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A B S T R A C T   

Surface enhanced Raman scattering (SERS) has emerged as a reliable and ultra-sensitive sensing technique used 
in analytical diagnostics, forensics, and biomedical applications. Although SERS may be sensitive enough to 
detect single molecules, such extreme performance is achieved with sophisticated and complex nanostructure 
designs that are hard to implement on an industrial scale. This work presents an understanding of the plasmonic 
and wetting phenomena taking place on Ag nanoparticles (supported on Si) produced by laser annealing and 
dewetting of sputtered ultra-thin layers enabling the fast (<3 min), scalable and cost-effective production of 
SERS templates with a hierarchical plasmonic structure. In particular, the produced SERS templates incorporate 
micron-scale accumulation spots of the Rhodamine 6 G test molecules, superimposed over nano-scale hot spots, 
where electric near field enhancement occurs due to plasmon resonances. This combination increases drastically 
the SERS signal, making it suitable for fast chemical diagnostics.   

Introduction 

Surface enhanced Raman scattering (SERS) is a non-invasive spec-
troscopic technique that exploits unique molecular vibrational modes as 
fingerprints to identify and quantify analytes [1–6]. To promote Raman 
signal, which is inherently low [7], SERS employs metallic nano-
structures, where collective oscillations of the metal’s conduction elec-
trons, the so called localized surface plasmon resonance (LSPR) occur 
upon appropriate optical excitation. LSPR magnifies the electric field at 
the vicinity of the nanoparticles, thus enhancing the radiation-molecule 
interaction and the Raman scattering signal. SERS has been used for 
rapid, highly sensitive and ultra-trace analysis in many fields such as 
chemistry, biology, medicine, pharmacology, forensics and life science 
[8–16]. In order to obtain SERS-active templates, it is necessary to 
consider the template surface properties and morphology. Recently, the 
scientific interest has concentrated on increasing the sensitivity of SERS 
to broaden its applicability by introducing hydrophobic and super-
hydrophobic materials into the SERS field as a method for enrichment of 
the analyte [17–24]. 

The combination of SERS and hydrophobic surfaces can enhance 
considerably the detection limit of Raman response [25–31]. When a 

solution is poured onto the hydrophobic substrate, the highly diluted 
solute will be concentrated and localized into a very small region of the 
substrate, where plasmonic near field hot spots are used to carry out 
molecule detection; evidently, the distribution of dried solute molecules 
is essential for the enhancement of SERS sensitivity. Hydrophobic and 
superhydrophobic SERS micro/nano-structured substrates are princi-
pally developed by lithographic techniques, electron or ion beam 
etching, electrochemical deposition, etc. and it is possible to attain a low 
detection limit, down to 10− 18 M [26–28,32,33]. Most of these methods 
are either complicated or time-consuming, so a simple way to fabricate 
hydrophobic substrates with a high throughput and at macroscopic scale 
is still highly sought after. Laser annealing (LA) is one of the most 
promising tools for simple, high efficiency, fast processing, scalable and 
controllable micro and nano surface structuring due to its high peak 
power and ultrashort irradiation duration [34–38]. Varying the LA 
conditions allows for the fabrication of Ag nanoparticles (NPs) with a 
variety of morphologies and sizes available [34–39], not only for various 
sensing applications but also as building blocks for further fabrication of 
nano and microstructures. Apart from NPs, other forms of plasmonic 
nanostructures produced by physical methods have been suggested in 
the literature, such as nanoneedles arrays [40,41], nanorods arrays [42], 

* Corresponding authors. 
E-mail addresses: nipliats@physics.auth.gr (N. Pliatsikas), nikolaos.kalfagiannis@ntu.ac.uk (N. Kalfagiannis).  

