. The 
plasmonic resonance frequency is tailored to the symmetric 
and asymmetric CH 2  vibrations of the ODT molecules for light 
polarized parallel to the long wire axis. Additionally, for per-
pendicular polarization, enhanced ODT vibrational bands are 
found.  

 To quantitatively evaluate the vibrational signal enhance-
ment, we performed a baseline correction introduced by 
Eilers. [ 34 ]  This algorithm allows us to remove any spectral 
features caused by the antenna and thus provides the undis-
turbed line shape of the enhanced signal (see Figure  3 c). As 
know from other studies [ 4,6,35 ]  and clearly seen in our meas-
urements, the enhanced vibrational signals exhibit a charac-
teristic Fano-type behavior resulting from the coupling of the 
plasmonic and vibrational excitation. The detailed shape of the 
vibrational band, in our case an asymmetric structure, is given 
by the phase between the plasmonic and the vibrational excita-
tion and changes with the spectral position of the resonance 
relative to the vibrational band. [ 36,37 ]  It is worth mentioning 
that also for perpendicular polarization a signifi cant vibra-
tional signal, defi ned as the difference between minimum and 

maximum (0.3% for asymmetric and 0.2% for symmetric CH 2  
stretching modes of ODT), is observed. However, it is much 
smaller due to the worse resonance match in comparison 
to parallel polarization, where we extract values of 6.4% and 
2.8%, respectively. Furthermore even for a similar match, we 
have to expect less signal enhancement due to the lower dipole 
strength of the antenna modes excited along the antenna short 
axis. [ 28 ]  

 Infrared refl ection absorption spectroscopy (IRRAS) of an 
ODT monolayer on a gold layer (Figure  3 b) is used to estimate 
an enhancement factor. Based on Fresnel’s equations for a 
three-layer system, the measured refl ection change is converted 
to an IR transmission change (I calc  = 0.0087% for the asym-
metric CH 2  and 0.0035% for the symmetric CH 2  stretching 
vibration) [ 4 ]  and compared to the enhanced transmission signal 
(I SEIRA  = 6.4% for the asymmetric CH 2  and 2.8% for the sym-
metric CH 2  mode) obtained from SEIRA studies. Furthermore, 
the relative fractions of illuminated spot areas in IRRAS and 
SEIRA geometry need to be considered. Whereas in IRRAS the 
IR signal stems from the whole illuminated layer, in SEIRA 
only a small fraction of molecules actively contribute to the 
enhanced vibrational signal. These molecules are located in the 
highly confi ned near-fi eld around the tip ends (see Figure  1 a). 
For the estimation of an enhancement factor we therefore took 
the two end faces of the antenna as SEIRA active areas, i.e., 
2 × 500 × 35 nm 2 . This approximation was also suggested by 
D’Andrea et al. [ 28 ]  Considering these effects, enhancement fac-
tors up to 72 000 are estimated for antennas resonantly tuned to 
the ODT vibrations. In contrast to that, enhancement factors up 
to 1500 are obtained if the entire antenna surface is considered 
to be SEIRA active. These factors are one order of magnitude 
lower than values reported for nanometer-sized antennas. [ 4,5 ]  
We attribute these differences to the relatively low aspect ratio 
of our antennas resulting in less confi ned electromagnetic near-
fi elds. Furthermore, strong interaction between the structures 
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 Figure 3.    (a) Typical relative IR transmittance spectrum of antennas 
covered with a monolayer of ODT measured with parallel, E par  (blue), 
and perpendicular, E per  (red), polarized light. For parallel polarization the 
plasmonic resonance is tuned to the ODT vibrational bands to obtain 
highest enhancement. (b) IR refl ection absorption measurements of one 
monolayer ODT adsorbed on a fl at gold wafer. (c) Zoom to the baseline 
corrected transmittance showing the ODT vibration modes (2851 cm −1  
and 2920 cm −1 , dashed lines) for parallel and perpendicular polarizations. 
Due to the better resonance match, a higher enhancement is observed for 
the parallel polarization.
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may lead to a suppression of the enhanced vibrational signals 
as discussed in ref.  [ 38 ] . 

 Our antenna substrates fabricated by laser interference 
lithography can not only be used for the detection of minute 
amounts of analytes but also for in situ monitoring of dynamic 
processes such as the UV degradation of polymers as we 
will demonstrate in the following. Therefore, we spin-coated 
our sample with a positive photoresist (XARP 3100/10) and 
monitored its UV degradation via the decrease of a selected 
vibrational band (2110 cm −1 ) when illuminating the polymer-
covered sample with UV light (λ = 320–390 nm). 

 In order to achieve the maximum signal enhancement we 
prepared antennas with spectrally tailored resonances close to 
the XARP vibration, covered them with a 30 nm thick layer of 
XARP and performed infrared transmittance measurements 
( Figure    4  a). Please note that due to the spin-coating process no 
uniform XARP coverage of the antennas was achieved.  

