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This paper compares plasmonic substrates manufactured by three lithography methods: E-beam, soft and hard
UV NanoImprint Lithography. The different plasmonicmodes existing in samples made of an array of gold nano-
structures on gold film are investigated for biochemical detections taking advantage of Surface Plasmon Reso-
nance Imaging (SPRI) and Surface-Enhanced Raman Scattering (SERS). Recently, it has been shown that this
geometry of substrate is of great interest for both SPRI and SERS measurements. A comparison of their perfor-
mances obtained by the different lithographic methods is provided. In particular, due to limitations in
NanoImprint Lithographic techniques, the impact of sidewall geometry of nanostructures is investigated in re-
gard to plasmonic properties. Thus, experimental optical characterization analyses have been carried out on sam-
ples and compared with the numerical simulations.
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1. Introduction

Improvement of plasmonic sensors has been linked to
nanofabrication processes. Indeed, several biosensing techniques
based on nanostructuration to increase the sensitivity and allow the de-
tection of molecules at lower concentrations are widely used: Surface
Plasmon Resonance (SPR) [1], Surface-Enhanced Raman Scattering
(SERS) [2,3], Surface-Enhanced Infrared Absorption (SEIRA) [4], Surface
Plasmon-Enhanced Fluorescence Spectroscopy (SPFS) [5]. Now,
biosensor's trend is to combine two or more techniques to take advan-
tage of each. In this way, Mass Spectroscopy (MS) [6], Atomic Force Mi-
croscopy (AFM) [7], Surface Acoustic Waves (SAW) [8,9] sensors have
been combined with SPR setup. In this work, we focus our studies on a
sample used in bimodal instrument combining SPRI and SERSmeasure-
ment [10–13]. Indeed, such bimodal instrument would allow a real-
systèmes (LN2); CNRS,

che).

an open access article under
time and parallel detection of biomolecular interactions, thanks to
SPRI sensor, while SERS would give simultaneously molecular identifi-
cation linked to vibration modes of the molecules. Many techniques
can be used to realize SERS or SPRI nanostructured samples [14] as E-
Beam lithography (EBL) [15,16], X-ray interference Lithography [17],
Focused Ion beam [18], Nanosphere lithography [19,20]. Among them,
Nanoimprint Lithography (NIL) [21,23] is a useful technique to obtain
large areas nanopatternedwith a relatively low cost for industrial appli-
cations. Soft Nanoimprint Lithography assisted by UV (Soft UV-NIL) is a
NIL pathway using a flexible polydimethylsiloxane (PDMS) stamp
which avoids the constraints related to the inhomogeneity of a sub-
strate thickness and its curvature. Fabrication of gold nanostructures
[24,26] by soft UV-NIL is a promising technique used for detection of
biochemical molecules. However, for specific dimensions and densities
of nanostructures and to get around some effects, such as collapse
[27,28] andwettability [29,30], related to themanufacture of the elasto-
meric mold, Hard UV-NIL [31] can be an alternative technique. In this
work, we compared E-beam lithography, Soft and Hard UV-NIL pro-
cesses for the fabrication of bimodal plasmonic substrates based on a
specific pattern of gold nanodisks on gold film. We will compare each
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Scheme of (a) e-beam lithography, (b) soft UV-NIL and (c) hard UV-NIL processes.
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technique in terms of SPR and SERS response. Due to the resolution's
limits in nanofabrication, the effects of a sidewall of the nanodisks will
be comment and related to the plasmonic performances of each
substrate.
2. Experimental details

The sample is composed of an array of gold nanodisks on gold film
on BK7 glass substrates (Fig. 1). The gold film underlayer is necessary
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for SPRI in Kretschmann configuration and also give rise to a newhybrid
lattice mode (HLP) [32]. This mode is also responsible for one order of
magnitude improvement in SERS enhancement factor (EF) without
adding complex step process [33]. For the three techniques detailed in
this section, samples are cleaned beforehand in ethanol, acetone and pi-
ranha solutions (composed of 3:1 concentrated sulfuric acid to 30% hy-
drogen peroxide solution). A 2 nm titanium layers followed by a 30 nm
gold layer are deposited by e-beam evaporation on the glass substrate.
At the end of each process, the gold nanodisks have a height of 30 nm.
Fig. 1 describes typical step for e-beam lithography, soft UV-NIL and
Hard UV-NIL processes.

