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Abstract Gold nanotriangles structured as honeycombs
and fabricated by nanosphere lithography on a gold
film are functionalized by thiophenol molecules in or-
der to be used as plasmonic sensors in nonlinear opti-
cal sum-frequency generation (SFG) spectroscopy. The
monitoring and the characterization of the surface opti-
cal properties are performed by UV-Visible differential
reflectance spectroscopy showing an absorbance maxi-
mum located at 540 nm for p- and s-polarisation beams.
SFG spectroscopy proves to be effective for thiophenol
detection in ssp-polarisation scheme while the molecu-
lar SFG signal disappears in ppp-configuration due to
the strong s-d interband contribution of gold. However,
in ssp-configuration, the vibration modes of thiophe-
nol molecules at 3050 and 3071 cm ™! are yet observed
thanks to the excitation of a transversal plasmon mode
by the incident visible laser beam, whereas they are usu-
ally very difficult to distinguish by Surface Enhanced
Raman Scattering (SERS) and other vibrational opti-
cal probes.
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1 Introduction

The characterization of surface chemical and electronic
properties of nanostructured materials compatible with
Surface Enhanced Raman Scattering (SERS) [1] and
Polarization Modulation-Infrared Reflectance Absorp-
tion Spectroscopy (PM-IRRAS) in applications related
to sensors [2] constitutes a real challenge in nonlinear
optical spectroscopy [3], especially when performed in
biological environment [4,5]. Indeed, in the fabrication
of SERS substrates, the goal is to reach submonolayer
chemical sensitivity by amplification of the local elec-
tric field around metallic nanostructures on which the
molecules of interest are grafted. This is obviously made
possible thanks to the Localized Surface Plasmon Res-
onance (LSPR) of specifically designed nanostructures
as demonstrated for many years on metals (gold, sil-
ver) [6-8]. Another possibility is the creation of a hy-
brid mode coming from the harmonic coupling of the
Surface Plasmon Polaritons (SPP) present in a metal-
lic film with the Bragg waves of an array of metallic
nanostructures, so that this hybrid mode can be excited
in Kretschmann configuration [9]. Whether by chemi-
cal synthesis or different lithographic techniques, the
metallic nanostructured surfaces are mandatory for the
manufacturing of efficient SERS substrates [10-12]. The
lithographic methods are well-adapted to finely control
the geometry, to tune the optical properties of nanos-
tructures and to obtain a high reproducibility of en-
hancement factors (EF) for applications in biosensing.
In the case of gold nanostructured surfaces, nonlinear
optical sum-frequency generation (SFG) spectroscopy
has revealed potential assets in usable EF for sam-
ples made of nanopillars (140 nm height, 70 nm diame-
ter) dispersed on metal substrates and prepared by wet
chemistry [13]. On non-metallic substrates, the most
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emblematic case is illustrated by the study of small
spherical nanoparticles of 15 nm diameter obtained by
citrate reduction of gold salts and deposited with a sur-
factant at the air/water interface [14] or grafted on sil-
icon [15,16], glass [17] or quartz [18,19] substrates be-
fore their functionalization by probe molecules such as
alkane chains [20-22] or aromatic rings [23]. The case
of arrays of small gold nanostructures specifically fab-
ricated for high SERS EF was never compared with
SFG spectroscopy to the best of our knowledge. In the
present work, we address this question by performing
the SFG spectroscopy of thiophenol molecules adsorbed
on specific SERS substrates composed of gold nanotri-
angles structured as honeycombs [24]. In principle, since
molecular SFG spectroscopy can be seen as the simul-
taneous combination of anti-Stokes Raman scattering
and IR absorption processes, it should be very sensitive
to the SERS activity of this kind of interface as al-
ready demonstrated in the abovementioned literature,
but based on highly dispersed gold nanoparticles on the
probed surface. In SFG spectroscopy, the high degree of
symmetry of the surface geometry plays a major role in
the response and sensitivity of the detected SFG signal.
Contrary to what is observed in SERS, the enhance-
ment factor of the local electric field in the SFG process
is a necessary but not sufficient condition to enhance
the nonlinear optical response of such an interface. In
other words, the extinction of the SFG optical response
is directly related to the symmetry degree of the inter-
facial electronic properties: the more centrosymmetric,
the greater the extinction of the nonlinear second order
process. Despite these strong constraints, we show in
this paper that the excitation of a transversal plasmon
mode (TM) by a visible wavelength on such interfaces
allows the first experimental observation by SFG spec-
troscopy of two close thiophenol vibration modes in this
spectral range.

