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ABSTRACT

Thermally-induced surface reconstruction of a-Al,O3 was used to fabricate corrugated templates of different
periods to support percolated ultrathin metal film. Reflectance analysis and simulations revealed the coupling of
a hybrid NIR-SPP mode along its corrugation vector (Kcorrugarion)- The fabricated samples enhanced Raman signals
of phenyl thiolates (PT) with reduced photo-induced disadvantages at Aexe = 785 nm. Polarized SERS were
performed to study adsorbed molecule — polariton interaction on these corrugated thin film surface. A twofold
SERS anisotropy with a cosz(c) dependency (¢ = azimuthal angle) was observed. SERS dichroism of PT Raman
modes of different polarizability tensors were analysed. A more pronounced dependence on corrugation period
was observed for totally symmetric a; modes than the non-totally symmetric b; and by modes. Apart from the
relative SERS intensity, their SERS dichroism was determined mostly by the excitation of SPP along the Kcorrugation
rather than the orientation of PT on sample surface. Edge-on orientation of adsorbed PT was predicted due to the
absence of az modes with both tensor components parallel to the surface. Shorter corrugation periods fabricated
were reproducible and ample for uniform, large-area sensing due to effective SPP coupling at ¢ = 0° resulting in a

spatially extended SERS excitation volume.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a rapidly advancing
superlative “surface sensing” technique in recent decades [1,2]. A key
factor giving rise to SERS effect is the enhanced electromagnetic (EM)
near field generated by surface plasmons. Excitation of Raman active
modes and its re-radiation as scattering signal is amplified for molecules
present within this enhanced field. Maximum near-field enhancement
and effective SERS response are achieved when the excitation wave-
length Aexe and the corresponding analytes Stokes-shifted wavelength
(Astokes) is within the bandwidth of the excited plasmon mode [3].
However, SERS substrates exhibiting plasmon resonance in the UV-vi-
sible range induces photochemical reactions [4,5] such as photo-
bleaching [6,7], photo-degradation [8,9], desorption of self-assembled
monolayers [10] and interference effects due to fluorescence resulting
from both analyte and metal surface [11-13]. Utilizing Aexc in the near-
infrared (NIR) wavelength reduces the energy transferred to the system,
minimizing photo-induced effects on analytes, and sample degradation
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[14-16]. For this reason, the fabrication and design of substrates
exhibiting plasmon resonance in the NIR range is desirable. Substrates
decorated with metal nanoparticles (NPs) exhibit localized surface
plasmon resonance (LSPR) and are the most commonly used NIR-SERS
substrates due to their high order of near field enhancement (1019
[17,18] and scattering coefficient [19,20]. These tightly focused local-
ized fields on NPs edges known as hotspot facilitates the higher orders of
SERS enhancement. However, laterally continuous periodic metal films
can support “propagating” surface plasmon polariton (SPPs) modes,
which generates a distributed EM near field, spatially extending the
SERS excitation volume [21-23]. This relieves the analytes necessity of a
closer location to the hotspot as NP arrays sporadically suffers from over
lapping of clusters and aggregation during fabrication [24,25]. Further,
these SPP supporting structures have a diverse range of applications
such as on chip communications [26], waveguides [27], THz devices
[28] and in increasing the spatial resolution of scanning near field mi-
croscopy (SNOM) [29]. In this work, we demonstrate a well-established
temperature-induced surface reconstruction of (a-AlyO3) [30]

Received 11 December 2023; Received in revised form 7 February 2024; Accepted 1 March 2024

Available online 2 March 2024

0169-4332/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:mwiesner@amu.edu.pl
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2024.159821
https://doi.org/10.1016/j.apsusc.2024.159821
https://doi.org/10.1016/j.apsusc.2024.159821
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2024.159821&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E. Mathew et al.

