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ABSTRACT

Surface Enhanced Raman Spectroscopy (SERS) is a powerful non-invasive technique to detect
and identify molecule traces. The accurate identification of molecules is based on the detection
of distinctive vibrational modes characteristic of a molecule adsorbed onto the surface. We
investigated the detection performances of three commercial SERS substrates: nanostructured
Au supports from Hamamatsu, Premium Ag-Au supports from SERSitive, and RAM-SERS-
Au from Ocean Insight, which were tested with solutions of thiophenol (CsHgS) at 10°® M and
10® M concentration. SERS measurements were performed systematically with 633 and 785

nm excitation wavelengths and Raman mappings were recorded randomly on the surfaces. The
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spectral quality (baseline intensity and signal-to-noise ratio), the thermal stability under laser
illumination, and the Raman intensity distribution of the Hamamatsu substrate and our own
fabricated gold substrate were discussed for the detection of 10 M thiophenol molecules. The

detection of crystal violet (CV), a toxic dye, is demonstrated at 5.10° M.
INTRODUCTION

Surface Enhanced Raman Spectroscopy (SERS) was discovered in 1974 (Fleischmann et al.
1974). It’s a non-destructive, ultra-sensitive, and free-label technique for detecting and
identifying materials and analytes (Fleischmann et al. 1974; Albrecht and Creighton 1977;
Jeanmaire and Van Duyne 1977). It has been extensively used for the trace-level detection of
explosives (Dasary et al. 2009), environmental pollutants (Halvorson and Vikesland 2010; Hou
et al. 2015), food safety (Sun et al. 2017; Chen et al. 2019; Lin and He 2019) and much more
by developing specific affinities between targets and the surface of SERS substrates (Wang et
al. 2020). It still attracts today’s research communities (Gillibert et al. 2018; Bodelon and
Pastoriza-Santos 2020; Pérez-Jiménez et al. 2020; Mandal and Tewari 2022) for the
development of new applications and fundamental aspects. The SERS phenomenon is based on
two main mechanisms. First, a chemical effect arises when the polarizability of an analyte
molecule is modulated due to a charge transfer mechanism between the substrate and the
molecule (Kim et al. 2019). Second, an electromagnetic mechanism, mainly due to the
interaction between the incident light and the metallic nanoparticles (NPs) induces the
excitation of localized surface plasmons (LSP) resulting in amplification of the electric field E
in the vicinity of particles surfaces (Sreekanth et al. 2016; Ding et al. 2017). The so-called “hot
spots” can be created when the space between two or more NPs is very narrow or on a surface
presenting heterogeneities at the nanometric scale (Grésillon et al. 1999). The largest

electromagnetic enhancement is obtained when inter-particle gap dimensions are lessthan 5 nm



and in this case, if a molecule is in the vicinity of the hot spots, strong Raman signal

enhancements (from 4 to 11 orders of magnitude) can be observed (Ding et al. 2017).

Several strategies have emerged over the past decade to develop solid SERS substrates. The
most cost-effective and simple method is to use solutions of colloidal nanoparticles to fabricate
colloidal assemblies on a substrate (Ye et al. 2021). Many efforts have been made to better
understand the mechanisms involved in the self-organization of nanoparticles into well-ordered
geometries, the most effective approaches for developing real applications with different 2D or
3D patterning (Chen et al. 2018). Unfortunately, it is still relatively difficult to induce and
control the quality of nanoparticle arrays, and thus inter-particle gaps at nanoscale, over a large
surface area due to inhomogeneities of the distributions in size and shape of the particles.
Nevertheless, although the uncontrolled density of hot spots often results in variations in Raman
signal intensity, these shortcomings have not prevented this technique from being widely used

in applications (He et al. 2015).

Other techniques have been used to create SERS-active substrates, such as electrochemical
syntheses that produce different random nanostructured surfaces like ZnO nanorods decorated
with Au nanoparticles (Yi et al. 2014) or Ag nanoislands formed on SiO; glass (Zhurikhina et
al. 2012). Periodic nanostructures with excellent reproducibility and sensitivity have also been
developed by using sophisticated and expensive microfabrication techniques like electron beam
lithography (Abu Hatab et al. 2008; Wu and Lin 2018), ion beam lithography (Sivashanmugan
et al. 2013), and laser ablation (Byram et al. 2017). Although the sensitivity of these SERS-
active substrates is widely recognized, most of the SERS applications are still severely limited

by the low reproducibility, very small active area and high manufacturing cost of substrates.