2 Experimental details

2.1 Fabrication of Gold Nanotriangles by Nanosphere
Lithography (NSL)

The fabrication of Au nanotriangles (AuNT) involves
six steps: (i) glass substrate cleaning, (ii) electron beam
evaporation (EBE) of titanium and gold layers, (iii)
drop-coating of colloidal polystyrene beads on gold film,
(iv) Au layer deposition by EBE, (v) lift-off process.
Firstly, the glass substrates were cleaned with ethanol,

acetone, and Piranha solution ((3:1) HoSO4/H2049 30%).

Then, we evaporated by EBE a 2 nm titanium layer (ad-
hesion layer) and a gold film (30 nm). The next step was
the drop-coating of colloidal bead solutions with a bead

Fig. 1 SEM images of gold nanotriangles on gold film ob-
tained by NSL: (a) on a large surface (scale bar = 15 pm)
and (b) on a zoom of some nanotriangles showing p6mm sym-
metry (scale bar = 500 nm)

diameter of 500 nm (Polysciences GmbH) on the gold
film [24,25]. Then, we realized gold layer evaporation
(60 nm) by EBE on polystyrene beads. Finally, after a
lift-off process in acetone, Au nanotriangles structured
in honeycombs on the surface with p6mm symmetry
class [26,27] were obtained as displayed in Figure 1.
The average length L of nanotriangles is 150 nm. The
filling factor [10] of the substrate by the nanotriangles
determined by Surface Electron Microscopy (SEM) is
8%, a value similar to the 7.2% deduced from theoreti-
cal calculations [26].

2.2 UV-Visible Absorbance Spectroscopy

UV-Visible spectroscopy is performed on a Cary-5000
spectrophotometer (Agilent) for the sample set in re-
flection geometry with a 55° angle of incidence with
respect to the surface normal thanks to a Veemax ac-
cessory (Pike Technologies). This angle of incidence is
identical to the one used for the visible laser beam in
SFG spectroscopy as sketched in Figure 2. Measure-
ments are recorded from 400 to 800 nm with the inci-
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dent light either p- or s-polarized in order to compare
with the results obtained by SFG spectroscopy. A ref-
erence spectrum of the same substrate but without the
AuNT is first recorded to extract only the UV-Visible
absorbance spectrum of the nanostructured layer by dif-
ferential measurement.

2.3 Sum-Frequency Generation spectroscopy

Nonlinear optical Sum-Frequency Generation (SFG) spec-

troscopy [28,29] is performed on a home-made setup as
described elsewhere [22]. Briefly, it is based on a pulsed
Nd:YVO4 laser source (HighQ laser, 62.5 MHz repeti-
tion rate, 7.5 ps pulsewidth, 1064 nm wavelength) act-
ing as a pump, after its passing through two amplifiers,
for the two optical parametric oscillators (OPO) tun-
able in the infrared (LINBO3, 2.5-4 ym) and the vis-
ible (BBO, 420-710 nm) spectral ranges, respectively.
In the visible case, the UV pump wavelength (355 nm)
was obtained by partial parametric conversion of the
near-IR source by second harmonic generation (SHG)
through a BBO crystal (532 nm) followed by the mixing
(collinear bulk SFG) of the two resulting beams (1064
and 532 nm) through a LBO crystal. As sketched in
Figure 2, in order to obtain the SFG signal from the
samples, the IR and visible beams are sent to the same
point of the surface where they overlap spatially and
temporally with either a ppp- or ssp-polarisation con-
figuration for the SFG, visible and IR beams, respec-
tively. The SFG photons are then collected by photo-
multipliers after spatial and spectral filtering through a
monochromator. The SFG contribution of the sample is
normalized by the SFG signal of a reference ZnS crystal
collected in the same conditions in order to compensate
for fluctuations of the laser powers.

