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Abstract

Noble metal-based nanostructures are actively studied due to their promising prospects for fabricating efficient substrates for Surface Enhanced Raman
Spectroscopy (SERS)-based molecular sensing. In this work, we report the gross potential of SERS substrates based on branched submicron channels in ultra-thin
Ag films. These films were fabricated by magnetron sputtering and then annealed in high vacuum conditions to induce branched channels growth by thermal
dewetting. Different sets of nominally equal samples were tested during a determined period of time, using confocal Raman spectroscopy and methylene blue
(MB) as Raman-active molecule, to assess their performance for SERS in ambient aging conditions. Micro-Raman intensity mapping studies demonstrated the
emergence of “hot spots” enhancing the Raman signal in the branched submicron channels. A good mass sensitivity and fast spectral acquisition were achieved
using these nanostructures, observing an exceptional spectral resolution, in a few seconds, in samples with a MB surface mass density of about 2 [ng/mm?]. A
good spectral resolution was achieved even using shorter measurement times from 1.00 to 0.05 second, suggesting the potential for fast SERS determinations.
Samples showed good reproducibility in the Raman spectral response during the tested period, demonstrating the marginal impact of the aging effects on the
Raman signal enhancement and ensuring a time-stable SERS performance in the short term. Our results show that the proposed nanostructures are promising
candidates for the development of substrates with competitive-sensitivity, time-stability, and fast SERS response, representing a simple and attractive alternative

for efficient SERS-based molecular sensing.
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1. Introduction

Surface-enhanced Raman scattering is a surface-sensitive
molecular scattering process where adsorbed molecules onto
nanostructured metal surfaces can scatter and tremendously
amplify the incident light intensity by geometry-induced electric
field enhancement mechanisms [1]. It is an inelastic scattering
process that modifies the incoming light wavelength, revealing the
vibrational signature of the adsorbed molecules. Raman scattering is
a low-probability physical process, about one photon out of a million
incident photons. Nevertheless, the presence of metal-enhanced
electric-near fields that arise due to the Surface Plasmon Resonance
(SPR) at the metal-dielectric interface can make this scattering
process very efficient [2]. Molecular scattering cross-section
increases by manifold due to SPR near-fields, which can make
scattering strength as large as 10"’ times the signal measured with
simple backscattered geometry from molecules/analytes on planar
substrates [3]. Surface-Enhanced Raman Spectroscopy (SERS) has
been extensively used as a high-sensitivity sensing technique of the
vibrational states (or vibrational spectral signature) of a wide variety
of organic and inorganic molecules with relevance in different areas
of chemistry and biology [4 — 6]. SERS is a highly selective technique
that enables the detection of small amounts of specific molecules by
the measurement of their vibrational spectra (Raman spectral
signature), which is unique for each one and depends on the nature
of the molecular structure, for example, elements and geometry of
the chemical bonds.

In recent years, many efforts have been focused on fabricating and
studying different kinds of SERS substrates based on
micro/nanostructured noble metal surfaces. This is due to their
promising prospects for high-sensitivity molecular detection by the
emergence of localized plasmonic “hot spots” [7 = 15], which act as
local Raman signal amplifiers. Au and Ag nanostructures have been
the most studied and popularly used metals due to their low

reactivity, good air stability, and exceptional plasmonic activity for
visible/near-infrared light which are the typical wavelengths
required for SERS-based molecular sensing [3]. Nowadays, Au
nanostructures are generally preferred for SERS applications
because of their exceptionally inert chemical nature and long-term
stability (oxidation resistance, for example) [16 — 18]. Nevertheless,
Ag-based nanostructures have become relevant in this area due to
their gross potential for fabricating low-cost and efficient SERS
substrates, which lies in the considerably higher plasmonic efficiency
[16, 18] and lower price of Ag concerning Au (in the order of 800
USD/kg compared with 62000 USD/kg for Au, Daily Metal Price:
Copper Price (USD / Pound) Chart for the Last Month). Many studies
have demonstrated the potential of different kinds of Ag
nanostructures for high-sensitivity, fast-acquisition, and/or time-
stable SERS-based molecular sensing [16 — 26]. In this context, these
have found applications in different areas with potentially high
impact in society demands like detection of micro-organisms (S.
aureus and E. coli) for disease diagnostics [16], water pollutants
associated with pharmaceuticals for human-consumption water
control [18], pesticides and organic pollutants in agriculture
products [22, 23], biomolecules (adenine) and organic water
pollutants (for example, methylene blue and malachite green) [24,
26], uremic toxins (creatinine, uric acid, and urea) and parathyroid
hormone [25], etc. Thus, different studies continue being proposed
looking for competitive Ag-based sensing nanostructures with
reasonably good performance-costs relations and industrial
scalability prospects for SERS-based molecular sensors.

Many nanofabrication techniques like Physical Vapor Deposition
(PVD), Interference Laser Lithography (ILL), Focused lon Beam (FIB),
Electron-Beam Lithography (EBL), and chemical-based
methodologies have been used to fabricate a wide variety of
plasmonic-active metallic nanostructures [3]. Procedures based on
nanolithography processes (FIB, EBL, and ILL) are generally used to
fabricate more complex structures and control different geometrical
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parameters with high accuracy for efficient SERS performance
management. However, these are usually difficult and expensive to
implement, and considerably time-consuming. Therefore, current
scientific community attention is strongly focused on exploring and
studying simple, low-cost, industrially scalable, and easily
reproducible technical strategies to fabricate efficient and
competitive SERS substrates, as well as on the use of other low-cost
plasmonic-active metals like Ag [16 — 26].