Contents lists available at ScienceDirect 

Applied Surface Science Advances 

journal homepage: www.sciencedirect.com/journal/applied-surface-science-advances 

https://doi.org/10.1016/j.apsadv.2021.100186 
Received 30 June 2021; Received in revised form 6 October 2021; Accepted 11 October 2021   

mailto:nipliats@physics.auth.gr
mailto:nikolaos.kalfagiannis@ntu.ac.uk
www.sciencedirect.com/science/journal/26665239
https://www.sciencedirect.com/journal/applied-surface-science-advances
https://doi.org/10.1016/j.apsadv.2021.100186
https://doi.org/10.1016/j.apsadv.2021.100186
https://doi.org/10.1016/j.apsadv.2021.100186
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsadv.2021.100186&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Applied Surface Science Advances 6 (2021) 100186

2

and nanopores [43]. 
In this work, we produced pre-determined patterns of metal nano-

structures in a highly selective, ultra-fast and high-throughput fashion 
employing LA. We controlled the morphology and size distribution by 
changing crucial LA parameters such as the applied laser wavelength, 
the number of pulses, the energy density of each pulse (fluence) and the 
micron-scale area selective processing (patterning) of the LA spot 
through a macroscopic optical mask. The laser-processed metallic 
nanostructures were utilized as SERS templates via drop-casting of 
aqueous solutions of Rhodamine 6G (R6G), a widely used probe mole-
cule exploited as a standard for the assessment of SERS substrates, and 
subsequently, their optical, chemical, wetting, and structural properties 
were studied in an effort to find the parameters that affect the efficiency 
of chemical sensing. We provide here solid evidence on the effects of 
nanoparticle morphology and size distribution on the hydrophobicity of 
the plasmonic templates and the SERS performance. An intriguing result 
was that edges created by the patterned laser spot used for LA have a 
notable influence on the SERS signal. Based on this, we designed and 
fabricated hierarchical plasmonic structures that feature an underlying 
pattern of plasmonic nanoparticles superimposed onto a micron scale 
motif, which have a far-reaching effect on the SERS signal. 

Experimental part 

A schematic illustration of the experimental steps carried out in this 
work is presented in Fig. 1. 

Preparation of SERS templates 

Ultra-thin Ag films (10 nm nominal thickness) were deposited via RF- 
Magnetron Sputtering (Fig. 1a) in a high vacuum chamber on com-
mercial, Czochralski-grown, n-type Si(100) wafers, with a 2 nm native 
oxide layer. In order to create plasmonic silver nanostructures, a laser 
annealing (LA) process was employed, as shown in Fig. 1b, according to 
Kalfagiannis et al. [34] This method is utilized to reproducibly fabricate 
nanoparticle (NP) templates at large scale. LA was carried out with a KrF 
excimer laser (pulse duration of 25 ns) emitting light at 248 nm. The 
laser pulses (1 and 15) were delivered to the sample at 1 Hz repetition 
rate. The number of pulses was carefully chosen to provide two extreme 
morphological features i.e. large-size broad Gaussian distributions at 1 
pulse and narrow Gaussian distributions at 15 pulses (see Ref. [34]). The 
laser fluence was varied from 350 to 800 mJ/cm2 with a step of 150 
mJ/cm2. The beam delivery system comprised a variable attenuator 
(with a partially reflective first plate and a second plate that compen-
sates for the parallel displacement of the beam caused by the first plate), 
a beam homogenizer (with two lens arrays and a condenser lens, which 
provide a top-hat profile on both axes), a stage for interchangeable 
masks for selecting various laser spot shapes onto the sample and a 
combination of field and projection lenses that defined the size of the 

mask shape onto the sample. The samples were mounted on an X–Y–Z 
translational stage. The LA beam delivered onto the samples was a 2.4 ×
2.4 mm2 square and it produced a homogeneous SERS template (i.e. with 
the same Ag NPs size distribution over the entire area) of the same area; 
additional SERS templates were produced with identical conditions but 
with employment of a mask that included micron-scale stripes in order 
to form the hierarchical structures. 