technique, that can be used to fabricate large-area (2x2cm) templates of
different corrugation periods for ultra-thin Au film deposition towards
plasmonic applications. The fabrication mechanism of the templates is
already well described in Ref.[31]. The Au metal deposited periodic
nanostructures diffract light with an increased wavevector, mediating
plasmon-photon momentum matching conditions [32]. This excludes
the requirement of complex optical setup such as end coupling, tapered
coupling and prism to excite SPPs [33]. However, for non-isotropic
molecules such as phenyl-thiolates (PT) adsorbed on surfaces apart
from the plasmon resonance wavelength (Agpp) the polarization and
strength of the electric field components on surface influences the
relative Raman peak intensities based on the molecule’s Raman polar-
izability tensor () [34]. “Surface selection rules” based on varying band
intensities of SERS spectrum for molecules adsorbed on surface of metal
was proposed in Refs. [35,36]. Studies such as depolarization mea-
surements of non-isotropic molecules [37] and SERS of thiolates in
different refractive index medium [38] were performed to study the
ratio of relative Raman intensities and predict the orientation of
adsorbed molecules on surface. These SERS studies on adsorbed organo-
thiol layers on the metal surfaces have a strong applicative relevance
towards chemical sensing, molecular electronics, wetting and lubrica-
tion applications as in Ref [39]. Here, we study the SERS effect of
phenyl-thiolates adsorbed on the fabricated corrugated plasmonic sur-
face, which can support propagating SPP in the NIR range. These sub-
strates generate large electric field components parallel and
perpendicular to the surface during SPP excitation based on their k..
rugation- Ref.[40] proved the selective enhancement of Raman dipole
moments parallel to nano wire-wire cavity in nanowire gratings through
polarized SERS measurements. Similarly on these uniaxial corrugated
thin films field polarizations play an important role due to excitation of
SPP only in polarization along the Keorrygarion. Polarized SERS measure-
ments were performed to investigate the corrugation-induced plasmonic
anisotropy and adsorbed molecule — polariton interaction. Molecular
vibration - polariton coupling on gratings is a topic with growing in-
terest due to its vast potential in multiple fields as in Refs [41-43].
Particularly in developing emissive devices such as OLED (Organic LED)
[44] and dye lasers [45], where the molecular emitters on the surface of
periodic metal nanostructures couple to the near field SPP mode and re-
radiate their energy as Bragg scattered light. The objective of this article
is to investigate the PT molecule vibrations - polariton interaction
through polarized SERS measurement. As the excited SPPs near field in
NIR ranges have large molecule dipole oscillator strength [41], and
exhibit reduced photo-induced disadvantages, such as charge transfer
and interference background signal in spectra. A twofold SERS anisot-
ropy of PT molecules was observed in polarized SERS. SERS dichroism of
PT Raman vibration modes of different polarizability tensors were
analyzed and reported. Moreover, SERS substrates based on NP arrays
and nanowire gratings supporting NIR-LSPR modes and their SERS
phenomena were demonstrated and described in recent studies [46-49].
However, NIR-SPP mode supporting laterally continuous corrugated
metal thin films, their related SERS enhancement and topography
induced SERS anisotropies of adsorbed molecules are not demonstrated
and extensively studied based on our findings in literature. Our study
show the dependence of SPP modes surface field orientations on
corrugated surface with different Keorrygation in the enhancement of both
the diagonal and non-diagonal components of a. SERS substrate repro-
ducibility and large-area sensing uniformity were tested. Finally, the
positives and drawbacks of the fabricated samples in SERS application
are discussed.

2. Experimental details
2.1. Sample fabrication method

Sapphire (a-Al;O3) single crystals with a < 0,1° miscut along the
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Table 1
Structural parameters of the fabricated samples.
Sample name (Sal) (Sa2) (Sa3) (Sa4)
Au Au thickness  Au thickness  Au thickness
thickness =10 nm =10 nm =10 nm
=10 nm
Substrate flat 170 £ 25 290 + 25 450 + 30
corrugation nm nm nm
period [nm]
Corrugation flat 19 + 5 nm 30 + 5nm 35+ 10 nm
height [nm]

M-plane [1010] were commercially purchased from CrysTec GmBH.
When annealed at high temperatures (T > 1400 °C), the unstable crys-
tallographic plane undergoes spontaneous asymmetric faceting, which
leads to the formation of periodic, corrugated structures on the surface,
which was desirable for the experiment [30]. A carbolite high-
temperature chamber furnace was used to treat the substrates at oper-
ating temperatures up to 1700 °C. Depending on the annealing time
(between 12 and 24 h) and temperature (1450 to 1550 °C), the period of
naturally forming sapphire surface corrugations varied. An electron
beam evaporation system (Telemark/PREVAC) was used to deposita 10
nm thick layer of Au from a sapphire crucible at a low deposition rate of
79 A / hour onto flat and reconstructed surface templates (Table 1).
Before Au deposition, all samples were outgassed at a temperature of
550 °C for 1 h. After the deposition, the samples were annealed again at
300 °C for 20 min. The degassing, deposition and annealing were per-
formed under ultra-high vacuum (UHV) conditions (1 01 mbar) -
Figure S1.