In this work, we report the gross potential of SERS substrates
based on branched submicron channels in ultra-thin Ag films
fabricated by thermally-induced dewetting in high vacuum
conditions. Here, we show preliminary novelty in the fabrication of a
particular kind of Ag nanostructure that enables high-resolution,
fast, and reproducible SERS-based molecular sensing performance.
Moreover, unlike most similar studies, we report consistent
evidence of the advantages of our samples to achieve high and
reproducible Raman spectral resolution with a fast response rate
over short-term aging effects on the sample surface. Methylene Blue
(MB) was used as a Raman marker to assess the performance of our
samples for SERS-based molecular sensing. MB is commonly used
in medical practice as a dye in microbiological staining and drug in
treatments for Methemoglobinemia, dermatological diseases, etc
[27 - 29]. It is also a common water pollutant derived from textile
and food industry processes, and its detection is a key issue in water
quality controls [30 = 32]. Due to its biological and industrial
relevance, much attention has been focused on developing
detection methods of MB. Our results show that the proposed
nanostructures are promising candidates for designing competitive-
sensitivity, time-stable, and fast SERS substrates, representing a
simple and attractive alternative for efficient SERS-based molecular
sensing.

2. Experimental details

2.1. Thin films fabrication. Ag thin films were fabricated on
commercial soda-lime glass substrates by Direct Current (DC)
sputtering using a 108 Auto Sputter Coater (from TED PELLA, INC.),
as shown in Fig.1. An Ar pressure of 0.08 [mbar] and a current of 40
[mA] were set as nominal deposition conditions to achieve a

STEP 1

STEP 2

deposition rate of 0.9 [nm/s] and homogeneous 23 [nm]-thick Ag
thin films (approx. 25 [s] of deposition time). Each sample consists of
a 2 x 2 array of 23 [nm]-thick Ag thin films deposited on a square
soda-lime glass substrate of 12.7 [mm] x 12.7 [mm], as schemed in
Fig. 1 for the ideal sample geometry in the step 1. This array was
printed on the substrate during the sputtering process by using a
homemade PET mask previously fabricated with the desired design.
Four of these samples were consecutively fabricated on the same
day.

2.2. Annealing treatments. Ag thin film dewetting mechanism was
thermally induced by using a homemade high-vacuum annealing
system (work pressure < 107 [Torr]). This system consists of a high-
temperature tubular oven coupled with a diffusion pump-assisted
vacuum glass flask (the sample holder), as schemed in Fig. 2 for step
2. The four samples were simultaneously annealed at 773 K for 15
[min] with a heating rate = 5 [°C/min] to fabricate a complex
disordered matrix of branched submicron channels. These annealing
conditions were selected following those optimized in our previous
work [33]. In that research, we empirically studied the effects of
different Ag film thicknesses and post-annealing conditions on their
microstructure - evolution, obtaining a wide variety of
microstructures like disordered nanoholes, micro and nanoparticles,
and branched submicron channels. Detailed SEM studies about the
annealing-induced morphological evolution of our Ag thin films are
reported in the mentioned work. An example of this evolution is
shown in Fig. A in Appendix A for the case of the film thickness
considered in the present work. In a non-reported study, we carried
out preliminary SERS performance studies of these structures. From
this study, the microstructure with the best SERS performance was
that presenting branched submicron channels. As shown in
reference [33] (see Appendix A), the completely dewetted samples
with isolated micro and nanoparticles have the main disadvantage of
presenting a wide distribution of particle sizes, which was
manifested in a very anisotropic SERS signal when testing different
sample zones. Thus, the branched submicron channels-based
structure was selected to carry out more detailed and exhaustive
studies as those presented in this work.

STEP3

Ag Thin Films Fabrication by Sputtering High-Vacuum

Confocal Raman Spectroscopy

Annealing
treatments
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Fig. 1. Schematization of the main experimental steps carried out in this research: Design of the ideal samples’ geometry and fabrication of Ag thin films arrays by
DC magnetron sputtering (STEP 1), high-vacuum annealing of sputtered samples to induce the growth of the desired nanostructure (STEP 2) and SERS-based
molecular sensing efficiency studies of MB-functionalized samples by confocal Raman spectroscopy (STEP 3).

2.3. Samples functionalization. The effects of Ag intrinsic aging
(oxidative stress and/or air contamination) on the short-term SERS
performance of our samples were especially studied. For this

purpose, one different sample was left in ambient conditions during
1, 2, 3, or 4 weeks after its fabrication. A 50 [uM]-MB ethanolic
solution was used as a Raman marker to functionalize the samples
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and assess their performance for SERS-based molecular sensing.
Thiol groups (SH-) composing this organic dye promote good
chemical affinity and stability with noble metals like Au and Ag,
making it an ideal analyte for studying their SERS performance [24].
After the corresponding aging period of each sample, 2 [uL] of this
solution were dropped on each aged Ag film (4 [mm] x 4 [mm]) and
then dried at ambient conditions. Raman spectroscopy studies were
immediately carried out after each sample functionalization. An MB
surface mass density of approx. 2 [ng/mm2] was estimated for each
film surface, considering an MB molar mass of m, = 319.85
[g/mol] [34] and assuming a homogeneous distribution of the MB
solution (13 [ng/uL]).

2.4. Raman spectroscopy. A LabRAM HR Evolution Confocal Raman
Microscope (from HORIBA, Ltd.) was used for micro-Raman
spectroscopy measurements. A DuoScan™ module was used to
minimize external vibrations in the sample holder stage and ensure
the stability of the laser spot position during the spectra acquisition.
The Raman spectra were measured at different points of the sample
surface using the punctual acquisition mode with a red laser (1 =
633 [nm]) and a 100X microscope objective. This objective allows us
to achieve a laser spot size of ~ 2 [um] and a maximum output

Microstructure
evolution
after annealing

power of 4 [mW]. All measurements were carried out using a laser
power of 0.2 [mW] (5 % of the maximum output power). A Raman
shift range of 1100 — 2000 [cm'l], a 600 [gr/mm] grid, an acquisition
time of 3 [s], and a total of 20 accumulations were the parameters
chosen for each spectrum measurement, except when it states
otherwise. A monocrystalline Si substrate was used for the Raman
shift calibration process, achieving a total of about 5000 counts for
25 % of laser power.