SERS protocol 

A proof-of-concept detection experiment was carried out using the 
common SERS molecule, Rhodamine 6G (R6G). Drop casting was uti-
lized to apply a R6G droplet (~16 μL), 10 nM in water, onto the active 
surface of the plasmonic NP templates (Fig. 1c) and let dry at room 
temperature for 30 min. The 10 nM solution was selected in order to be 
close to the detection limit of SERS provided by Ag nanoparticles sup-
ported on Si, produced by thermal dewetting of sputtered Ag films, 
which can be as low as 1 nM [44]. The untreated Ag sputtered templates, 
which were used as signal base line, can hardly detect the 10 nM solu-
tion. All the SERS measurements were conducted from the middle area 
of the droplet stain (unless otherwise specified) in order to be consistent 
and follow a methodology which can be applied in any type of rapid 
testing templates. 

The suitability of the plasmonic templates as SERS templates was 
evaluated by Raman Spectroscopy (Fig. 1d). The Raman spectra were 
recorded in the backscattering geometry using a microscope-equipped 
single stage spectrometer (LabRAM HR, Horiba) with a charge- 
coupled device (CCD) Peltier-cooled detector and excited using the 
515 nm line of a solid-state laser or the 632.8 nm line of an He-Ne laser 
focused on the sample with a standard 100× microscope objective. The 
spectral resolution of the system was 3–3.5 cm− 1 depending on the 
excitation wavelength. The laser power on the sample was kept constant 
in all measurements (~2 μW). In order to avoid photobleaching effects, 
the effective laser intensity delivered on the sample was further reduced 
by taking advantage of the “macro” mode of the system (DuoScan™ 
Macro), where the laser spot is rapidly scanned over a 10 × 10 μm2 

sample area. 

Surface characterization 

The contact angle measurements were conducted by a Contact Angle 
Analyzer (FTÅ200, First Ten Ångstroms, Inc., Portsmouth). The tem-
plates were placed on an XY-axis workbench; a drop of deionized water 
of approximately 3 μL was generated by a pipette and gently deposited 
on the surface of the templates at room temperature. The measurements 
were repeated on different locations of the templates and averaged. 

Imaging characterization of Ag NPs was performed using a JSM- 
7100F LV (JEOL UK) Field Emission Gun Scanning Electron Micro-
scope (FEG-SEM), at an operating voltage of 10–15 kV and a working 

Fig. 1. Schematic representation of the processing steps in the present work: (a) sputter deposition of ultrathin silver layers, (b) dewetting of silver by laser annealing 
to form supported plasmonic NPs, (c) drop casting of a R6G aqueous solution (10 nM), (d) Raman measurements. 
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distance of 10.4–10.6 mm. SEM images were analyzed using the ImageJ 
software package [45], to determine the fraction of the substrate 
covered by the Ag NPs after the LA process. 

X-ray photoelectron spectroscopy (XPS) was performed to identify 
the surface chemistry of the templates using an Axis Ultra DLD system by 
Kratos Analytical equipped with a monochromated Al-Ka X-ray beam, a 
hemispherical sector analyzer and a multichannel detector. A pass en-
ergy of 20 eV has used while the spectra calibrated by considering C-1 s 
peak (originating from carbon surface contamination) to be located at 
284.6 eV. 

Results and discussion 

The surface morphology of the SERS templates produced by LA was 
evaluated by SEM (Fig. 2). Note that no significant changes to the sur-
face chemistry of the Ag NPs is detected after laser annealing processing 
as evident by XPS measurements performed on the plasmonic templates 
(Fig. S1 of the online supporting information). 

SERS testing of the templates took place at room temperature and 
after drop-casting and drying of a droplet of a 10 nM aqueous R6G 