2.2. Structural and optical characterization

The topography of fabricated plasmonic substrates was determined
using the Bruker Dimension Icon atomic force microscope (AFM)
working in soft tapping mode. 10 x 10 pm? scans were recorded at
different places on the sample to analyse the corrugated surface.
Reflectance analysis of the samples was performed using the SENTECH
GmbH SER800 ellipsometer at an oblique incidence angle 6 = 50°.
Transverse magnetic (TM) and transverse electric (TE) polarization
components of the corrugated plasmonic substrates were collected in the
spectral range from 400 to 1050 nm with a scanning interval of 1 nm. All
the reflectance measurements were normalized to a reference signal
collected from a 99.99 % reflecting mirror.

2.3. Simulation technique

To model the optical properties of Au, we used the optical constants
described by Rosenblatt et al [50] for an 11-nm thick Au film. The op-
tical properties of sapphire were modelled using the properties of Al,O3
described by Palik [51]. The Au/Al;O3 periodic structure (Sa2) see
Table 1. with a corrugation period of 170 nm was drawn in an EM solver
(Lumerical Solutions), then a conformal 10 nm thick Au film was added
on top of the corrugated Al,O3 surface. The simulations were performed
utilizing periodic boundary conditions and was excited with a TM
polarized plane wave (PW) at 6 = 0° and 50°. The PW source had a
narrow bandwidth (FWHM = 0.5 nm) to increase the precision of the
calculation and minimize material dispersion effects. The electric field
intensity (|E|%) was collected by taking the square magnitude of the
electric field vector in 3D space (i.e. |Ex|*+ |Ey|>+ |E,|?) in the plane of
the corrugated Au surface. The spatial distribution of the charge polar-
ization imposed by the plasmon mode is represented by plotting the
divergence of the electric field (VE) in the plane of the corrugated
surface.
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(a)

Fig. 1. AFM images of (a) flat non-reconstructed plasmonic sample (Sal) and
(b) reconstructed corrugated plasmonic sample (Sa2).

2.4. Organic molecules deposition

The fabricated plasmonic substrates were immersed in a solution of
99.8 % thiophenol (Alfa Aeasar) dissolved in 99.8 % ethanol (POCH)
(1:50 vol). After 10 min at RT, the samples were removed from the
thiophenol solution and consequently immersed in pure ethanol to
remove unbonded molecules. The whole process was repeated four
times to form a layer of thiophenol molecules bonded to the Au surface
[52]. As-prepared samples were investigated using Raman spectroscopy.
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2.5. SERS measurements

Micro-Raman spectra were measured using a commercial Renishaw
inVia micro-Raman system with a 633 and 785 nm plane-polarized laser.
All spectra were measured under a 0.7 N.A microscopic objective within
an aperture angle of 50°; 4 accumulations with 1 s exposure time scans
were collected. A spectral resolution of about 1 cm ™ was achieved using
a 1200 and 1800 I/mm grating for the respective laser wavelengths. A
STANDA 050097 rotational step motor stage was used to perform
polarized SERS measurement for an azimuthal angle ¢ determined be-
tween the laser polarization and the corrugation vector with an angle
step Ao = 2.5°. SERS mapping measurements were performed by scan-
ning the laser spot at 3 pm steps to check the large-scale uniformity of
SERS signal on the samples.