3. Results and discussion

The samples' surface was studied using the optical microscope
incorporated with the LabRAM HR Evolution setup to assess their
structural homogeneity. Fig. 2 shows the main microstructural
features of the as-deposited and annealed Ag thin films. The optical
microscopy resolution does not enable us to observe the as-
deposited film microstructure (see Fig. 2(a)), but it suggests a
homogeneous surface with a compact microstructure. This feature
was confirmed by SEM studies, revealing the homogeneous
nanocrystalline nature of the as-deposited samples characterized by
a compact nanostructure of faceted-like nanocrystals with sizes
below 50 [nm] (Fig. 2(a-1)).

Annealed Ag Thin Film

' Optical Image

fhed submicron channels)

Non-dewetted zones
(Annealing-induced grain ﬂoanh

Fig. 2. Optical micrographs of (a) as-deposited and (b) annealed Ag thin film samples. These images were captured using the LabRAM HR Evolution optical
microscope. Additionally, different SEM images with higher magnifications are shown for the case of (a-1) an as-deposited film and (b-1, b-2, b-3) different
characteristic zones of the annealed film. In Figs. (b), (b-2) and (b-3), the clear and black zones correspond to the Ag presence and uncovered substrate surface

due to dewetting effects, respectively.

For annealed films (see Fig. 2(b)), optical microscopy shows the
characteristic microstructure expected for the proposed annealing
conditions following the reference [33], i.e., samples with the
coexistence of partial areas of continuous Ag film surface with grains
size growth (Fig. 2(b-1)) and complex disordered arrays of branched
submicron channels characterized by dewetted zones (Figs. 2(b-2)
and (b-3)). This phenomenon is possible by thermal-induced film
dewetting in annealing regimes comparable to the metal melting
point (~ 1235 K for bulk Ag), which can lead to partial dewetting as
seen in our case. Dewetting can occur at a solid-liquid, solid-
solid [35], or liquid-liquid interface. It describes the retraction
process of a fluid forced to cover a non-wettable surface. At room
temperature conditions, most thin metal films tend to present quasi-
perfect spreading on different kinds of substrates for thickness
higher than a critical value (t.), which can be from units to tens of

nanometers [36]. In this situation, the energetically favorable
condition at room temperature is usually the growth of a uniform
metallic film that covers all the substrate. However, the system can
be thermally excited to favor the metal thermal expansion towards
the solid-liquid transition (melting point) and lead it to new
equilibrium states where the system energy is minimized (thermally-
induced dewetting). This fact is crucial to fabricate nanostructures
with determined sizes and interesting morphologies for different
applications, as previously shown [33]. Fig. 2(b) clearly shows the
partial nature of the thermal-induced dewetting in the Ag thin film.
On one hand, typical thermal-induced grain size growth was
observed in zones where the Ag thin film conserves its structural
integrity (see Fig. 2(b-1)). On the other hand, the branched
submicron channels exhibit different sub-structures characterized by
local zones with the formation of nanometric constrictions/cavities
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(incomplete or partial dewetting) or isolated nanoparticles
(complete dewetting), as shown by Figs. 2(b-2) and (b-3),
respectively. The combination of these nanostructures could be
interesting to promote the electric-near field enhancement of light
and the amplification of the SERS signal [7 — 15]. Note that these
nanostructures were achieved for high-vacuum conditions, and they
may not be reproducible for similar annealing temperatures at
ambient pressure conditions. Considerable variations in the film
surface free energy due to pressure changes could critically affect
the dewetting behavior.

As-deposited Ag thin films can be excellent SERS substrates due to
the natural emergence of nanostructures associated with the
dynamic growth of the deposition process. Typically, thin metallic
film surfaces can present nanometric roughness that can result in
high electric-near field enhancements due to nanocavities or sharp
edges-induced amplification [37 — 41]. This phenomenon can favor
the emergence of plasmonic hot spots induced by surface
topography. Thus, Raman studies on MB-functionalized as-deposited
samples would be necessary for assessing the advantages of using
the proposed branched submicron channels-based structure for
SERS-based molecular sensing. Nevertheless, before any Raman
study in functionalized samples, it is necessary to be sure that the
detected Raman signal comes from the Raman marker deposited on
the sample surface. In this sense, Raman measurements were
carried out on both as-deposited and annealed samples without
functionalizing. The results are shown in Appendix B. In this case,
broad Raman peaks associated with symmetric and anti-symmetric
stretching vibrations were observed at 1347 [cm'l] and 1578 [cm'l],
which could be attributed to carboxylic groups adsorbed on the
sample surface [43 — 44]. These vibrations could also be associated
with Ag oxides, carbon contamination, or the formation of Ag-0-C
complexes [42 — 44]. As expected, no MB peaks were detected in
the Raman spectra.

Fig. 3(a) shows the Raman response of a functionalized as-
deposited Ag thin film measured using the acquisition parameters
stated in section 2.4. This figure shows different Raman spectra
measured in random sample zones. A reproducible SERS signal was
generally observed, achieving a reasonably good spectral resolution.
The variations between each spectrum were mainly associated with
differences in the background baseline signal. This fact could be
associated with the heterogeneous grain boundaries that induce an
anisotropic light scattering. However, the peak intensities and
relative relationship between them are practically the same. For a
representative analysis of the Raman peaks, we used the average
spectrum shown in Fig. 3(b). Some characteristic peaks associated
with the main vibration modes of MB can be observed from this
spectrum, being in good agreement with previous reports [45 — 49].
The spectrum shows that the characteristic background signals from
the as-deposited Ag thin film (see Fig. B in Appendix B) are not
detected and do not affect the spectral resolution of the Raman
marker footprint. The most intense peak observed at 1622 [em™]
can be associated with the main vibration band of MB, which is
related to the C-C ring stretching [46, 47]. Other main peaks like
those observed at 1297 [cm'l] and 1395 [cm’l] can be associated,
respectively, with the characteristic in-plane ring deformation of C-H
bonds and the symmetrical stretching of C-N bonds in the MB
molecular structure [31, 49]. These three characteristic peaks are
highlighted in Fig. 3(b).