Today, numerous commercial SERS substrates can be purchased. Substrate manufacturing
processes are generally different, the surface quality not equivalent, nor are the enhancement

factors and the reproducibility from one batch to another. A few works reported on the
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reproducibility of the Raman signal recorded on commercial substrates after immersion in 10°
4 M sample solutions (Liu et al. 2020) and more recently on the sensing performances of
commercial SERS substrates (Liszewska et al. 2019; Azziz et al. 2022) some of which having
limits of detection (LOD) in the range of 10° - 10° M. We believe it is important to continue
these investigation works to provide new users with relevant information to select suitable
SERS media, when the molecular concentration is typically in the 10 - 108 M range. In
addition, we would like to demonstrate that it is possible to prepare in laboratory, with a
minimum set-up, substrates allowing the detection of molecules from solutions at 10% - 10° M.
The interest is all the more important today as the detection and identification of pollutant
residues in this concentration range has become a necessity if we refer to the limits established

by the Directive 2000/60/EC of the European Parliament (2000).

The fabrication of efficient and reproducible SERS substrates with a large surface area, that can
be used over a wide concentration range, is not an easy task. Quantitative sensing analyses
require high reproducibility in 2D-3D topographic features to generate similar hot spot surface
densities and intensity distribution from sample to sample under the same experimental
conditions. Photoemission electron microscopy (PEEM), a high-resolution near-field mapping
technique (Douillard et al. 2007; Awada et al. 2012), can be used to collect high-contrast
electronic images reflecting the distribution of hot spots on a sample surface at a subwavelength
scale. Recently, this technique was used for studying the variation in hot spot density per unit
area of an Au film as a function of the process conditions (Taugeron et al. 2023). We were able
to optimize nanorough Au film substrates fabricated by physical vapor deposition (PVD) and
show, for the first time of our knowledge, that the near field optical responses of our bare fresh
surfaces are quantitatively correlated with their far field Raman diffusion signature when they

are used as molecular sensors.



In the present paper, we investigate the detection efficiency of three different
commercial SERS substrates: Hamamatsu, Premium Ag-Au from SERSitive, and RAM SERS
Au from Ocean Insight. As a standard target molecule, thiophenol in alcoholic solution diluted
at 10° M and 108 M is used. This molecule is commonly used for SERS analysis because it
adsorbs easily on the gold surface via its thiol function to form, on a flat surface when the
concentration is high enough, an homogeneous layer after rinsing (Noh et al. 2010; Taugeron
et al. 2023). For 108 M thiophenol solutions, we will be in more drastic detection conditions
since it will be impossible to cover the entire active surface of our substrates with a
homogeneous and dense layer of molecules. These will therefore be perfect conditions to
objectively and quantitatively compare the performance of our optimized home-made
nanorough substrate to the best commercial substrate. We then discuss the results in terms of
spectral quality, signal homogeneity, distribution of intensity and thermal stability under laser
beam. Finally, we study the possible detection of traces of crystal violet (CV), in alcoholic
solution, a chemical dye and an anti-fungal (exhibiting electronic resonance in the visible
region) identified as a biohazardous and a strong carcinogen material (Mani and Bharagava

2016).