3. Results and discussion

The thermodynamically unstable flat (a-Al,O3 -1010 plane) surface,
with a high surface energy density reconstructed into corrugated hill and
valley structures to attain an equilibrium with reduced total surface
energy planes, during annealing (see sample fabrication section) [53].
Such large area formation of one dimensionally oriented surface mod-
ulations are viewed as sophisticated optical devices which are difficult to
fabricate in a mechanically hard and robust substrate such as sapphire,
Here we utilize the anisotropy of sapphire single crystal with a miscut
crystallographic plane to produce thermally induced spontaneous fac-
eting of corrugated surface structures extending all over the (2x2cm)
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Fig. 2. (a) Reflectance measurements of 10 nm Au film on flat template- Sal at 6 = 50° exhibiting percolated thin film characteristics. (b) Reflectance measurements
of the percolated 10 nm Au film on the corrugated sample Sa2 at 6 = 50° showing a broad dip in the IR region for TM polarization related to the coupling of a hybrid
SPP mode, (c) simulated electric field intensity (|E|?) distribution of sample Sa2 for TM polarization, A, = 785 nm at @ = 0° and 50° exhibiting enhanced optical near
field on the corrugated surface at 6 = 50°.
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Fig. 3. (a) Dispersion curves for Sa2 and Sa3 samples for diffraction order n = 1. Incident light k;,. (solid black line), resulting diffracted orders k, (dashed black
line), P = corrugation periods, kssp in air/Au interface = (red line), Kgsp in sapphire/Au interface = (blue line), SPP coupling points (red dots), (b) simulated charge
density polarization on the metal dielectric interfaces of Sa2 for TM polarization at Ay, = 785 nm at 0 = 0° and 50° exhibiting the excited hybrid SPP mode excitation
at 0 = 50°, (c) SERS spectra of phenyl thiolate on Sa2 with Acx. = 633 nm (black line) and Acy. = 785 nm (red line), the blue arrow indicates the downshifting of peaks
associated with phenyl ring vibrations upon chemisorption on Au (Raman spectras are presented without fluorescence background subtraction) and (d) Reflectance
measurements of sample Sal (black spectra) and Sa2 (red spectra) at 6 = 50°, TM polarization, with the respective Raman laser line positions at Aexc = 633 nm and

785 nm.

commercially purchased sapphire wafer. The temporal evolution of its
reconstruction phases proceeds as: (a) surface smoothening, (b) nucle-
ation of individual facets, (c) interaction between facets to form facet
domains, (d) coalescence of facet domains and (e) facet coarsening as
reported in Ref. [31]. Here, these spontaneous processes in the stage of
coarsening were optimized to fabricate structures with different periods
as shown in Figure S2. Two facets merge into one facet at a point called a
facet junction during coarsening. A completely faceted surface can in-
crease its corrugated period/facet wavelength based on the motion and
elimination of these junctions. The uniformity of the fabricated struc-
tures decreased with increasing value of period P due to the high degree
of node misalignment during facet merging [31]. The most uniform
periodicities were observed for a short annealing time at a constant
temperature. Fig. 1 shows AFM images of 10 nm of Au deposited onto a
flat non-reconstructed template (Fig. la) and onto a reconstructed
corrugated template (Fig. 1b). In the case of the corrugated template, the
Au layer follows the modulation induced by the corrugated facets. Gold
was chosen for its chemical stability [54], non-oxidative nature [55] and
its ability to support surface plasmons in the NIR range [56]. Metal films
with thickness (t ~ 8-10 nm) near the percolation threshold undergo the
transition from a non-conductive (localized electrons) to conductive
(high mobility free electrons) with Drude metal characteristics [57,58],
which are desirable for the excitation of SPP modes [59,60]. The low-
temperature post-deposition annealing step (see sample fabrication
section) further improved the film interconnectivity and quenched the

localized plasmon resonance of the percolated 10 nm thick Au film
before dewetting process, which occurs at higher annealing tempera-
tures [61,62]. Reflectance analysis of the sample Sal (Fig. 2a) confirmed
the percolation of Au film with increasing reflectance for the longer
wavelengths typical for connected (percolated) metal films [63,57] and
a dip near 500 nm wavelength corresponding absorption due to intra-
band transitions in Au [64]. The small peak at 831 nm in the spectra
results not from a plasmon resonance but from the a-Al,03 template; see
supporting information - Figure S4. For sample Sa2 (Fig. 2b), the
introduction of the periodic modulations resulted in a broad dip at the
NIR region for TM polarization component, indicating the coupling of a
SPP mode. EM simulations were performed on a Al;03/Au corrugated
structure modelled using the optical constants for Au described by
Rosenblatt et al [50], for a 11-nm thick Au film. Fig. 2c shows the
electric field intensity (|E|2) distribution maps using Ajp. = 785 nm at 0
= 0° and 50° for TM polarization. The simulated |E|? distribution shows
the enhanced optical near field along Ex and E, on the surface of the
corrugation due to the strong coupling of the SPP mode at 6 = 50° with a
larger wavevector. The SPP coupling takes place at selected momentum-
matching conditions between the photons and surface plasmon modes.
Corrugated surface structures with kcorrugarion dependent on their period
P (see eq. 1) increases the momentum of the diffracted waves k, based on
the eq.2 [65,66].