 As expected we observe an increased vibration signature, 
which is a superposition of two vibrational signals originating 
from different sample areas. One part originates from the cou-
pling with the antennas and features the characteristic asym-
metric Fano-type line shape, while the other fraction stems 
from molecules located outside of the enhanced plasmonic 
near-fi elds, i.e., the area between the antennas. Since we are 
only interested in the enhanced vibrational signal we calcu-
late the ratio of the spectrum measured with parallel (perpen-
dicular) polarized light and the reference spectrum of XARP 
deposited on an unstructured calciumdifl uoride (CaF 2 ) wafer 
to obtain purely the antenna-enhanced XARP vibrational signal 
(Figure  4 b). For further analysis the spectrum is baseline cor-
rected and a signal strength of 2.7% for parallel polarization is 
extracted (Figure  4 c). This value corresponds to an enhance-
ment factor of about 900 if only the hot spots are taken into 

account and 20 if the entire antenna surface is considered. 
Please note that we only focus on the most intense vibration 
at 2110 cm −1  and do not consider the less intense vibration at 
2134 cm −1 , which shows a very similar behavior. In contrast to 
our ODT studies, we observed lower enhancement factors origi-
nating from the different deposited layer thicknesses of 30 nm 
for XARP and 2.8 nm for ODT. [ 33 ]  The result is in qualitative 
agreement with recent studies, where the antenna-enhanced 
signal evolution with molecular layer thickness was investi-
gated. [ 39 ]  Due to the rapidly decaying near-fi elds of resonantly 
excited antennas, molecules located in the direct vicinity of the 
antennas are strongly enhanced, while vibrations of molecules 
located apart do not contribute signifi cantly to the integrated 
signal, resulting in lower enhancements for thicker molecular 
layers. 

 The UV induced degradation of the above mentioned XARP 
polymer layer deposited on a structured and unstructured wafer 
is in situ monitored. As previously described, a normaliza-
tion and subsequent baseline correction provides the antenna-
enhanced vibrations for parallel ( Figure    5  a) and perpendicular 
(not shown) polarization.  

 The vibrational signals decrease with UV illumination time 
due to the decomposition of the polymer. To point out the deg-
radation process in more detail, we plotted the signal (differ-
ence between minimum and maximum) in dependence of the 
illumination time (Figure  5 b). Obviously, the vibrational signal 
strengths in both parallel and perpendicular polarizations are 
enhanced in comparison to reference measurements of the 
polymer layer spin-coated on an unstructured CaF 2  wafer with 
the same thickness (black curve). For example, after 65 s of UV 
illumination, the unenhanced vibrational signal of the polymer 
is below the noise level and not detectable with conventional 
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 Figure 4.    Antenna-assisted SEIRA of the spin-coated polymer XARP using 
large-area plasmonic substrates. (a) Typical relative IR transmittance spec-
trum of antennas covered with 30 nm of XARP for parallel, E par  (blue), and 
perpendicular, E per  (red), polarization. To achieve the highest enhancement 
the plasmonic resonance is tuned to the polymer vibration mode. (b) Rela-
tive IR transmittance spectra of 30 nm XARP spin-coated on a CaF 2  wafer. 
(c) Baseline corrected transmittance (zoom in) of the polymer vibration 
mode (2110 cm −1 ) for parallel and perpendicular polarizations. Please 
note that we only consider the most prominent vibrational band at 
2110 cm −1  and neglect the less intense one at 2134 cm −1 . Different near-
fi eld enhancements cause different signal enhancements for parallel and 
perpendicular polarization.

 Figure 5.    UV degradation of the photoresist XARP is monitored via 
the decrease of the selected vibrational mode at 2110 cm −1 . (a) Base-
line corrected IR spectra (parallel polarization, E par ) show a decrease 
of the enhanced vibrational signal for different UV exposure times. The 
dashed line indicates the vibrational mode. (b) Signal strength (differ-
ence between minimum and maximum) of the antenna-enhanced vibra-
tional mode as extracted from (a). As references the time traces are also 
shown for perpendicular polarization (E per , red) and a wafer without any 
antennas (black). The errors of the vibrational signals are smaller than 
the symbol size.
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infrared spectroscopy. In contrast to that, the enhanced signals 
are still visible. The slope of the curve, however, is not affected 
by the antennas, indicating that the confi ned electromagnetic 
near-fi elds do not infl uence the degradation behavior. Thus 
SEIRA can be used as reliable tool to monitor chemical pro-
cesses with higher sensitivity without infl uencing the process 
itself.  