2.1. E-beam lithography

Gold nanostructures obtained by E-beam lithography are called e-
GNGU (in reference to E-beam lithography of Gold Nanostructures on
Gold Underlayer).

The detailed e-beam process has been already reported in previous
studies on SERS improvement [33,34]. Major steps are the deposition
of a 80 nm resist layer of polymethylmethacrylate A2 (PMMA A2) by
spin coating followed by the writing step of e-beam lithography. All
samples were realized with a NanoBeam (nB4) systemwith an acceler-
ating voltage of 80 kVand 2 nAof current. The development of insulated
area is performed in 1:3 methylisobutylketone/isopropanol (MIBK/IPA)
solution. Finally, a 30 nm gold layer is evaporated and a lift-off process
in acetone is done. The e-GNGU structures show good uniformity and
homogeneity due to the e-beam process.

2.2. Soft UV-NIL

Gold nanostructures obtained by soft UV-NIL are called s-GNGU (in
reference to soft UV-NIL).

2.2.1. Master mold fabrication
The first step for soft UV-NIL is the fabrication of the master mold. A

silicon substrate is cleaned by several baths in this order: ethanol, ace-
tone, deionized (DI) water, pure nitric acid, DI water, Hydrofluoric
acid (HF) in Ammonium fluoride (NH4F) (1:4), DI Water, piranha solu-
tion and DI water solutions. Next, the pattern (nanodisk array) is de-
signed by e-beam lithography on PMMA spin-coated layer. Reactive
Ion Etching (RIE) process has been optimized to transfer the pattern in
Si master mold. By changing flow and pressure of SF6 and C4F8 gases
and intensity power, i.e. bymoving from anisotropic to isotropic etching
[35] we can control the slope of hole sides. Another way to obtain
Fig. 2. Scheme of the hardmold for UV-NI and SEMpictures of the glassmastermold after etchin
400 nm and D= 300 nm.
inclined side walls is to use variable dose control of e-beam writing
steps with a negative resist as reported in [36]. Indeed, to avoid col-
lapses phenomena of PDMS nanostructures of flexible stamp mold,
one way is to have inclined side walls which are more appropriate
than vertical side walls due to widened base. Other ways to avoid
collapses phenomena is to take care of the ratio between the height
and the diameter of the PDMS nanostructures [27]. An elegant
study has been done about the stability of bigger structures in
PDMS stamps by Navajas et al. [37]. Another advantage to have in-
clined side walls is to facilitate the unmolding step by decrease stress
and shrinkage.

2.2.2. PDMS stamp, print step, Au deposition and lift-off
Before the fabrication of PDMS stamp, Simastermold is cleanedwith

HF and H2O2 solutions to obtain a thin oxide in the surface. Then, an
anti-adhesion layer, the Trimethylchlorosilane (TMCS) is used to reduce
the surface energy of silicon [38] andmake easier the unmolding step of
PDMS stamp. The PDMS stamp is done from undiluted PDMS (RTV615)
mixedwith his curing agent. The PDMS solution is deposited on Si mas-
ter mold, degassed and cured at 60°C for 24 h. Height and diameter are
chosen to have h/d lower than critical aspect ratio equal to 1.47 in our
case [27].

The next step is the imprint process with an EVG 620 mask aligner
fromEVGroup (Austria). PDMS stamp is printed in an inorganic UV cur-
able resist AMONIL MMS4 (from AMO GmbH) deposited by spin-coat-
ing on the top of a sacrificial PMMA layer. The thickness of Amonil
layer is around 120 nm. PMMA layerwas used to easily remove AMONIL
after the UV curing and to improve range of aspect ratio of nanostruc-
tures (by changing PMMA thickness used as etching mask). The condi-
tions of imprint process are a pressure of 400 mbar and a contact time of
2 min before the UV-polymerization of AMONIL resist through the
transparent mold. The polymerization is performed with UV exposure
at 365 nmwavelength with 2000 mJ. After a quick etching of the resid-
ual layer of Amonil and PMMA resist, gold is deposited by evaporation
followed by a lift-off process in acetone.