2n

P ®

keormgalinn =n
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Table 2
Assignment of thiophenol molecular vibrations and their Raman peak positions
with related Stokes wavelengths and symmetry classes of vibration modes
[38,77].

PT Raman Stokes shifted  Stokes shifted  PT Symmetry
vibrations wavelength wavelength molecular class (Cyy)
peak Astokes 8t (Aexc  Astokes at (hexe ~ Vibrations
positions = 633 nm) = 785 nm) assignment
473 cm™! 652 nm 815 nm Out-of-plane b1
c-C-C
bending
615 cm™! 658 nm 824 nm In-plane C — bs
C — Cring
bending + C
— S stretching
693 cm ™! 662 nm 830 nm In-plane C — a
C — Cring
bending + C
— S stretching
737 cm ! 663 nm 833 nm Out-of-plane by
C — Hring
bend
998 cm ™! 675 nm 851 nm c-Cc-C a
ring bend
(ring
breathing)
1072 cm ™! 679 nm 857 nm In-plane C — a
C — Cbend +
CcC-S
stretching
1573 cm ™ ? 703 nm 895 nm Symmetricin-  a;
plane C — C
ring
stretching
kx = kinc Sinf + nz—ﬂ 2
P
kspp = 222|912 3)
v £+ &

where ki, = wavevector of the incident light, kcorrugarion = spatial
wavevector of corrugation period, k, = wavevector of diffracted light
order, kspp — SPP wavevector, n = 0;41;42; diffraction orders, 0 =
incidence angle, P is the grating period, €¢; and &, are the dielectric
permittivities of metal and dielectric medium, respectively, v = c/p =
speed of light in the dielectric medium, p -refractive index of dielectric
medium.

To better understand the conditions for SPP excitation on fabricated
samples, dispersion curves with k;,; and ky on the corrugated samples
Sa2 and Sa3 were plotted — Fig. 3a. Shorter corrugation period resulted
in larger values of k,. The dispersion curves of kspp based on eq.3 in-
dicates that effective SPP coupling can occur at the Au/sapphire inter-
face mediated by transmission diffraction orders [67-69]. Coupling
between the diffracted orders k, and the kgpp at the Au/sapphire inter-
face is marked by red dots in Fig. 3a. The first-order coupling of a SPP
mode at 1.17 eV corresponds to the results of reflectance measurements
of sample Sa2, showing a broad reflectance dip in the NIR region near
1040 nm (see Fig. 2b). We find similar trends for other corrugation
periods in Figure S5 of the Supporting Information. The exponentially
decaying electric field of the excited SPP extends to the Au/air interface
to form coupled hybrid modes [70,71]. In our system (air/Au/Al,O3
layer) the broadband reflectance dip in the IR region is related to an anti-
symmetric SPP mode [72,73], Fig. 3b shows the simulated charge den-
sity polarization on the metal dielectric interfaces for TM polarization at
6 = 0° and 50°. At 6 = 50° the charge density polarization appears to be
an a mixture of dipole moments that is typical of hybridized SPP mode at
Aexec = 785 nm in Fig. 2¢c. The propagation of high-frequency symmetric
mode is damped in the samples due to the discontinuous percolated
network, which limits charge oscillations parallel to the surface [74]
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and, by the Au intraband transitions in ultrathin films [32,74].
Furthermore, the nature of the broad reflectance dip is also attributed to
the scattering on percolated grain boundaries. Considering this hybrid
SPP excitation with low energy in the NIR region, these samples were
investigated for SERS sensing of organic molecules. SERS measurements
were performed for thiophenol as an analyte. The phenyl ring vibration
modes assigned to the (C — C — C ring bend (ring breathing) and In-
plane. C — C — C bend + C — S stretching) downshift upon the forma-
tion of phenyl thiolates (PT) [75], to 998 em~! and 1072 cm™! con-
firming the chemisorption of thiophenol on the Au surface in sample Sa2
(Fig. 3c), where the blue arrow indicates the downshifting. Spectra
collected from Aexe = 785 nm in Fig. 3c exhibited reduced interference
background and prominent SERS as compared with Aexe = 633 nm. Such
large intensity enhancement of PT peaks at Aexe = 785 nm are due to
both the Aexe and its related Agokes in (Table 2.), are closer to the Agpp
resonance near 1040 nm in Fig. 3d. Moreover, chemisorbed aromatic
thiols form S-Au bonds with the metal surface, causing charge transfer to
occur at shorter excitation wavelengths hybridizing their molecular
orbitals [6]. This causes intense fluorescence background and photo-
reactions in thiolates [76]. Mapping the SERS intensity of sample Sa2
over a large area at Aexe = 785 nm confirmed that the intensity was
uniform and photo-degradation of the molecule was minimal
(Figure S7).