After carrying out the mentioned studies, non-dewetted and
branched zones of the annealed samples were studied. As stated in
section 2.3, each one of the four samples was functionalized when a
certain time passed after its fabrication (1, 2, 3, and 4 weeks).

Immediately  after each functionalization instance, the
corresponding sample was analyzed by Raman spectroscopy. 5
measurements were carried out in randomly chosen branched zones
for each one of the four Ag square films in the 2 x 2 array present in
each sample, collecting a total of 20 measurements. This quantity of
measurements was chosen to have a statistical representation of the
Raman response of this characteristic microstructure. In general,
Raman measurements carried out during each test instance (1, 2, 3,
or 4 weeks) seem to present a considerable dispersion. Further
details on this aspect and the obtained experimental data (individual
Raman raw spectra and their relative dispersion) are shown in Fig.
C(a) of Appendix C. This dispersion could be mainly associated with
variations in the overall background baseline, coming from the
convolution of anisotropic light scattering from heterogeneous
interfaces between crystallites that composed the material
nanostructure, rather than the intensity of the signal coming from
the analyte itself. This fact is exemplified by Fig. C(b) shown in
Appendix C, which shows the Raman spectra observed in the
branched zones at the beginning of the test period (after 1 week of
aging) normalized by the highest peak at 1623 em™. This analysis
shows that the Raman spectra are very similar in terms of peak
resolution, intensity, relative relationship, and signal/noise ratios,
providing the same spectral information in any case from an
analytical point of view.

(a) 90

80

As-deposited Ag thin film

Raman Intensity [counts]

30 , ; . ; , ; : . |
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
2 -1,
Raman Shift [cm ]

(b) ™
1622 [em ')
90 C-C ring stretching
1395 [cm™!) ‘
C-N symmetrical
80 stretching
1301 [em™!] l

70 in-plane C-H ring
deformation

.

Raman Intensity [counts]

® Average experimental data
Smoothed signal (adjacent-averaging) |
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Fig. 3. (a) Different Raman spectra measured in random zones of a
functionalized as-deposited Ag thin film. A total of 9 measurements are
shown. Each one was acquired using the conditions stated in section 2.4. (b)
Averaged Raman spectrum (red line) considering those 9 spectra above
mentioned. The error bars (blue data) are associated with the experimental
standard deviation.
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Fig. 4 compares the arithmetical average of 20 Raman spectra
acquired for branched and non-dewetted zones in an annealed Ag
sample after 1 week of aging. The previously shown results for the
as-deposited Ag thin film (data from Fig. 3(b)) are also included in
this comparison to highlight the advantages of using the branched
zones for SERS-based molecular sensing. As expected, a very similar
Raman response was observed in the functionalized as-deposited Ag
samples concerning that one obtained in functionalized non-
dewetted annealed samples, where the Ag thin film conserves its
structural continuity. Within the branched submicron channels,
equivalent peaks were obtained in random zones but with a
considerable amplification of the Raman intensity, leading to higher
signal/noise ratios and improved resolution of the characteristic
peaks. Different criteria to quantify this amplification can be found
in the literature through the well-known “enhancement” factor [50,
51]. Nevertheless, an absolute definition is still under discussion.

3500+

e MB spectrum (zone 1) 1623 [em™ ]

= MB spectrum ( zone 2 ) & 10°4

30004 MB spectrum ( zone 3)
'5‘ 1396 [em ']
cm
g 2500+ ' 104
o
= 2000
> 3
= 10
"
& 1500- i
E 1200 1400 1600 1800
- Raman Shift [cm ]
£ 1000-
©
E
£ 500-
— N
1100 1200 1300 1400 1500 1600 1700 1800 1900
. -1
Raman Shift [cm ]

Fig. 4. Comparison between the MB Raman spectra observed for an as-
deposited Ag thin film (zone 1, black curve, data extracted from Fig. 3(b)),
non-dewetted zones (zone2, blue curve), and branched zones (zone 3, red
curve). Zone 2 and 3 correspond to an annealed sample with 1 week of aging.
The Raman spectra for these zones correspond to an arithmetical average of
20 measurements. Any distinguishable peak from the intrinsic experimental
noise has been highlighted. The inset graph shows the same spectra in log
scale to highlight the differences in the band resolution.

To evaluate the effects of our samples on the SERS signal
amplification, we have established a simple criterion to quantify the
relative SERS Enhancement Factor (EFsggs) from the experimental
Raman Intensity (I) measured at determined Raman shift (A7)
achieved for branched samples concerning the as-deposited one.
Thus, EFgggs is defined as the amplification factor of the absolute
Raman intensity observed for branched zones I, concerning that
observed for the as-deposited sample I, such that EFggps > 1:

I_b _ Ib (A‘N’max) - Ib (Af/ref)
Ia Ia (A‘N’max) - Ia(Af’ref)

€y

EFsgps =

where I (AV,qy) and I, (AV,4,) correspond to the Raman intensity
measured for the most intense peak at AV,,4, = 1623 [em™] for the
branched and as-deposited samples, respectively. Ib(Afl,.ef) and
I4(AV,.¢f) correspond to the Raman intensity measured at an
arbitrarily-chosen reference position AV, = 1550 [em™] (the
“baseline” intensity) for the branched and as-deposited samples,

respectively. Comparing the absolute intensities measured for the
branched zone (zone 3, red curve in Fig. 4) I, = 2200 [counts] and
the as-deposited one (zone 1, black curve in Fig. 4) I, = 33 [counts]
using the mentioned criterion, we have calculated an average
EFsgrs = 67. Thus, using branched zones as sensing structures
enables to amplify by a factor x67 the analyte Raman signal
concerning results achieved for as-deposited samples. This
enhanced SERS amplification can be attributed to the complex
nanostructures observed within the branched channels' internal
matrix (see Fig. 2(b-2) and Fig. 2(b-3)) that act as plasmonic hot
spots [37 — 41], as previously discussed. Unlike the typical Raman
signal observed in as-deposited Ag thin films or non-dewetted zones,
those achieved in the branched zones enable a more specific
chemical “footprint” sensing of the target analyte.