2.3. Hard UV-NIL

Gold nanostructures obtained byHardUV-NIL are called h-GNGU (in
reference to hard UV-NIL).

2.3.1. Master mold fabrication
The UV Hard mold used four levels (Fig. 2, a) with a glass carrier, a

thin PDMS layer (20 μm) to ensure soft bonding between BK7 glass
g process: (b) zone and zoomwith P= 400 nmandD= 200 nm, (c) Other areawith P=
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substrate (2 cm × 2 cm × 900 μm) and glass carrier [39]. Then a thin
layer of SiO2 (2 μm) was deposited by a plasma-enhanced chemical
vapor deposition (PECVD STS) at low frequency, 380 KHz (LF-SiO2). A
120 nm thick polymethylmethacrylate (PMMA A4) resist baked at
175 °C during 10 min was used for the EBL process in order to obtain
nanostructures. A lift-off process is realizedwith a 30 nmchromiumde-
posited by e-beam evaporation.

The etching process of the LF-SiO2 was performed by a RIE
equipment with SF6 gas (200 sccm gas flow, 8 mTorr working
pressure, 70 W). After it, a dry etching was used to remove the
chromium mask. The final structure height was 190 nm observed
with a SEM, as illustrated in Fig. 2 (b and c). In the same way
than soft UV-NIL process, before imprint process, the fluorinated
anti-sticking layers (ASLs) was deposited in liquid phase to re-
duce the surface energy. The products used for the ASLs process
were 1H, 1H,2H,2H-Perfluorooctyltrimethoxysilane (F13-TMS)
from ABCR and perfluorohexane from ALFA AESAR. The treatment
has been detailed in the reference [40]. Measuring the surface
energy with contact angle confirms the efficiency of the treat-
ment, as it went from 47 mN/m to 12 mN/m after ASLs. Hard
UV-NIL was performed with the same inorganic UV curable resist
from AMO GmbH and the sacrificial layer Polymethylmethacrylate
(PMMA A10). The resists were deposited on glass substrate pre-
viously cleaned and covered with a 2 nm Ti and 30 nm Au layers.
The printing conditions are similar to the Soft UV-NIL with a
pressure of 900 mBar, higher than with soft UV-NIL. This pres-
sure can play a key role to obtain close patterns (high density
of nanodisks) or to reduce critical size.

Etch process of the AMO residual layer and PMMA A10 sacrificial re-
sist used for the pattern transfer has been described in the reference
[14] and stopped at the level of gold film (Fig. 3). An Au layer (30 nm)
is evaporated on this gold film and the remaining AMONIL/PMMA bi-
layer was removed by a lift-off process. A certain roughness around
the disks is attributed to the RIE process of the glassmastermold, visible
in the Amonil imprint (Fig. 3 b, insert).
3. Results and discussion

Wepresent different characterizations of plasmonic substrates fabri-
cated with these three lithographic methods: E-beam, Soft, and Hard
UV-NIL.

For each method, nanostructures have been observed by SEM (Fig.
4). As expected, nanodisks realized by e-beam lithography are well-
defined and show a low roughness. On the contrary, nanodisks
done by soft and hard UV-NIL show a higher roughness linked to
the roughness obtained respectively with the silicon master mold
and the glass mold during the RIE process. Thanks to the stamps in
PDMS and its viscoelasticity, this roughness defect is minored for s-
GNGU sample.
Fig. 3. SEM pictures of the imprint in AMONIL resist without PMMA A10 45° tilted and his cr
3.1. Optical characterization results

3.1.1. SPRI Measurements
Nanostructures shown in Fig. 4 were characterized by SPRI system

based on a Kretschmann configuration previously reported [41]. Fig. 5
shows normalized angulo-spectral SPR reflectivity map of the sample
(TM reflectivity, P polarization divided by TE reflectivity, S polarization)
in water solution for e-GNGU sample (D= 50 nm, P = 300 nm). Data
showed are interpolated by cubic method. Several reflectivity dips can
be observed and correspond to resonances of plasmonic modes.