MATERIALS AND METHODS
Commercial SERS substrates

Nanoimprinted substrates were purchased from Hamamatsu Photonics (Japan); each substrate
was vacuum sealed. Premium-Ag-Au substrates purchased from SERSitive (Poland) are stored
in Air conditions, packed into small microcentrifuge tubes and stored in vacuum package. RAM
SERS-Au substrates were purchased from Ocean Insight (USA), wrapped and vacuum sealed

(Fig S1).
Nanorough Au substrate fabrication

Our home-made substrates are fabricated by physical vapor deposition (thermal evaporation)
of Au. The fabrication method was recently reported (Taugeron et al. 2023). Briefly, the
samples are prepared by a reproducible two-step thermal evaporation process: A Au layer of
approximately 100 nm is first deposited on a Si wafer (the film thickness being controlled by a
quartz microbalance system) with a rate of 0.1 nm/s at a pressure of 5.10° mbar. The Au/Si
reference substrate isthen cut into small pieces of about 8 x 8 mm2. On each piece, an additional

Au deposition of 8-9 nm (closeto the film percolation threshold) is carried out.
Surface functionalization

Thiophenol (97%, ACRQOS), resp. crystal violet (CV) (ACS reagent, > 90% anhydrous basis,
Sigma-Aldrich), are diluted with ethanol (99.8%, Sigma-Aldrich) to prepare respectively a 10°
$ M thiophenol and a 103 M CV solutions. The diluted solutions from 10 to 10° M are prepared
by serial dilution. To avoid any surface contamination, our homemade substrates are used after
Au deposition and the commercial SERS substrates just after being opened from their
packaging. For each concentration, the substrates are immersed in 2 ml of the prepared solutions

for 10 minutes, then rinsed into both ethanol (30 s) and ultrapure water (30 s) (to remove non-



specific binding molecules) and then dried at room temperature. The functionalized substrates

are then studied by Raman imaging without any additional cleaning.
Raman analysis

Raman measurements are performed using a confocal Raman spectrometer Witec alpha 300R
with excitation wavelengths at 632.8 (He-Ne laser) and 785 nm (laser diode). The Raman
spectra are recorded in the air using 1) a x50 long Working Distance (W.D. = 9 mm)
magnification objective (N.A. = 0.55) to compare the commercial substrates with each other
and 2) a Zeiss x100 magnification objective (N.A. = 0.9, W.D. = 0.28 mm) to compare the
efficiency of Hamamatsu and our nanorough substrates to detect molecules from 10% M
solution. The laser power and the acquisition time are adjusted from one substrate to another
(Table S1 and S2) to avoid damaging the active SERS surfaces and achieve high signal-to-noise
ratio or complete loss of Raman signal. Three different area mappings (20 x 20 pn? with an X
and Y step of 1 um) are systematically acquired on two supports from each SERS substrate.
Data processing was done using the Witec Project Five software (version 5.1) including the

cosmic ray removal correction function and a shape function for the background subtraction.
Scanning Electron Microscopy

The scanning electron microscopy (SEM) images are obtained using a JSM-6510LV
microscope (JEOL, Tokyo, Japan). The samples are observed under an accelerating voltage of
20 kV. SEM images are acquired in secondary electron imaging (SEI) at different magnification

of 10000X, 15000X or 20000X.

Optical profilometry

The 3D surface scans of the SERSitive and Ocean Insight substrates were undertaken using the

confocal white light profilometer S-NEOX (Sensofar-Tech S. L., Barcelona, Spain). The



120x90 pum? area were collected using a 150X EPI Nikon objective (N.A. = 0.95). The data

were analyzed by the open-source Gwyddion software (version 2.62).

Atomic Force Microscopy

AFM pictures of Hamamatsu and our homemade nanorough substrates were performed by
tapping mode in air using a Keysight 5500 AFM (USA). A SuperSharp Silicon Nanosensors ™
tip, with a tip curvature radius of 2 nm, was used to record the 3D high-resolution topography
of the surface. Image processing was performed using the open-source Gwyddion software

(version 2.62).

RESULTS AND DISCUSSION
Comparison of commercial SERS substrates

The three commercial SERS substrates (Hamamatsu, Premium Ag-Au from SERSitive, and
RAM SERS Au from Ocean Insight) are fabricated with different techniques. In the following
paragraph, their mesoscopic surface topographies are characterized by SEM (Fig.1) and optical

profilometry (Fig. S2).