The calculated EFggrs should be considered as a demonstrative
parameter since here we are not considering the weight of critical
factors like the number of SERS-active nanostructures per unit area
(4m), the surface density of the molecules adsorbed on the metal
(Umot), the metallic surface area of an individual nanostructure (4,)
and the effective area of the confocal scattering volume of the
probing laser (A.fr) [51], which are considered in more accurate
EFsprs definitions like:

EF. _ Isgrs ( Nyr ) _ ISERS< Nygr ) @)
SERS Iyr \Nsggs Ing \tum * Bmot " Am Aeff ’

where Isgrs and Iy are the signal intensities measured in SERS and
Normal Raman (NR), respectively. Normal Raman signal corresponds
to that associated with the as-deposited sample in our case. Ngggs
and Nyg represent the number of probed molecules contributing to
SERS and normal Raman signals, respectively. These factors
modulate the contribution of the ty, o1, Ay and Apy parameters
in each case to the effective EFggps value. Considering that u,, and
Aerr are much lower for branched zones than as-deposited sample
for a constant laser spot size, we could expect Nyg/Nsgrs > 1 and
consequently a much higher EFgsgrs value to that estimated by using
Eq. (1). The highly-anisotropic nature of the morphology distribution
of the branched channels makes difficult to analytically determine
these factors and give an accurate value for EFggrs. Nevertheless,
we can estimate a more accurate value for EFggrs considering the
Surface Mass Density pgy = 200 [ng/cmz] (or 2 x 10°® [ng/umz])
calculated in section 2.3 and the effective metallic area Agy covered
by the active sensing area As = 4 [umz] determined by the laser
spot size (see Appendix C). Fig. B in Appendix B shows that the
typical proportion of metallic surface coverage in branched
submicron channels zones concerning Ag is about of 50 %, such that
Apy = 2 [umz]. Thus, we can estimate the number of probed
molecules within the active sensing area contributing to SERS as:

PsuNaAgm
M

Ngggs = 108, 3)

where my; = 320 [g/mol] for MB and N, = 6 x 10%® [molecules/mol]
is the Avogadro number. Now, considering the typically reported
values for Nyg (1010 - 1012) using analytes with concentrations from
[mM] to [uM] and similar laser configurations [19, 20, 22, 23, 52 —
54], we estimate the most pessimistic SERS enhancement factor for
our samples as:

L

Isgrs ( Nngr Iy 100
EFsgrs = ( ) =

W) = 6.7 x 105, (4)

Ing \Nsggs
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which is competitive considering the typical values (104 - 108)
reported in the literature for different kinds of Ag nanostructures
[19, 20, 22, 23, 52 - 54]. For simplicity, we chose Isgrs/Ing = Ip /14
to do calculations but really Isgrs/Ing > Ip/1g, since I, includes
considerable intrinsic enhancement contributions from the as-
deposited sample. Thus, EFgggrs could be considerably higher.

SERS in submicron branched zones additionally enables the
identification of lower-energy vibrational modes compared to SERS
in non-dewetted zones such as those observed between 1150 and
1250 [cm™] (see Fig. 4), which are typically identified by high-
sensitivity SERS-based molecular sensors [31, 55, 56]. In this range,
two main peaks were observed at 1153 and 1181 [cm'l], which are
commonly associated with the in-plane bending of C-H bonds and
stretching of C-N bonds or higher-energy modes associated with C-H
in-plane bending [31, 49, 55]. Another peak at 1221 [cm™] was
observed and attributed to the MB chemical footprint in good
agreement with previous studies that have observed it [31, 55, 56]
but have not been able to clarify the chemical nature of this
vibrational state. Other modes at 1327, 1437, 1471, and 1502 [cm'l]
are observable from the Raman spectra (compared to SERS in non-
dewetted zones), which can be associated with the in-plane ring
deformation of C-H (1327 [cm'1]), asymmetrical stretching of C-N
bonds (1437 and 1471 [cm'l]) and asymmetrical stretching of C-C
bonds [31, 49, 55].

We have also identified other higher-energy vibrational modes
(1840 and 1891 [cm™], as shown by the inset graph in Fig. 4)
concerning the highest-intensity mode for MB (1623 [cm™]), which
have not been reported in other similar studies. Experimental
evidence found in the literature suggests that the origin of these
peaks cannot come from vibrational modes of other species
inherently present in the samples such as Si (substrate) [57] or
ethanol (solvent used for MB dissolution) [58 — 60]. Thus, those
peaks could be associated with some MB vibrational modes, which is
also supported by a previous analysis (see Fig. B in Appendix B) that
evidences no peaks between 1700 and 2000 [cm'l] in non-
functionalized samples. These characteristics are attractive and
desired in efficient SERS substrates to ensure a better chemical
specificity and spectral resolution for the correct discrimination
between two or more molecules with similar vibrational responses.
Moreover, this kind of nanostructure not only enables to identify
more vibrational states but also promotes exceptionally higher
signal/noise ratios.