Further, Fig. 4a shows that the corrugated sample Sa2 exhibited a 46-
fold SERS gain in the Raman active mode assigned to C — C — C ring
bend (ring breathing (998 em™ ) [85] versus the intensity of the mode
collected from the flat Au sample Sal. The SERS amplification of 10°
orders measured on these samples in the experiment were analogous to
the near-field enhancement of SPP modes described in Ref. [21,22]
although SERS enhancement exhibited by the fabricated samples are
lower as compared to NIR-SERS substrates exhibiting LSPR modes. The
fabricated samples are suitable platforms to study molecule-polariton
interaction through polarized SERS measurements, due to the large
dipole oscillator strength of NIR-SPP fields and without the interference
of charge transfer hybridizations and reduced photo-induced disad-
vantages at Aexe = 785 nm. The dependency of the SERS response of the
adsorbed molecules on electric field polarization, and on different
corrugation periods were investigated via polarized SERS measurements
at Aexe = 785 nm.

Raman analysis performed between the incident polarization and
Keorrugation (as in Fig. 4b) revealed an anisotropic SERS response for the
sample Sa2. A 5-fold SERS intensity gain was observed at ¢ = 0° for the
peak at 998 cm ! versus the same peak at 6 = 90° (Fig. 4c¢). Moreover, at
SERS intensity gain of the peak 998 cm™! at 6 = 90° was higher when
compared to the flat sample. A similar anisotropic response was
observed for samples Sa3 and Sa4, but the SERS gain of Raman modes
decreased with increasing corrugation period - Fig. 4d. This effect was
due to the larger difference between Aexe and Agpp, and the increase in
standard deviation & of the average corrugation period value P, resulting
in a weaker SPP coupling.

In Fig. 5 polarized SERS measurements performed for Ac = 2.5°
revealed a dichroic SERS anisotropy with cos?(c) dependency for PT
peaks assigned in Table 2. The relative Raman peaks intensities of
anisotropic planar molecules such as the phenyl thiolates depend on the
symmetry of the vibration modes [34]. The orientation of an adsorbed
analyte’s induced dipole moment can be different from incident light
polarization, which influences analyte Raman modes relative SERS in-
tensities [35]. The cos®(c) based anisotropy was studied for phenyl
thiolate Raman modes of different polarizability tensors on the corru-
gated plasmonic samples. For phenyl thiolates with a Cy, symmetry
group, the a; Raman modes are totally symmetric vibration with a
combination of ay, 0yy and o, Raman tensors on the metal surface
frame of reference, while the other by, by and a3 non-totally symmetric
vibration modes contain o, &y, and oyy tensor components [38] - see
Table 2. SERS anisotropy of the peak assigned to the symmetric in-plane
C — C ring stretching at 1573 cm™! with a; symmetry was more
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Fig. 4. (a) SERS spectra of phenyl thiolate on flat Sal (black line) and corrugated sample Sa2 (red line). Vibration modes assigned to Raman peaks with their
symmetry classes are listed in Table 2, (b) Schematic drawing of the polarized SERS measurement setup with indicated angle . (¢) Polarized SERS measurements
performed for ¢ = 0° and 6 = 90° laser polarizations on sample Sa2, (d) SERS Gain of selected phenylthiolate Raman vibrational peaks for different grating peri-

odicity. (SERS gain calculations — supplementary information).

prominent and dependent on the corrugation period in Fig. 5a.