The Hamamatsu® substrate is characterized by a regular array of gold nanostructures, asshown
by the SEM imaging (Fig. 1a), consisting of submicrometric nanospheres deposited on a gold
substrate. The SERSitive® substrate is made with a mixture of silver and gold nanoparticles
deposited randomly and non-uniformly on an indium tin oxide (ITO) glass surface (Fig. 1b).
For the Ocean Insight® substrate, we observe polymer fibers covered inhomogeneously with

gold nanoparticles (Fig. 1c). From the optical profilometry images (Fig. S2), it is easy to



visualize the open 3D architecture for the SERSitive® and Ocean Insight® substrates; the

maximum heights are about 2.7 + 0.3 um and 22+ 5 um, respectively.
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Fig. 1: SEM images of the commercial substrates. (a) Hamamatsu, (b) SERSitive and (c) Ocean

Insight. White scale is 1 pm.

To sum up, SERSitive and Ocean Insight substrates exhibit pronounced 3D structures with
inhomogeneous surface metal distributions. In contrast, the Hamamatsu substrate has a precise
2D periodic metal architecture with well-controlled nanostructured features. The performance
of a SERS substrate depends on a wide range of physical parameters: light wavelength, light
irradiance, integration time, response stability, response homogeneity... Therefore, choosing the
most efficient substrate for any analytical application remains a challenge. So, in the following

experiments, we will attempt to address some of these issues.

We start comparing the Raman signal of the three commercial SERS substrates at 633 nm and
785 nm excitation wavelengths after 10 min immersion in a 10® M thiophenol solution. The
laser power and acquisition time are adjusted for each substrate to avoid surface sample damage
and to maximise the signal to noise ratio. Table S1 shows the experimental conditions for each
substrate. After depositing the analyte probe molecules, 400 spectra were recorded from a 20 x
20 un? area mapping with a 2D map step size of 1 um. For each substrate, three maps are
recorded on different areas. In order to compare the performance of the commercial substrates,

the average Raman spectra shown in Fig. 2 are normalized i.e. each recorded spectrum was
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divided by the laser power value and the acquisitiontime. The average spectra with the baseline
are reported in Fig. S3a. The distinctive Raman bands corresponding to the vibrational modes
of thiophenol molecules (Carron and Hurley 1991; Li et al. 2007) can be clearly observed. As
already mentioned in literature (Carronand Hurley 1991; Li et al. 2007) the peak at 415 cm™ is
attributed to the C-S stretching vibration mode, the peak at 1000 cm™ to the C—H out-of plane
bending and ring out-of-plane deformation, the peak at 1025 cm™ to the ring in-plane
deformation and C-C symmetric stretching, and the peak at 1075 cm™ to the C—C symmetric
stretching and C-S stretching. The peak at 1575 cm™ corresponds to the C=C symmetric

stretching mode.

Since the main characteristic peaks of thiophenol are detected at 10 M for all the substrates,
we then compared the relative integrated Raman intensity in the spectral range 350-1800 cm'!
(Fig. 3). The highest values are obtained at 633 nm with the Premium Ag-Au from SERSitive
and at 785 nm with RAM SERS Au substrate from Ocean Insight. Such results are not
surprising, as compared to Hamamatsu substrates their 3D structures and micrometric heights
offer a larger specific Au surface on which the analyte molecules can be adsorbed (see SEM

and profilometry imagings).
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Fig. 2: Average SERS spectra of thiophenol at 10 M on Hamamatsu (red), SERSitive (blue),

and Ocean Insight (green) at two excitation wavelengths: 633 nm (left) and 785 nm (right). The
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spectra are vertically shifted for clarity. *The band at 520 cm? belongs to the Si line below the

active gold surface. Spectral intensity is reported in counts (counts) per milliwatt (mW) per

second (s) (counts.mW1s™1).
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Fig. 3: Comparison of integrated Raman intensity, calculated from Fig.2 in the 350-1800 cm'*
spectral range, for the three commercial SERS substrates: Hamamatsu (red), SERSitive (blue),
and Ocean Insight (green). The intensity values are independently normalized to each incident

wavelength. The Si 520 cm™ line is discarded in the analysis.