Visible: 532 nm A

IR: 3.2-3.6 pym @,
~56°

Polarisation
s=(0,y,0)
p=(x,0,2)

Fig. 2 Scheme of the interface probed by SFG spectroscopy.
The SFG, visible and IR beams are travelling in the same
incidence xz plane. The incidence angle of 55° for the vis-
ible laser beam is the same as the one used in UV-Visible
absorbance spectroscopy. The zoom on a nanotriangle illus-
trates the transversal plasmon mode (TM) excited in ssp-
polarisation

3 Results
3.1 UV-Visible absorbance spectra

As depicted in Figure 3, we observe on our sample that
the surface absorbance in p-polarisation is stronger than
that in s-polarisation to the tune of almost a factor
of three. The absorbance spectra exhibit a maximum
located at 540 nm for both s- and p-polarisations. In
s-polarisation, this peak corresponds to the transver-
sal localized surface plasmon resonance (TM, lateral
sides, see zoom in Figure 2) for nanostructured ob-
jects relatively similar to the case of gold nanopillars
deposited above a gold interface [13]. In p-polarisation,
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Fig. 3 UV-Visible  absorbance  spectra  of the
AuNT/Au/Ti/Glass samples with the light beam having 55°
incidence angle for s (up) and p (down) polarisations. The
reference sample used to obtain the differential measurement
is the Au/Ti/Glass substrate.

the absorbance maximum observed at 540 nm can be
attributed to the vertical plasmon mode [30]. Further-
more, in p-polarisation, two surface plasmon modes are
observed at 640 and 720 nm, respectively. They can
be attributed to the grating resonances coupled to an-
tisymmetric surface plasmon polariton (SPP) modes.
In s-polarisation, no plasmon resonance coming from
these SPP modes is observed in the 600-800 nm spec-
tral range. This is explained by the fact that SPP modes
are only excited by a p-polarized light.
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3.2 SFG measurements

Figure 4 shows the SFG spectra of the sample in both
ssp- and ppp-polarisation configurations, respectively.
At first sight, we observe the vibrational fingerprint
of thiophenol molecules adsorbed on the sample only
in ssp-configuration. The vibration mode is located at
3071 cm~! as deduced from the fitting procedure of
the data explained elsewhere [15]. As it will be de-
tailed further in Figure 5, it corresponds in fact to
the combination of two close vibration modes as ref-
erenced and calculated from DFT calculations on gold
clusters [31]. They are related to the stretching of the
CH bonds of the aromatic ring. No vibrational feature
is observed in ppp-configuration. Nevertheless, there ex-
ists a strong flat contribution of one order of magnitude
greater than in the ssp case. Indeed, a quick look at Fig-
ure 4 shows that the average SFG intensity observed in
s-polarisation is 50 times lower than in p-polarisation.
The SFG signal of the gold film and AuNT is usually
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Fig. 4 SFG spectra of the AuNT/Au/Ti/Glass sample in
ssp (up) and ppp (down) polarization configuration for an
incident visible laser beam wavelength of 532 nm. In both
cases, the average power delivered on the sample is 5 mW.
The line is a fit to the SFG data as detailed in the text.

called the non-resonant part (see equation 2) with re-
spect to the IR wavelength because it is related to the
electronic properties of the substrate. In the present
case, it comes from the metal s-d interband transitions
as explained in the literature on the subject for flat gold
surfaces [32-35]. Indeed, the glass substrate and the Ti
layer do not have any SFG activity in the probed spec-

tral range. The SFG intensity is modelled by [36]:

8773w§1“c sec? Ogp

CSnl (wSFG)nl (wIR,)nl (wVIS)