In presence of a continuous gold film, a propagative surface plasmon

(SPP) mode can occur and be described by the wave vector ðkspp ¼ ω
cffiffiffiffiffiffiffiffiffiffi

εmεd
εmþεd

q
Þ with the approximation of semi-infinite system. εm and

εdcorrespond respectively to the dielectric permittivity of the metal
and the surrounding dielectric media. Due to the periodicity of nano-
structures, this wave vector kspp can be coupled to lattice vector 2π

P

known as Wood-Plasmon anomalies (WP). “m” correspond to the
order of diffraction of the array of period P.

kwp ¼ kspp �m� 2π
P

ð1Þ

Moreover, the nanostructures themselves can support localized sur-
face plasmon (LSP) mode as a function of several geometrical parame-
ters (diameter and period). In our structures, these two plasmonic
modes can coexist. Each time the wave vectors of these modes are
equal, a phenomenon of band-gap or so call anticrossing is observed
on the reflectivity map. As describe in Reference [42], a coupling
between two oscillators modes can occur as observed and confirmed
experimentally [30, 41] for two plasmonic modes. In the hypothesis of
a weak coupling, the two branches of the wave vector of this hybrid
mode is described as [42,44]:

khybrid� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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kspp
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2
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4

3
5

vuuut ð2Þ

Γ corresponds to a coupling parameter. An example of simulated
map is presented in Fig. 5 on a structure with well chosen parameters
to illustrate this coupling (D= 50 nm and P= 300m).

The blue curve represents the propagative surface plasmon, the grey
and dark curves are respectively the first order WP at the glass and
water interface. The red curve corresponds to the dispersion curve of
LSP. We can see the anti-crossing in continuous green lines (hybrid
mode) obtained from Eq. (2). The simulated reflectivity map has been
evaluated with a numerical model using a combination of two well-
known methods named the Fourier modal method (FMM) and the fi-
nite element methods (FEM) [45].
oss-section in zoom: (a) P= 400 nm and D= 200 nm, (b) D= 300 nm for second area.



Fig. 4. SEM picture of e-GNGUwith P= 400 nmand D= 200 nm (a), SEM pictures of s-GNGU (b) P= 400 nmand D= 200 nm, (c) P= 600 nmand D= 300 nm and SEM pictures of h-
GNGU (d) P= 400 nm and D ≃210 nm, (e) P= 400 nm and D≃320 nm.
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Due to experimental constraints (minimum size with UV-NIL sam-
ple), our studies focus on 200 nmdiskswith a period of 400 nm. Four re-
flectivity maps acquired in water are reported on Fig. 6 in order to
compare the simulation (a) with each fabrication techniques, e-beam
Fig. 5. Normalized angulo-spectral SPR reflectivity map showing the different plasmonics
modes (D= 50 nm – P= 300 nm).
lithography (b), soft (c), and hard UV-NIL (d) for 200 nm disk arrays
on gold film. The two branches of hybrid mode (green) are reported
on each map as the localized surface plasmon (red) and the 2nd order
of Wood-Plasmon anomalies at two interfaces (black).

First, we can note a good agreement between each reflectivity map.
Each plasmonic modes expected are present. Nevertheless, some differ-
ence in contrast (strength of coupling) and position are observable.

Due to the higher roughness observed on the nanostructures done
by soft and hard UV-NIL, the response of localized surface plasmon is
modified. This roughness leads to a degradation of coupling by a mean
effect of each nanoparticles. Thus, the contrast is lower for soft and
hard UV-NIL maps (c and d). To see the modes easily, the scale has
been set to 0.5 for the map (c).

Moreover, the widening of the resonance (Hybrid mode +) ob-
served for (c) map can be explained by the presence of small variations
of the periodwithin the sample. Indeed, due to the elasticity of themold
in PDMS, the periodicity of the array can be slightly modified locally
[39]. As propagation length of propagative surface plasmon is in the
micrometric range, these variations of periods will lead to a widening
of the resonance.

Nevertheless, we can clearly discern the different resonances. Re-
garding the map obtained with a sample made by “Hard UV-NIL”, it
has a higher contrast and a better finesse, indicating a better definition
of nanostructures. In this continuity, the nanostructures realized by e-
beam lithography are well defined and the results correspond to the
simulation.