The anisotropy of peak assigned to the out-of-plane C-C-C bending
at 473 cm™! with non-totally symmetric vibration b; mode exhibited
less intensity compared to the a; mode and less pronounced dependence
on the corrugation period in Fig. 5b. Electric field component Ey parallel
to the surface becomes large only during the SPP excitation along the
Keorrugation - Fig. 2¢ at © = 50°, significantly exciting by mode which has a
oy, component with vibrational motion parallel to the surface along the
Kcorrugation- Due to this a completely non-dichroic SERS behavior for peak
473 cm™! with b; mode was observed on sample Sa4 on which the &
increases for both the height and width of the corrugated facets,
resulting in weak SPP coupling and decrease in electric field strength
along the x direction parallel to surface. Similar to b; mode less de-
pendency on corrugation period was observed for the peak at 615 cm ™
with by mode in Fig. 5e but the peak was not observed for Sal and Sa4.
Apart from the relative intensities of Raman active modes, the dichroic
SERS behavior of Raman modes in Table 2. were determined mostly due
to the excitation of SPP along the corrugation vector rather than the
orientation of the analyte on the surface for aj, b; and by modes - Fig. 5.
The a; mode with oy tensor component with both the axes in the plane
of the surface was not observed on these anisotropic corrugated samples.
Shorter corrugation periods fabricated exhibited pronounced SERS
anisotropy in both totally symmetric (a;) and non-symmetric vibrations
(b; and by) modes versus the substrates with larger value of corrugation
periods. This was due to the effective coupling of SPP mode at 6 = 0° for

Sa2. These experimental results shows the dependence of SPPs surface
field orientation on corrugated plasmonic surface in enhancing both
diagonal and non-diagonal component of molecules polarizability
tensor. Moreover, SERS enhancement orders of the substrates can be
further improved as metal thickness near percolation threshold supports
both localized and delocalized surface plasmon resonance and can be
used to manipulate optical absorption, scattering and light concentra-
tion near surfaces [63]. Optimizing plasmonic metal thickness below
percolation threshold on these fabricated templates can further lead to
uniaxial oriented plasmonic substrates such as self-assembled nano-
particle arrays for enhanced SERS performance.

4. Conclusion

Corrugated thin-film plasmonic nanostructures supporting a hybrid
SPP resonance in the NIR region was demonstrated. Thermally-induced
large area surface reconstructed (a-AlO3) substrates with different pe-
riods were used as templates for percolated ultra-thin Au metal depo-
sition. Reflectance analysis, electric field intensity (|E|2) distribution
and charge density polarization simulations confirmed the coupling of
an hybrid NIR-SPP mode for TM polarization at 6 = 50°. A 46-fold SERS
gain of phenyl thiolate (PT) peak 998 cm™! was observed on the
corrugated samples when compared to a flat plasmonic sample. The
observed spectra revealed a higher SERS at Aexc = 785 nm with reduced
interference background, when compared to Aexc = 633 nm. The samples
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Fig. 5. Analysis of Raman intensity of selected thiophenol peaks in Table 2. (a) 1573 cm L, (b) 473 em ™, (¢) 693 cm ™2, (d) 998 cm ! and (e) 615 cm ™! as a function
of the azimuthal angle (Ac = 2.5°) on flat and corrugated samples with different periods in polarized SERS measurements. (Table 2) depicts the symmetry modes
corresponding to the Raman peaks analyzed (a; are totally symmetric vibration),(b;, b, and a, non-totally symmetric vibrations).

were reproducible exhibiting large-area uniform sensing capability for
the shorter corrugation periods due to effective coupling of SPP at ¢ =
0° which spatially extends the SERS excitation volume. In polarized
SERS analysis, a twofold SERS anisotropy with a cos?(c) dependency (¢
= azimuthal angle) was observed. A more pronounced dependence on
corrugation period was observed for totally symmetric a; modes than
the non-totally symmetric b; and b, modes. Shorter corrugation periods
fabricated exhibited pronounced SERS anisotropy of both totally sym-
metric (a;) and non-symmetric vibrations (b; and by) modes when
comparing the substrates with larger value of corrugation periods this
was due to the larger standard deviation § of period (P) for increasing
corrugation periods resulting in a weaker SPP coupling. The SERS di-
chroism behaviour was determined mostly by the excitation of SPP
along the Kcorrugation rather than the orientation of the analyte on the
laterally continuous corrugated surface for aj, b; and by modes. We
predict an edge-on orientation of the adsorbed molecule on the corru-
gated facets due to the absence of peak related to a, mode with both
vibration motions along the plane of the surface.
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