In general, the scientific community agrees that competitive
sensitivity usually ranges in the order of 10°-10° [ng/cmz] [61-71].
On the other hand, considerably lower sensitivities have been
reported in a few situations, achieving magnitudes about 102 -10"
[ng/cm?] [63, 67] or even lower, about 10° [ng/cm?] [69]. In this
study, exceptional spectral resolution has been observed for a
relatively low surface mass density of MB, which is about 2
[ng/mmz] or equivalently 200 [ng/cmz]. Indeed, the exceptionally
good spectral resolution observed for the surface mass density used
in our case enables us to speculate on achieving even higher SERS
signals for lower surface mass densities. Thus, these results
demonstrate that the proposed branched submicron channels in
annealed ultra-thin Ag films are an advantageous alternative for
high-resolution and competitive-sensitivity SERS-based molecular
sensing.

Fig. 5(a) shows the average Raman spectra measured in branches
zones on each functionalization instance carried out for substrate
aging studies. A total of 20 measurements were considered per

average spectrum. The raw data associated with these
measurements can be seen in more detail in Fig. C(a) of Appendix C.
Results show that the substrate aging effects on the Raman signal
seem to be negligible for the considered period, which evidences the
exceptional short-term lifespan stability of our samples for SERS-
based molecular sensing applications. This fact suggests that the
inherent formation of Ag native oxides or the adsorption of carbon-
based contaminants on the sample surface over time does not
negatively affect the plasmonic behavior of the structures
responsible for the Raman signal enhancement. A small decrease in
the Raman signal intensity seems to occur between the first two
weeks of aging, observing a more significant decrease for three and
four weeks. This variation could be also associated with the
observed variations in the overall background signal, as previously
discussed. On the other hand, the background and absolute
averaged intensity of the Raman signal seem to stabilize at similar
values between three and four weeks. While the results suggest that
the substrate aging in the short term negatively affects the Raman
signal amplification, this does not significantly impact on the spectral
resolution and definition of the analyte chemical footprint.

To quantitively demonstrate the substrate aging impact, we
calculated the absolute intensity of the three main Raman peaks
observed for each aging period. The considered peaks are shown in
Fig. 5(b) and correspond to those highlighted as peak 1, 2, and 3 in

Fig. 5(a). The absolute intensity Ilij‘j of the i-th peak for the j-th week
was calculated following the same logic stated by Eq. (1):

I = 1 (AVnar) — 1 (AVpef), 5)

where  (AVpay AVpes) = (1623 [em™], 1550  [em™]),
(AVmax A¥yep) = (1396 [cm™], 1360 [cm™]) and (AVmgr AVyey) =
(1300 [cm™], 1280 [cm™]) for Il‘j, Iﬁ'j and Ig’j, respectively. Thus,
the values of the absolute intensities for each peak and their
evolution concerning the substrate aging are shown in Fig. (c). These
results evidence the previous observations, showing the generalized
decrease of the peaks' Raman intensity for longer aging periods and
the saturation of the intensity decay. This intensity stabilization
could be a promising feature for achieving a SERS performance with
short-term stability and reproducibility, especially when considering
SERS substrates that require considerable storage and/or transport
periods before functionalization and Raman measurements.

Using the calculated absolute Raman intensities above mentioned
for each peak and substrate aging period, we also calculated the
EFspps parameter to assess the aging effects. Analogously to Eq. (1),
we calculated i (AV,pqy) — Ig(Aﬁref) = 33, 18 and 8 [counts] for
the i-th peaks 1, 2 and 3 observed in the as-deposited sample,
respectively. These values were used for calculating the EFsgrs =
I;’]/I,"l, obtaining the results shown in Fig. 5(d). Note that the EFggps
magnitude seems to be relatively constant for any peak, within a
reasonable error margin, since this factor is normalized by the
absolute intensity of each peak of the reference sample (the as-
deposited film). This fact suggests that the Raman intensity of any
peak measured in the branched zones is amplified in the same
proportion, indicating that these zones do not favor the excitation of
preferential vibrational states. Moreover, Fig. 5(d) shows that the
enhancement factor is negatively affected by substrate aging, which
is consistent with the tendency observed in Fig. 5(c).
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Fig. 5. (a) Average Raman spectra measured in branched zones on each functionalization instance (1, 2, 3, and 4 weeks) carried out for substrate aging studies. A
total of 20 measurements were considered per average spectrum. The three main peaks of MB at 1623, 1396, and 1300 [cm™] are highlighted as peaks 1, 2 and 3,
respectively. (b) Magnification of each one of these peaks, which were used for calculating the absolute Raman intensity and assessing the impact of the
substrate aging on its evolution. The evolution of the (c) absolute Raman intensity and (d) enhancement factor EFszgs for each one of the three main peaks

concerning the substrate aging period are shown.

In addition to the perspectives for competitive-sensitivity SERS, the
studied samples have also shown potential for fast SERS analysis.
Fast sensing involves measurement times between a few seconds
and one minute while maintaining high spectral resolution [61, 63,
64, 66, 68, 69, 70 — 73]. While the previous Raman spectra were
measured with a total acquisition time of 1 minute (20
accumulations and 3 [s] of acquisition per each one), a similar
spectral resolution can be achieved even reducing the measurement
time. Fig. 6 shows Raman spectra measured using different total
acquisition times from 0.05 to 10 [s] with one accumulation. The
other measurement conditions were set equal to those mentioned
in Section 2.4. Results demonstrate that good signal enhancement is
achieved even reducing the total acquisition times to values as low
as 0.5 [s]. An acceptable spectral resolution is achieved for shorter
times (0.1 — 0.05 [s]) but with a significant increment in the
signal/noise ratio.