Other parameters such as diameter, height and periods have an in-
fluence on the position of the superior branch of hybrid mode by



Fig. 6.Reflectivitymap of nanodisks (D= 200 nmand P= 400 nm) ongold layer. Comparison between a simulatedmap (a) and experimentalmaps of samples doneby three lithographic
methods: e-beam lithography (b), soft UV-NIL (c) and hard UV-Nil (d).
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modifying the strength of coupling [32,33,44]. An interesting aspect
not reported until now, is the effect of the sidewall of nanostructures.
Fig. 7 shows the impact of sidewalls angle on plasmonic modes. Mod-
ification of the shape of nanostructure induces a shift of the superior
branch of hybrid mode of several tens of nanometers. This effect con-
tributes to the difference observed inside the four maps of Fig. 6 and
in particular for soft and hard UV-NIL measures. A cross-section of
the reflectivity map taken at 71° (Fig. 7a) shows a notable difference
in the position of the hybrid mode resonance (branch +) between
the different samples (e-beam, soft UV-NIL and hard UV-NIL) in com-
parison with the ideal sample. In particular, a blue shift is observed in
all cases. To explain this blue shift, a simulation considering a side-
wall angle has been done (Fig. 7b). Starting from a perfect cylinder
to a 45° sidewall, we observed a blue shift of the last resonance sim-
ilar to the behavior observed experimentally. As previously described,
a modification of the mode coupling strength induces a blue shift. As
expected, the e-GNGU sample has the position of its last resonance
closest to that of an ideal structure. Controlling the sidewalls' slope
of a structure at this scale remains an interesting challenge to opti-
mize the plasmonic effects and this numerical simulation explains
difference between experiments (with small defects, variations of
the shape) and classical numerical simulation based on perfect
nanostructures.
3.1.2. SPRI and SERS sensing performances
To measure the sensitivity of these samples to a step of index and to

the adsorption of a biolayer on the nanostructures, a sucrose solution
and a solution of bovine album serum (BSA)were used. For each exper-
iment, reference was taken with pure water. Results are shown in Table
1. The spectral shift for a modification of the refractive index is signifi-
cantly lower for gold nanostructure arrays compared to a gold film.
The environment sensitivity defined as SΔn ¼ Δλ�

Δn is around 2.103

nm/RIU (Refractive Index Unit) where Δλ is the spectral shift, Δn is
the variation of the refractive index. This is coherent with the presence
of the gold nanostructures with a stronger confinement of the electro-
magnetic field in the vicinity of the surface compared to a continuous
gold film. For BSA adsorption, SΔbsa ¼ Δλ

�
Δe is defined as the spectral

shift for a given Δe = 1 nm thickness of BSA layer. All samples show a
similar sensitivity for the detection of BSA, even in the case of hard
UV-NIL process.
3.1.3. SERS experiment
To characterize the performance of the different substrates as a SERS

sensor [33,34], measurements were performed on several nanostruc-
tured areas functionalized by thiophenolmoleculeswith a XploRA spec-
trophotometer (Horiba Scientific). Characteristic peaks of thiophenol



Fig. 7. (a) Cross-section of SPRmeasurement at 71° for samples done by e-beam, soft and hard UV-NIL in regard of the simulation. (b) Impact of variation of sidewall of nanostructure on
SPR profiles at 71° for D= 200 and P= 400 nm.

128 J.-F. Bryche et al. / Micro and Nano Engineering 2 (2019) 122–130
molecules are at 419, 1000, 1075, 1575 cm−1 for a 660 nm excitation
laser. SERS signal was collected in a backscattering configuration and
SERS spectra were recorded with a spectral resolution under 4 cm−1.
We reported on Fig. 8 the SERS spectra for e-beam lithography, soft,
and hard UV-NIL samples.