Detecting analytes at very low concentrations and recording reliable and reproducible SERS
spectraare of great interest for many applications (Rubira etal. 2014; Moram et al. 2020; Kumar
and Soni 2022). It is therefore useful to study with precision the ability of these commercial
substrates to detect the model molecule at concentrations below 10 M. In the following, we
thus compare their efficiency to detect thiophenol molecules from a 10 M solution. Table S2
shows the experimental conditions used for each substrate, the acquisition procedure being the
same as above. The bare average spectra (without normalization and baseline substraction) are
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shown in Fig. S3b and the normalized average Raman spectra are shown in Fig. 4. On the Ocean
Insight substrate (green spectra in Fig. 4) itis really difficult to identify (for both 633 and 785
nm excitation wavelengths) the characteristic Raman signature of the thiophenol molecules. At
633 nm, the Hamamatsu substrate is definitely the best substrate to use since it allows to record
without any ambiguity and with a relatively good signal-to-noise ratio all the vibrational bands
of the target molecules. Let us also noticed that no additional Raman band appears on the
spectrum, spurious peak which might interfere with the main vibrational bands of the molecule
to detect. At 785 nm, with this substrate, we can nevertheless observe a well-defined band at

520 cm? assigned to a phonon band of Si (Uchinokura et al. 1972) below the active Au coating.

Despite the low intensities or complex spectra recorded with Ocean Insight and SERSitive, it
is nevertheless useful to compare the efficiency of the three commercial substrates. Being not
able to do so over the previous spectral range (350-1800 cm?), we selected the band at 1075
cml, since it appears on all three spectra whatever the wavelength used (Fig. 5). The best
Raman sensitivity is in favor of the Hamamatsu substrate and this for the two wavelengths,
even if the signal is much lower at 785 nm. Such results confirm the recent reported

investigations (Liu et al. 2020; Azziz et al. 2022), but here with a lower limit detection: 108 M.

Regarding SERSitive and Ocean Insight substrates, the detection and especially the
identification of the target molecule based on the raw Raman spectrum is more critical at the
trace level due to relatively intense spurious bands present on the background spectra. Indeed,
the spectrum measured for example on Ocean insight at 785 nm presents a lot of additional
bands, similar (but not exactly identical) to what can be observed on the bare surface
background spectrum presented in Fig. S4. The disadvantage of these substrates with 3D
architecture is therefore that air molecules or particles suspended in the air or in the solvent can
unfortunately be more easily captured in the thickness of the layer before or even during Raman
analysis and thus cause enhanced Raman scattering that juxtaposes with the characteristic
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vibrational modes of target molecules at trace level. Thus, for this reason and under these
unconstrained experimental analysis conditions, these two substrates are not suitable for trace

detection.

In conclusion, these commercial SERS substrates, with different surface morphologies, can
enhance the Raman signal by different orders of magnitude depending on both the concentration
of the solutions and the SERS-active surface in contact with the analytes. The choice of a
suitable substrate is therefore an important factor to consider before starting the measurements
and it appears that SERS substrates based on supported metallic nano-arrays with long-range
ordered structures are not always the ones on which the highest Raman intensity will be
recorded. Our results confirm, however, that at 10 M and 633 nm wavelength, the Hamamatsu

substrate is the most efficient substrate.
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Fig. 4: Average SERS spectra of thiophenol at 10 M on Hamamatsu (red), SERSitive (blue),
and Ocean Insight (green) at two excitation wavelengths: 633 nm (left) and 785 nm (right). The
spectra are vertically shifted for clarity. *The band at 520 cm* belongs to the Si line below the
active Au surface. Spectral intensity is reported in counts (counts) per milliwatt (mW) per

second (s) (counts.mW1s™Y).
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Fig. 5: Comparison of integrated Raman intensity of the vibrational band at 1075 cm’, for the
three commercial SERS substrates: Hamamatsu (red), SERSitive (blue), and Ocean Insight
(green). The intensity values are normalized by (i) the laser powers at the incident wavelengths

at 633 nm and 785 nm and (ii) the acquisition time.