Using fast spectroscopy, low laser beam powers, and short
exposure times for analytes is particularly important for sensing
organic and biological molecules, which can be chemically
deteriorated under excessive laser power (over 1 [mW]) [74 — 76]. In
this context, a low operation power of 0.2 [mW] was chosen for our
studies. Additionally, the measurement time was considerable
minimized while achieving high spectral resolution to ensure good
SERS performance of our samples under short exposure conditions,
making them ideal for detection of highly photosensitive molecules.

The relevance of the branched zones as Raman signal hot spots
was demonstrated by fast p-Raman mapping measurements in a
functionalized annealed sample. This study was carried out in the
sample with 1 week of aging, and it is useful to find correlations
between the microstructure and spatial distribution of the hot
spots. Fig. 7 shows the measured Raman intensity map, which
evidences a clear correlation between the spatial distribution of the
sample microstructural features (branched channels) and Raman
intensity hot spots. These hot spots are generally observed in the
branched channels and represent the sample zones where the SERS

7

sighal achieves the best enhancement. This fact is consistent with
previous results from punctual acquisition-Raman studies that show
the exceptional Raman signal enhancement of these zones.
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Fig. 6. Raman spectra measured in branched zones of the last tested sample
(week 4) using different acquisition times from 0.05 to 10 [s] with one
accumulation. The other measurement conditions (laser power, grid,
microscope objective, etc.) were set equal to those mentioned in Section 2.4.

Raman mapping studies demonstrate the exceptional efficiency of
these nanostructures for fast and good-sensitivity molecular
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detection. Quantitatively, an MB surface density of 2 [ng/mmz] on
the whole sample surface was estimated assuming the theoretical
MB density and the amount of MB deposited on it, as explained in
Section 2.3. Considering a 0.25 [umz]—testing area for each pixel of u-
Raman mapping of Fig. 7, where the measured spectra for the
branched channels are typically like those observed for green and
yellow pixels, we can estimate a mass-sensing sensitivity in the order
of 1 x 10" [g/um’] that can be detected with high spectral
resolution.

While the gross potential of branched Ag samples for efficient
SERS-based molecular sensing has been demonstrated, other
relevant studies could be interesting to carry out in the future to
assess their whole potential. For example, systematic Raman studies
on samples with lower MB concentrations would enable us to define
the sensitivity limits of this kind of samples. On the other hand, it
could be interesting to study the effects of the analyte bleaching on
the time stability of the Raman response (by light and/or air
exposition) and the signal stabilization over longer periods, which is
critical when functionalized substrates require considerable storage
and/or transport time before Raman measurements. Thus, this work
opens new paradigms and perspectives for future studies that could
disclose more interesting features about these samples for SERS-
based molecular sensing.
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Fig. 7. u-Raman mapping studies with submicron spatial resolution carried
out in an annealed Ag thin film sample functionalized after 1 week of aging. A
pixel size of 500 [nm], acquisition time (per pixel) = 1 [s], and accumulation
(per pixel) = 2 were the set parameters. The other parameters were the same
as stated in Section 2.4. The upper left image shows an optical view of the
scanned area, and the lower left one shows the measured Raman intensity
map associated with that area. The intensity color scale was set considering
the most intense peak at 1623 [cm-1] observed for the MB Raman spectrum
as a reference. The Raman spectra panel shown on the right side highlights
some typical spectra associated with representative pixel colors.

4. Conclusions

Efficient SERS substrates based on thermally-induced branched
submicron channels in ultra-thin Ag films have been successfully
fabricated. Thermal-induced dewetting mechanisms at determined
annealing conditions have enabled us to fabricate a complex matrix
of branched submicron channels in Ag thin films. This microstructure

can be used as an efficient local amplifier (hot spots) for the analyte
Raman signal, as demonstrated by systematic confocal Raman
spectroscopy studies. Exceptional Raman spectral resolution can be
achieved by using these structures, which was evidenced by high
enough signal/noise ratios to identify the analyte main vibrational
modes and its characteristic chemical footprint. The fabricated
samples have demonstrated the potential for fast SERS
determinations, observing good spectral resolution quality even by
reducing the measurement time from 1 minute up to less than 1 [s].
Substrate aging effects on the degradation of the SERS performance
show a small decrease in the SERS intensity after the first week of
aging, observing a systematic decrease for longer aging periods but
keeping high enough intensity values compared to the initial ones
and similar band resolution and relative peaks aspect ratios over the
considered aging period. This fact evidences a relatively good short-
term stability of our samples’ lifespan for SERS-based molecular
sensing. This fact suggests that the inherent formation of Ag native
oxides or the adsorption of carbon-based contaminants on the
sample surface over time is a factor that does not negatively affect
the SERS signal enhancement after the first week of aging and does
not change the molecule spectral bands. In general, high-resolution
Raman spectral acquisition for a surface mass density of 2 [ng/mmz],
short measurement times from 0.5 to 60 [s], and highly reproducible
SERS performance in the short term are the main features of our
samples. These results show the proposed structures are promising
candidates for designing high-sensitivity, fast, and time-stable SERS
substrates, representing a simple and low-cost alternative for
efficient SERS-based molecular (bio)sensing.
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Appendix A: Annealing-induced morphological evolution of
the Ag thin film.

A wide variety of Ag-based microstructures like disordered
nanoholes, micro and nanoparticles, and branched submicron
channels can be fabricated depending on the initial Ag thin film
thickness and annealing temperature. This fact was demonstrated in
our previous research by SEM and optical imaging studies [27].
Modifying both conditions enables us to access different dewetting
regimes and hence to different kinds of nanostructures. Fig. A shows
the particular case of the annealing-induced morphological
evolution of a 23 [nm]-thick Ag thin film. For low annealing
temperatures (573 K) concerning the Ag melting point (1235 K), we
can observe a typical annealing-induced grain growth. In this regime,
the film conserves a complete spreading on the substrate surface,
i.e., thermal energy is not high enough to activate dewetting
mechanisms. As the temperature is increased (773 K), partial
dewetting mechanisms are activated producing the emergence of
submicron branched channels. Finally, as the temperature increases
(993 K) closer to the metal melting point, complete dewetting is
achieved and characterized by the distribution of isolated micro and
nanoparticles.