solution. A 632.8 nm laser beam was selected for excitation of the 
Raman spectra in order to avoid background in the signal due to fluo-
rescence emission of R6G [46]; additional Raman spectra using a 515 
nm excitation beam did not result in qualitatively different results. Τhe 
liquid droplet dried in a ring-shaped stain, a phenomenon known in the 
literature as coffee stain (or coffee ring) effect [47–49]. The SERS 
spectra of the dried R6G showed sharp peaks within the examined re-
gion (between 550 and 1700 cm− 1), that were identified from known 
spectra in the literature [50,51] (see online supporting information - 
Fig. S2 and Table S1); the stronger peaks are located at 610, 770, and 
1650 cm− 1. In Fig. 3a,b, we present the SERS spectra obtained after 
Raman measurements of R6G solution on plasmonic templates with Ag 
NPs that have been fabricated by LA at a laser fluence varying from 350 
mJ/cm2 up to 800 mJ/cm2 with a step of 150 mJ/cm2, in order to 
achieve a diverse population of plasmonic nanoparticles [34]. The un-
derlying plasmonic NPs were formed by LA with 1 pulse (Fig. 3a) and 15 
pulses (Fig. 3b). In particular, the utilization of 15 pulses revealed strong 
LSPR in the visible spectral range, while in the case of 1 pulse, LSPR 
appears in two distinct frequencies due to the bi-modal size distribution 
(Fig. 2). 

In order to quantify the SERS signal, the total integrated intensity of 
the three dominant Raman peaks of R6G at 610, 770, and 1650 cm− 1 

was obtained by their fitting with Lorentzian curves. These peaks are 
assigned to the C–C—C ring mode, the C–H out of plane bending mode 
and the aromatic C–C stretching mode, respectively [44,50,51]. The 
results are shown in Fig. 3c. For both the cases of 1 and 15 laser pulses, 
the SERS signal increases linearly for increasing LA fluence from 350 
mJ/cm2 to 650 mJ/cm2, where the maximum is observed. Beyond that 
fluence threshold, there is a sharp drop in the SERS signal, which is 
accompanied by reduction of the Si surface coverage by Ag (Fig. 3d, with 
data determined from the SEM images illustrated in Fig. 2) and by the 
reduction of water contact angle (WCA), Fig. 3e. More specifically, SEM 
revealed a systematic increase of the Ag surface coverage upon 
increasing fluence, due to the NPs becoming smaller and more 
close-packed, and furthermore, a faceted morphology of the NPs that has 
been reported to enhance the SERS performance in Au NPs [52]. On the 
other hand, further increasing the fluence to 800 mJ/cm2 causes a 
moderate reduction of the Ag coverage due to ablation. 

The variations of the WCA on the various SERS templates produced 
in this work are presented in Fig. 3e. The tangent method was used to 
calculate the contact angle, where we notice an increase in the angle/ 
hydrophobicity, approaching its maximum value at the LA fluence of 
650 mJ/cm2 for both 1 and 15 pulses. Identically to the SERS signal 
behavior, a sharp decrease of the WCA occurs at the fluence of 800 mJ/ 
cm2; the effect being more pronounced for the case of 15 pulses due to 
the ablation of the NPs. Notably, the hydrophobicity correlates with the 
SERS signal, most probably due to affecting the accumulation of the R6G 
during the drying process. As we shall see below, it is very important to 
look at the mechanisms that affect SERS in order to further enhance its 
signal. 

From the overall quantitative analysis, we can argue that the 15 
pulses at 650 mJ/cm2 LA fluence optimize the SERS performance of the 
presented Ag NP templates due to a combination of factors such as: (i) a 
more intense and narrower LSPR due to narrower size distribution of the 
plasmonic Ag NPs (Fig. S3), (ii) close-packing and increased density of 
the Ag NPs on the surface of the templates, as well as their faceting 
(Figs. 1 and 3d), resulting in the multiplication of efficient hot spots that 
provide improved near-field enhancement, and (iii) an improved hy-
drophobicity of the template (WCA> 100 ◦) (Fig. 3e) that resulted in the 
accumulation of the dried R6G molecules to smaller areas. 