2
Isra = X,(aif) H Lirlvis (1)

with I;z and Iy the intensities of the incident IR and
visible laser beams, respectively. wr, wyis and wgrg are
the IR, visible and SFG frequencies of the three laser
beams involved in the nonlinear process while Ogp is
the angle of incidence of the outgoing beam as sketched
in Figure 2. ni(w) is the refractive index of the up-
per medium at frequency w, i.e. the ambient air in the
present case. ng) is the effective nonlinear second order
susceptibility of the probed interface, which includes
Fresnel factors and microscopic local-field corrections
to the molecular nonlinear second order susceptibilities
Xi(ij). The experimental SFG nonlinear susceptibility of
an interface is generally fitted by [37]:

@) _ |0 i 4 lan| e'n )
Xegt = |Cl n:;m—wm_wn'i‘irn (2)

where the first complex term is the above-mentioned
non-resonant (NR) contribution related to the gold op-
tical activity of amplitude C. The sum over Lorentzian
oscillators describes the vibration modes of thiophenol.
For instance, at a first glance in Figure 4, it seems one
should consider only one vibration mode characterised
by its frequency w and damping constant I, respec-
tively. The amplitude a is a linear combination of prod-
ucts of the components of the IR transition dipole mo-
ment and Raman polarizability tensor while the phase
shift ¢ — ¢ between the NR and resonant contributions
explains the interference feature in the SFG signal. If
one vibration mode is considered, ¢ can therefore be
set to zero to fix a reference. In these conditions, the
fitting parameters of the SFG data in ssp- and ppp-
polarisations configuration are given in Table 1. In ppp-
configuration, only the NR contribution of the substrate
to the SFG signal is clearly evidenced. Nevertheless, it
is worth noting that the parameter extracted from the
fit is twice as large as expected [23], which is in fact the

Table 1 Fitting parameters of the SFG data in ssp- and ppp-
configurations (Thiophenol/AuNT/Au/Ti/Glass) for one
molecular vibration mode.

Parameters ssp ppp
|C| 0.0749 0.5217
9 () 28 0
a 0.2115 -
w (em™1) | 3071.73 (£3) -
I (cmfl) 12.39 -
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indication of the presence of the two abovementioned
thiophenol vibration modes located at 3071 and 3050
em™!, and named o and ¢, respectively [31]. Their opti-
cal responses strongly interfere between each other and
with the specific substrate covered with AuNT, so that
they cannot be decoupled directly. Indeed, it has been
shown that there exist equivalent sets of parameters
giving the same SFG spectrum for a given experimental
SFG curve [37]. In this way, the best fit depicted in Fig-
ure 5 relies on physical hypotheses described hereafter
and based on the previous literature on the subject. By

0.01I|IIIIIIIII|IIII|II

0.008
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0.004

SFG signal (a.u)

0.002

3000 3050 3100 3150
-1
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Fig. 5 SFG spectra of the AuNT/Au/Ti/Glass sample in
ssp-polarisation configuration for an incident visible laser
beam wavelength of 532 nm. The average power delivered
on the sample is 5 mW. The line is a fit to the SFG data as
detailed in the text.

setting the damping constants to 7.5 cm~! [23], we ob-
tain the others parameters after the fitting procedure
as depicted in Table 2. It is worth noting that it leads
to a solution where the two vibration modes have the
same null phase, which is commonly used in the SFG fit-
ting procedures. Moreover, the experimental frequency
resolution of the infrared OPO is 3 cm™! as noted in
parentheses in Tables 1 and 2, so that our SFG setup is
able to discriminate the two vibration modes. These two
vibration modes (o and €) are those with the highest IR
and Raman activities when adsorbed on gold clusters
as shown by DFT calculations [31], which, with their
respective frequencies, is in accordance to the fact that
the SFG response of molecules is sensitive to the mixing
of their IR and Raman cross-sections. This is why their
detection is made feasible by SFG spectroscopy in our
experimental configuration. It is also worth noting that
their identical absolute phase (¢1 = @2 = 0) is reflected
in their same Fano-like spectral shapes.

Table 2 Fitting parameters of the SFG data in ssp-
configuration (Thiophenol/AuNT/Au/Ti/Glass) for two

molecular vibration modes.