Performance of our homemade nanorough Au SERS-active substrates

As previously mentioned, we recently reported (Taugeron et al. 2023) on the optimization of
nanorough metallic SERS-active substrates fabricated by physical vapor deposition. In the
following, the SERS performance of these random metal surfaces is evaluated on the basis of
the experimental procedure adopted above for commercial substrates. We verify the efficiency
of our nanorough Au substrate using different concentrations of thiophenol from 10° M to 10°
M. The averaged spectra calculated from the Raman maps and recorded at each concentration
areshown in Fig. 6a after baseline substraction. The main thiophenol bands are clearly observed
from 10° M to 108 M. At 10° M there are some additional bands in the 1100 — 1700 cm® region,
probably due to surface contamination, as at this level of concentration the surface is not
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completely covered with the molecule to be detected. Accordingly, the limit of detection is
around 10° M. The clear identification of the molecule, if based on examination of araw Raman
spectrum with the presence of well-defined vibrational modes, is effective between 1078 M and
107° M. A linear-log plot of the integrated Raman intensity in the spectral range 1050-1090 cm
! (peak at 1075 cm?) as a function of thiophenol concentration is shown in Fig. 6b. This result
is in agreement with both the results reported by Fedotova et al. using silver nanostructures
(Fedotova etal. 2019), Magno et al. using Au/Si nanosensors (Magno et al. 2017), and Barbillon
et al. with Au/Si asymmetric dimer array (Barbillonet al. 2021). A decrease in the SERS signal
is also observed at 10° M. This result is consistent with the results of Fedotova et al. after the
Au surface (and active hotspots) is covered by a monolayer of molecules; the additional
molecules on the surface not being directly in the junctions between the grains (location of hot
spots) would then not benefit from the same exaltation factors coming from the surface (Noh et

al. 2010; Fedotova et al. 2019).
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Fig. 6: Our homemade nanorough Au substrate. a) Average SERS spectra of thiophenol at
concentrations from 10° M to 10° M at 633 nm. The spectra are vertically shifted for clarity.
b) Linear-log plot of the integrated Raman intensity in the spectral range 1050 -1090 cm! as a
function of thiophenol concentration. Experimental conditions : 633 nm excitation wavelength,

2 mW laser power, 20 x 20 pum? maps, 0.2 s acquisition time.
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Spectral analysis on well-controlled and random nanostructured substrates

The two effective substrates for detecting and identifying model molecules at 10® M are

therefore the Hamamatsu substrate and our homemade nanorough Au substrate. The

Hamamatsu® substrate is a periodic array of gold nanospheres. The AFM analysis (Fig. 7a)

shows that the nanospheres are 225 nm high, deposited on a gold substrate with a period of 500

nm along two axes perpendicular to each other. The surface of our nanorough Au substrate (Fig.

7b) is composed of rounded gold grains (average diameter = 30 nm), exhibits an average surface

roughness of 2.0+0.2 nm (Fig. 7).
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substrate is corrupted in one direction by the geometry of the tip. (c) Height profiles of

Hamamatsu substrate and (d) Roughness profile of our homemade nanorough gold substrate.

As previously mentioned, to compare their sensitivity, it isuseful to present the average Raman
spectra recorded on the two substrates in counts (counts) per milliwatt (mW) per second (s).
The normalized spectra shown in Fig. S5 demonstrate that the Hamamatsu SERS substrate is
about 8.5 times more efficient than our homemade nanorough gold substrate. However, for the
detection (and therefore identification) of trace molecules, beyond the sensitivity of the
substrate, the issues of spectral quality and signal stability under irradiation are of major
interest. In order to study the stability of the collected Raman signal under irradiation of
Hamamatsu and the nanorough Au substrate, we collected Raman signal from a 20 x 20 um?
area mapping (400 spectra, with a 2D map step size of 1 um) after 10 min immersion ina 10®
M thiophenol solution. The experiment is then repeated several times on the same area under
the same experimental conditions. For each laser power value, the investigated area was

changed.