  5.     Conclusion 

 We employed laser interference lithography to fabricate large 
plasmonic antenna arrays with an excellent homogeneity, fea-
turing high quality plasmons in the near- and mid-infrared spec-
tral range. Depending on the process parameters, the resonances 
are easily tunable and thus ideally suited for antenna-assisted 
surface-enhanced infrared absorption as we demonstrated for 
two molecular substances, namely octadecanethiol and the 
polymer XARP. The measured differences in signal enhance-
ment (72 000 for octadecanethiol and 900 for the polymer) are 
related to the rapidly decaying near-fi elds, since the ODT mole-
cules are directly adsorbed on the antennas whereas the polymer 
fi lm extends over a range of 30 nm. In comparison to conven-
tional infrared spectroscopy, however, the signal enhancement 
still provides signifi cant improvement. For example, it was 
possible to in situ monitor the UV induced degradation of the 
XARP polymer with an increased sensitivity via vibrational 
signal decay without modifying the degradation process itself. 
These results demonstrate the capability of laser interference 
lithography to homogeneously fabricate plasmonic antennas on 
large areas with high quality resonances that can be specifi cally 
tailored for various antenna-assisted SEIRA applications.  

  6.     Experimental Section 

 Prior to the laser interference lithography exposure, we cleaned the CaF 2  
and glass wafers with acetone and iso-propanol for 10 minutes in an 
ultrasonic bath and subsequently dried them with nitrogen. After that 
we evaporated a 2 nm thick chromium layer (adhesion layer) followed by 
35 nm thick gold layer (Pfeiffer Vacuum Model PLS-500, 10 −7  mbar) onto 
the wafer and spin-coated a 90 nm thick photoresist fi lm (ma-N 405) [ 40 ]  
on top of the gold layer. For the subsequent UV exposure we used a 
HeCd laser (Kimmon Electric Co, λ = 325 nm, 14 mW) as a light source 
and achieved an expanded Gaussian laser beam using a UV objective 
lens (Carl Zeiss, 10-fold magnifi cation, NA = 0.2) and a 5 µm pinhole. 
The samples were placed between 185 and 215 cm behind the pinhole. 
Typical UV exposure doses were between 0.8 and 2 mJ/cm 2  with typical 
exposure times between 25 and 45 s. After the exposure we immersed 
the samples in a developer (AZ826, development time between 
25 and 40 s), distilled water for 60 s and dried them using nitrogen. Then 
the areas covered with the developed photoresist were transferred into 
the gold layer via an argon ion beam etching process (Technics Plasma 
Model R.I.B.-Etch 160, etching time 90 seconds) resulting in the gold 
structures of desired shape and size. Finally, the remaining photoresist 
was removed using acetone and iso-propanol. 

 Before the adsorption of octadecanethiol (ODT, Sigma Aldrich, 
95%) we cleaned our antenna substrates using oxygen plasma (Diener 
electronic Plasma-Surface-Technology, 25 min, 1.3 mbar, 160 W) in order 
to remove any residues from the fabrication process. Subsequently the 
samples were immersed into a 1 mM ODT solution in pure ethanol 
for at least 48 hours. During that time a monolayer of ODT covalently 

bound to the gold surface. Afterwards we rinsed the samples by ethanol 
several times to remove unbound ODT molecules and any other 
contaminations. 

 Infrared spectroscopy was performed using a Bruker Hyperion 
microscope (15-fold magnifi cation, NA = 0.4) coupled to a Bruker Vertex 
80 spectrometer, allowing for laterally resolved measurements on the 
micrometer-scale. Typical infrared spectra were recorded in parallel and 
perpendicular polarization with at least 25 scans and a resolution of 2 cm −1 . 

 For the XARP (All Resist) degradation experiments we used a UV 
source (DYMAX Blue Wave 50, λ = 320–390 nm) with the fi ber end 
placed approximately 3 cm away from the sample. 

 The near-fi eld intensity distribution was calculated by numerically 
solving Maxwell’s equations under normal incidence of infrared radiation 
polarized parallel to the long antenna axis using the commercial fi nite-
difference time-domain (FDTD) software Lumerical FDTD-Solutions 
v8.5.3. Based on the fabricated structures the gold antenna was 
modeled as a vertical extrusion (height 35 nm) of an oval with length 
L = 1 µm, width W = 0.5 µm placed on a CaF 2  substrate. The substrate 
was described by a dispersionless refractive index of n = 1.41 and the 
optical data of gold was taken from Palik. [ 41 ]  The antenna was situated 
at least one wavelength size away from the perfect matched layers 
(PMLs) that describe the boundary conditions of the simulation volume. 
In order to reduce computational resources the total fi eld scattered 
fi eld (TFSF) approach and subgridding techniques were chosen. 
Typical mesh sizes of 2 nm were used in the vicinity of the antenna 
and mesh sizes smaller than 100 nm elsewhere. A plane wave from a 
broadband source (2000 cm −1  to 5000 cm −1 ) excited the structure. 
The electromagnetic fi eld intensities were recorded with a 2D fi eld 
profi le monitor placed parallel to the substrate at half height of the 
structure at the resonance frequency (ω res  = 3380 cm −1 ). Convergence 
testing was performed by iteratively reducing mesh sizes and 
increasing the number of PMLs, simulations times, and the simulation 
volume.  
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