Parameters | Non-resonant
|C| 0.0753
¢ (°) 41.35
Parameters Mode o
a1 0.2115
wi (em™1) | 3071.22 (£3)
It (em™1) 7.5
e1 (°) 0
Parameters Mode €
as 0.05179
we (em™1) | 3050.46 (£3)
Iy (em™1) 7.5
e2 (°) 0

4 Discussion

In both polarisation configurations, the dominant con-
tribution to the SFG signal comes from the gold film
and triangles. Nevertheless, no thiophenol vibration mode
is observed in ppp-polarization. It is a different behaviour
from what we showed in previous work on a flat Au(111)
surface: the SFG spectra of thiophenol are dip-shaped
and only one weak vibration mode could emerge in ppp-
polarization [16]. Although there should be an SFG re-
sponse coming from thiophenol molecules adsorbed on
the gold film between the triangles or adsorbed directly
on them, it is clearly masked by the strong s-d inter-
band electronic transition of gold in the z-direction nor-
mal to the surface [32-35]. Moreover, the extinction of
the nonlinear second order response of molecules ad-
sorbed on the interface is strongly marked within our
nanostructures (p6mm symmetry class). Indeed, the
SFG signal sensitivity depends on the orientation of the
adsorbed molecules (here thiophenol) [38-40]. Thereby,
despite the p6mm symmetry class of the honeycomb
structures, we still detect thiophenol molecules, local-
ized close to the triangle walls in ssp-polarisation con-
figuration. More precisely, we distinguish two vibration
modes of the molecules. Indeed, the transversal plas-
mon mode is excited by the contributions of the in-
cident electric field on the triangle walls and the re-
flected electric field coming from the gold film. There-
fore, at a specific height of the triangles walls, the to-
tal electric field corresponds to the sum of the incident
and reflected electric field contributions, which have a
relative phase depending on the distance to the inter-
face [13]. As the SFG emission depends on the total
electric field, the SFG amplitude in ssp-polarisation
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configuration is higher along the triangle height. It is
worth noting that these two vibrations were not or
weakly observed in the literature [41,42]. Indeed, Wan
et al observed only the vibration mode o at 3060 cm ™!
on Au(111) surface [31,41] by Surface-Enhanced In-
frared Absorption spectroscopy (SEIRA). Otherwise,
these two modes are mainly observed in solution by
different techniques [41,42]. In SERS experiments, it
is difficult to observe and distinguish these two vibra-
tions modes because the EF will be potentially weak.
Indeed, it is proportional to the extinction intensities
(Qe) [43,44], i.e. EF ~ Qe¢(Aeze) X Qe(ARaman)- There-
fore, Qe(ARaman) OF Qe(Aexe) Will be weak because of
the surface plasmon resonance position of the stud-
ied nanostructures and the great spectral redshift of
ARaman With respect to Aepe. In our case, SFG spec-
troscopy combines the advantages of selective LSPR
excitation with intrinsic surface sensitivity, revealed by
the specific phase shift parameter of this nonlinear op-
tical technique.

5 Conclusion

In this paper, we employed honeycomb structured sub-
strates of gold nanotriangles characterized by SFG spec-
troscopy in order to obtain an enhanced nonlinear opti-
cal signal from thiophenol molecules by using the exci-
tation of localized surface plasmon resonance (transver-
sal plasmon mode of gold nanotriangles deposited above
a gold surface). In ssp-configuration, the excitation of
this resonant transversal plasmon mode with the visi-
ble beam allowed to observe in SFG spectroscopy the
e and o vibrational modes of thiophenol molecules lo-
calized close to the lateral sides of the gold triangles.
In ppp-configuration, no peak is observed due to the
strong s-d interband electronic transition of gold. Fi-
nally, SFG spectroscopy shows its relevance to be also
used at the nanoscale on highly structured metallic
SERS substrates. Indeed, SFG takes account of the
surface gold electronic properties whatever their origin
(plasmon, interband transition) affording complemen-
tary information on the molecular organisation and lo-
cation on the surface of the nano-objects after chemical
functionalization.
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