First, on our homemade nanorough Au substrate, the integration time was fixed to 0.5 s and we
acquired systematically 5 maps for 1, 3, 5and 7 mW laser light incident power. The averaged
Raman spectra are reported in Fig. 8a for each laser power. Up to 5 mW and after 5 repetitions
no modification of the Raman spectrum (whether in the intensity of the baseline or the
vibrational bands) is noted. At 7 mw, the spectral band at 1575 cm? begins to widen and the
intensity of the main vibrational bands decreases with the number of repetitions. The Raman
intensity, calculated in the spectral range 977-1097 cm? to include the bands at 1000, 1025, and
1075 cm?, is then reported in Fig. 8b. The plot shows a linear relationship between Raman
intensity versus laser power, demonstrating that our homemade nanorough substrate is stable
under laser irradiation at least up to a laser power of 5 mW (i.e. irradiance of about 2 GW/cm?
for an estimated analyzed volume of 1 pmd).
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Fig. 8: Our homemade nanorough Au substrate a) Averaged Raman spectra (5 x 202 spectra)
of thiophenol at 10 M at 633 nm on the nanorough Au substrate for different laser powers: 1,
3, 5and 7 mW; b) Plot of the integrated Raman intensity (spectral range 977-1097 cm?) as

function of the laser power fitted with a linear curve (red dashed line).

To check the stability of Hamamatsu SERS substrates under laser beam, we acquire sets of 5
maps (20 un?, 400 spectra, integration time 0.5s) with increasing laser powers 0.03, 0.05, 0.1,
0.15 and 0.2 mW. As before, the location is changed for each laser power. At 0.2 mW laser
power, the Raman signal decreases by 50% after the second measurement and the baseline
intensity increases (Fig. 9a). Moreover, an optical contrast appears on the substrate (Fig. S6)
demonstrating that the Hamamatsu substrate is damaged at such a laser power. This result is
not so surprising because in micro-Raman experiments, where the laser light is focused on the
micrometer-size area with a high magnification objective, the laser power density can be very
high. In our case, where laser output power is about 2 mW, the laser power density can be
estimated at sample (in a volume the close to 1 um?®) to be approximately of the order of 1
GW/cm®. We previously demonstrated that the structural modifications observed for

nanoparticles under high laser irradiation and heat treatment are identical (EI Mendili 2011; El
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Mendili 2012). Thus, in our case, and in particular for high sensitivity SERS substrates, it is
expected that the local temperature of the sample heated under laser excitation (at the laser spot)
leads both to surface modifications at the nanoscale and a loss of Raman enhancement. The
same surface modification appears on the field of view after the 5™ repeated maps for a 0.15
mW power. For 0.03, 0.05 and 0.1 mW power, no damage is visible on the surface after 5
repeated acquisitions and no evident modification of the Raman spectrum is noted (Fig. 9a).
The evolution of the integrated Raman intensity over the spectral range 977-1097 cm shows
a linear scaling with the incident light power (Fig. 9b) from 0.03 mW to 0.1 mW. It then
decreases for 0.2 mW due to surface modifications/damages. In short, linear scaling and simple

proportional analytical response are only maintain at low light power excitation (up to 0.1 mW).

If by mistake or ignorance the user decides to carry out an experiment with too intense a laser
power, he will be confronted with a possible modification of the surface, a loss of the Raman
signal and therefore an error in the estimation of the concentration of molecules at the surface

and initially in the solution.
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Fig. 9: Hamamatsu SERS substrate. a) Averaged Raman spectra (5 x 20 spectra of thiophenol
at 10® M at 633 nm for 0.03, 0.05, 0.1 and 0.15 mW and only 2 spectra for 0.2 mW due to
degradation of the surface after the second map (red) b) Plot of the integrated Raman intensity

(spectral range 977-1097 cm?) as function of the laser power.

Raman intensity distribution analysis

For most applications using SERS technique, researchers mainly rely on the analysis of high
quality spectra to get access to structural information and local interactions to monitor physical
or chemical reactions (Scherrer et al. 2021; Murugan et al. 2021) or to detect and identify,
without ambiguity, traces of analytes. For this type of application, the time allocated to collect
the data is often constrained that’s why it is important, prior to the setting of the experimental
acquisition parameters, to choose the specific SERS-active substrate allowing data to be