Enhancement factor is defined by the following equation:

EF ¼ Isers
IRaman

� NRaman

Nsers

with Isers/Raman are respectively the SERS and Raman intensities. NRaman/

SERS are defined as the number of excited molecules in Raman and SERS
experiments. NRaman is estimated to 4.22 × 1015 from the Ref. [46]. Nsers

is obtained from: Nsers ¼ NA � Scollected � σ surf � Sstructure
P2

where NA corre-

spond to the Avogrado's number (mol−1), Scollectedthe illuminated area
(~7μm2), σsurf is the surface coverage of thiophenol molecules with a
value of 0.544 nmol/cm2 [47], Sstructure is the sum of top and lateral sur-
face of nanodisks. Finally, P is the period of the array. SERS EF are around
4.2 × 106, 2.6 × 106 and 1.5 × 106 respectively for e-beam sample, soft
UV-NIL and hard UV-NIL samples for the characteristic peak at 1575
cm−1 (see Table 1). The order of magnitude of 106 agrees with previous
characterization of samples done by e-beam lithography [33,34] or soft
nanoimprint lithography on SiO2 sol-gel [48]. The difference and lower
value for NIL samples can be explained by amodification of the shape of
nanostructures and small variations of periods in comparison with e-
beam sample. As described for the SPR measurement, the same param-
eters affecting plasmonic properties decrease SERS performance. Theses
defects induce a lower electromagnetic field as reported for two side of
wall (0° and 22.5°) in the Fig. 9. A ratio around 2 is obtained between
them (ideal and 22.5°) and a ratio of 2.9 for another configuration
(ideal and 37.5°) corresponding respectively at side angles observed
for soft UV-NIL and hard UV-NIL. These ratios are close and follow the
Table 1
Results of SPRI and SERS measurement for the three lithography methods (e-beam, soft
and hard UV-NIL).

Technique Parameters SPRI SERS

SΔbsa
(nm/nm)

SΔn
(nm/RIU)

Enhancement
factor (EF)

e-beam
lithography

D = 200 nm
P= 400 nm

4 ± 1 2300 4.2 × 106

Soft UV-NIL 4 ± 1 2124 2.6 × 106

Hard UV-NIL 5 ± 2 2000 1.5 × 106

none 30 nm gold film 4.2 ± 1 5420 Not applicable
same behaviour to the SERS EF ratio obtained between e-beam/Soft
UV-NIL (1.6) and e-beam/hard UV-NIL samples (2.8). Nevertheless,
the SERS intensities obtained from NIL samples is still acceptable.

4. Conclusion

This paper compares different plasmonic substrates realized by
three lithography methods: e-beam, soft, and hard UV-NIL. The first
technique iswell known as a reference to fabricate nanostructured sam-
ple and the two others allow faster, larger and cheaper fabrication as re-
quired for industrial applications but at the possible cost of lower
quality. In our case, samples are composed of gold nanostructures on
gold film that support both SPP and LSP plasmonic modes which cou-
pling results in a hybrid mode with particularly interesting sensing
properties. Numerical simulations have investigated the impact of in-
herent sidewall tilt on the plasmonic properties and in particular on
the position of the hybridmode resonance. The consequences of this de-
fect for different sensing applications, depending on the fabrication
technique, were experimentally quantified by measuring and compar-
ing the SPR and SERS signals obtained with these substrates. A blue
spectral shift was predicted, attributed to a difference of coupling
strength between SPP and LSP. Experimentally observed in the presence
of a sidewall on the nanostructure, this blue shift was typically of the
Fig. 8. SERS Intensities of disks (D= 200 nm P= 400 nm) on gold film for e-beam, soft,
and hard UV-NIL samples functionalized with thiophenol molecules.



Fig. 9. Intensity of the electromagnetic fieldmaps for perfect disk and two sidewalls of nanostructures, a (ideal, vertical slope), b) cross-section for ideal case, cross-section for sidewall of
22.5° (c) and sidewall of 37.5° (d) with guidelines.
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order of 1 nm/° (although not perfectly linear) for SPR measurement
at an excitation angle of 71°. This can explain some of the differ-
ences between ideal simulation and reality as observed in many
plasmonic experiments. For SERS measurement, we have shown a
great correlation between experimental SERS intensities and electro-
magnetic field maps with appropriate sidewalls. The presence of
sidewalls induces a diminution of the intensity of the electromag-
netic field over the nanostructures (close to 0.08/°), resulting in a
lower sensitivity. Altogether, such control of the sidewall remains
a great challenge in nanofabrication but can be anticipated and
used to tune the coupling between plasmonic modes at the position
of working wavelength.
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