Annealing temperature: 973 K

Fig. A. Annealing-induced morphological evolution of a 23 [nm]-thick Ag thin
film for temperatures of 573, 773 and 973 K. The annealing time ramp
conditions were the same to those stated in section 2.2.

Appendix B: Control measurements on annealed and not
annealed Ag samples, without any functionalization.

Before beginning with Raman studies in MB-functionalized
samples, it is necessary to bear out the presence of extrinsic spectral
signals to this analyte. To assess and identify other external signals
in the Raman response of the annealed samples (other than those
expected from MB), and to bear them in mind for future analysis,
Raman measurements were carried out in MB-unfunctionalized
samples (Fig. B). Fig. B(a) shows the laser spot size used for Raman
measurements, which enables to sense the intrinsic Raman response
of non-dewetted zones with areas as low as 4 [umz]. The diffraction-
limited spatial resolution is enough to discriminate between non-
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dewetted and branched channel zones. The analyzed zones are
characterized by typical thermal-induced grain growth, as shown in
the magnification of Fig. B(a).

Characteristic Raman spectra measured for unfunctionalized
annealed samples in non-dewetted zones where the Ag thin film
conserves its structural continuity are shown in Fig. B(b). As
expected, no MB peaks are observed in the Raman spectra.
However, two broad peaks can be observed at 1347 [cm’l] and 1578
[cm'1]. Similar characteristics have been observed in other research
studies of Ag nanostructures Raman response [36 — 38]. While some
doubts have arisen concerning the origin of these peaks, it is not
clear if they are associated with induced or native Ag oxides,
contamination by carbon, or the formation of Ag-O-C complexes.
Nevertheless, a general agreement is the hypothesis of a strong
influence of carboxylic symmetric (1347 [cm™]) and anti-symmetric
(1578 [cm'l]) C=0 stretching vibration of carboxylic groups adsorbed
on the sample surface [36 — 38]. Thus, the emergence of these peaks
in our samples could be associated with external carbon-oxygen
contamination. A very similar Raman response to that observed in
Fig. B(b) was also observed in as-deposited Ag samples (not shown).

Similar peaks can be observed for the Raman response of the
branched channels, as shown in Fig. B(b). In this case, random zones
within the branched submicron channels were analyzed. The main
difference is the considerable amplification of the Raman intensity,
which leads to considerably higher signal/noise ratios. This enables
to get better resolution of the characteristic peaks. This improved
amplification could be due to the complex nanostructures observed
within the branched channels internal matrix (see Fig. 2(b-2) and Fig.
2(b-3)) that could be acting as plasmonic hot spots [31 = 35], as
previously discussed.

Laser sbot size

SERS in non-dewetted zones SERS in branched channels

1347(em '] 1578(em) 1347(em™) 1578 [em!)

Raman Intensity [counts]

301 i
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
1, 3
Raman Shift [em ] Raman Shift [ecm ]

Fig. B. (a) Typical areas of non-dewetted and branched zones in the annealed
samples analyzed by Raman spectroscopy. SEM images show the typical
nanostructure observed at the Raman measurement scale (~ 4 [um?]) in
both cases. The laser spot size (~ 2 [um]) used for these measurements is
also shown. (b) Raman spectra measured in these zones, where two main
peaks can be observed. A smoothing fit (white line over the black spectrum)
was used to define the main characteristic peaks for the case of non-
dewetted zones.

Appendix C: Reproducibility and stability of SERS
measurements in MB-functionalized annealed Ag films.

The upper picture in Fig. C(a) shows each one of the four samples
considered for studying the substrate aging effects in annealed films.
As stated in the main text, a total of 20 measurements per aging
instance were carried out (5 measurements on each of the 4 square
films in the 2 x 2 array) in random branched zones. The raw spectra
are shown in Fig. C(a). Raman measurements carried out during a
particular aging instance (1, 2, 3 or 4 weeks) present considerable
dispersion. Nevertheless, the spectra were very similar in terms of
signal/noise ratios and peak resolution, providing the same spectral
information in each case. This fact is clarified by the example shown
Fig. C(b), which shows the normalized Raman spectra for the sample
functionalized after 1 week of aging. In all the other cases, the
conclusion was the same.

(a) -—'ﬂ
2 x 2 array of
Ag thin films

Week 1 Week 2 Week 3 Week 4

Raman Intensity [counts]

Raman Intensity [counts]

04 0
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman Shift [cm ] Raman Shift [cm ']

-
o

Week 1

Raman Intensity

t T T T T T T T T
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
o -1,
Raman Shift [cm ]

Fig. C.(a) Different Raman spectra measured for each aging instance in
random branched channels. 20 measurement per instance were considered
to have a statistical representation of the system behavior. (b) Normalized
Raman spectra measured for the annealed sample with 1 week of aging. The
Raman counts of the most intense peak at 1623 [cm™] for each spectrum was
taken as reference value to perform the normalization.

11



Journal Pre-proof

Credit Author Statement

Simon Roa: Conceptualization, Validation, Formal
analysis, Investigation, Writing - Original Draft,
Writing - Review & Editing, Visualization, Project
administration.

Maria José Cortés: Methodology, Investigation,
Writing - Review & Editing, Visualization.

Maria Laura Pedano: Formal analysis, Investigation,
Writing - Review & Editing, Visualization.

Graphical abstract

Annealed Ag ultra-thin films.
I

Declaration of interests

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work
reported in this paper.

[(IThe authors declare the following financial
interests/personal relationships which may be
considered as potential competing interests:

12