recorded with the best signal quality. To highlight the importance of this parameter, let us
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compare the spectral quality of the data collected under the same experimental conditions
(objective X100, 400 spectra recorded in less than 4 min) on the Hamamatsu and our homemade
nanorough substrates with the maximum laser powers supported by these substrates, i.e. 0.1
mW and 5 mW respectively. Figure 10a shows the averaged spectra and Figure 10b the Raman
intensity distribution of the 400 pixels (20x20 pixels?) map for each substrate. Comparing the
SERS intensity histograms, the commercial substrate has a lower collected intensity and a wider
distribution, resulting in an overall lower signal-to-noise ratio and lower surface homogeneity
than our homemade random metal substrate. In the end, the vibrational modes of the thiophenol

molecule are better defined on the nanorough Au substrate.
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Fig. 10: SERS substrate performances. a) Average SERS spectra of thiophenol at 10% M on
Hamamatsu (red) and our homemade nanorough Au substrate (brown) recorded at 633 nm. The
spectra are vertically shifted for clarity. b) Raman intensity histogram distribution for

Hamamatsu (red) and our nanorough substrate (brown).

Detection of a toxic dye
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To further validate the efficiency of our nanorough Au substrate, we tried to detect crystal violet
(CV, CuH3CIN3) molecules at very low concentrations. After 10 min of immersion of the
substrates in the CV solutions, we collected Raman spectra on three different areas of the
substrates. The average spectrum is plotted against concentration in Fig. 11a after baseline
substraction. The characteristic bands of crystal violet appear on all the spectra (Volny et al.
2007; Cafiamares et al. 2008) : the band at 421 cm is attributed to the out-of-plane bending
mode of C-Ceenter-C, the band at 522 cm?* to the bending mode of C-N-C, the band at 914 cm?
to the C-H out-of-plane bending mode and the band at 1367 cm* to the stretching vibration of
nitrogen and phenyl ring. Finally the bands at 1580 and 1615 cm™ are attributed to the in-plane
aromatic C-C modes (Volny et al. 2007; Cafiamares et al. 2008). In Fig. 11b, we present a log-
log plot of the evolution of the Raman intensity as function of the crystal violet concentration.
The Raman response increases as a power function of the molar concentration from 5.10° M to

10°M.

Since we were able to clearly detect the main vibrational modes of CV at 5.10° M (Fig. S7),

we proved that our homemade substrate is suitable for molecular detection at trace level.
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Fig. 11: SERS CV detection substrate performance. a) Average SERS spectra of crystal violet
at concentrations from 10 M and 5.10° M on the nanorough gold substrate at 633 nm. The

spectra are vertically shifted for clarity. b) A log-log plot of the integrated Raman intensity as
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a function of CV concentration, for the bands 912 cm™ (black), 1367 cm* (red) and 1615 cmt
(blue). Experimental conditions: 15 x 15 pn? maps, step size 1 pum, 152 = 225 spectra per map,

laser power 3.9 mW, excitation wavelength 633 nm, acquisition time 0.2 s.

CONCLUSION

To summarize, we investigated the sensing capabilities of three commercial SERS substrates:
Hamamatsu from Hamamatsu Photonics, Premium Ag-Au from SERSitive, and RAM-SERS-
AU from Ocean Insight, to detect thiophenol as a probe molecule at 10® M and 10° M
concentration. At the 633 nm and 785 nm excitation wavelengths and 10 M concentration
level, the substrates from SERSitive and Ocean Insight perform better than the Hamamatsu
substrate. However, at lower concentrations, their background spectra contain spurious peaks,
making trace detection difficult. At 10® M and 633 nm wavelength, the Hamamatsu substrate
is the most efficient (i.e. has the highest enhancement factor) among the investigated substrates.
In addition, the figure of merit of a random metal film is evaluated against the Hamamatsu
SERS substrate for molecular trace detection. Our optimized homemade nanorough Au film,
elaborated by thermal evaporation, has better spectral quality and surface homogeneity and
withstands higher laser irradiation. The nanorough Au substrate demonstrates the detection of
CV at a 5.10° M concentration, which ensures that the optimization of this type of substrate,
makes it possible to envisage applications in the domains of the environment, health or food
safety. Finally, we would like to emphasize that before using Raman intensity to determine the
initial concentration of an analyte, itis necessary to determine the laser power range over which
there is a linear intensity response and to verify the reproducibility of the measurements at the

same location.
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