So far, we have examined the SERS signal inside the homogeneous 
LA-treated template region (laser spot size of 2.4 × 2.4 mm2), away from 
the edges. However, it appears that edge effects exhibit promising 
characteristics for the enhancement of the SERS signal. Fig. 4a, illus-
trates measurements of the SERS R6G signal in a line scan across a spot 
edge for a LA-treated template, stretching areas outside (untreated Ag 

Fig. 2. SEM images of the surfaces of the Ag NP SERS templates produced by 
LA and used in this work, (a) 1 pulse at 350 mJ/cm2; (b) 1 pulse at 500 mJ/cm2; 
(c) 1 pulse at 650 mJ/cm2; (d) 1 pulse at 800 mJ/cm2; (e) 15 pulses at 350 mJ/ 
cm2; (f) 15 pulses at 500 mJ/cm2; (g) 15 pulses at 650 mJ/cm2; (h) 15 pulses at 
800 mJ/cm2. 
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sputtered) and inside the LA-treated area (NPs). Quantification of the 
SERS signal is based, as previously, on the three stronger lines of R6G 
from the micro-Raman spectra presented in Fig. S4 of the online sup-
porting information. In the untreated area (with sputter coated Ag), the 

SERS signal is lower. On the other hand, within the LA-treated area (with 
Ag NPs), the SERS signal is about an order of magnitude higher due to 
the near-field enhancement around the Ag NPs formed by LA. However, 
the laser spot edge itself produced a SERS signal that was further 

Fig. 3. SERS raw spectra excited at 632.8 nm of 10 nM R6G drop-casted and dried on a variety of Ag NP templates produced by LA using (a) 1 laser pulse, or (b) 15 
laser pulses; (c) SERS signal obtained from the dominant Raman peaks at 610, 770, and 1650 cm− 1; (d) coverage of Si by Ag NPs calculated from the SEM images; (e) 
water contact angle measurements performed at room temperature for 1 and 15 pulses. 

Fig. 4. (a) Line scan measurement of 
the SERS signal across a spot edge for a 
Ag NPs template fabricated by a single 
laser pulse at a fluence of 650 mJ/cm2. 
SERS signal from outside (untreated Ag 
sputtered), on the edge, and inside the 
LA-treated area (NPs) is illustrated. 
Inset 1 (I1) shows the accumulation of 
R6G at the edge of the laser spot (bright 
stripe), while Inset 2 (I2) shows, in 
higher magnification, the morphology 
of the boundary between the untreated 
sputtered Ag layer and the LA-treated 
part of the substrate (Ag NPs). Insets 3 
and 4 (I3, I4) show the morphology of 
untreated and LA-treated areas further 
away from the edge. Schematic illus-
tration of the wetting process of the R6G 
solution: (b) on Ag plasmonic NPs 
formed by the LA process (Nano-scale 
Enhancement), (c) at the vicinity of the 
edge of Ag thin layer without any Ag 
NPs (Micron-scale Enhancement), and 
(d) at the vicinity of the edge between 
the Ag layer and Ag plasmonic NPs 
(Nano- and Micron- scale 
Enhancement).   
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enhanced significantly (almost a further order of magnitude) due to a 
combination of the accumulation of R6G at the edge after drying (as 
shown in inset 1 in Fig. 4a) and the plasmonic nanoparticles at the vi-
cinity to the edge being within the area probed in the micro-Raman 
measurements (inset 2 in Fig. 4a). As mentioned before, the coffee 
stain effect results in a ring with enriched particle/molecule density that 
forms when a colloidal droplet dries on a substrate in a pinned mode. 
According to Deegan et al. [47] this is due to the highest evaporation 
rate near the droplet’s outer periphery that induces a capillary flow from 
the center of the droplet to the outer edge, leading to a higher density of 
particles/molecules at the edge than in the center. Furthermore, this 
effect can be enhanced via substrate roughness during the evaporation of 
colloidal droplets [53,54]. Additionally, Sharma et al. [55] studied a 
drying mechanism based on the coffee stain effect and managed to 
create cylindrical droplets using a parallel pattern of alternating hy-
drophobic and hydrophilic self-assembled monolayers. They also 
introduced a model to describe the transition from outward to inward 
flow creating edge density enriched particle patterns. In our case, we 
believe that the more hydrophobic regions (e.g., Ag NPs), repel the liquid 
towards the edges. This supports the consideration that the edges can act 
as selective accumulation spots attracting more R6G particles/molecules 
during the drying process, explaining the accumulation of R6G mole-
cules at the LA spot edge (inset 2 in Fig. 4a). 

This well-documented behavior can enable the improvement of the 
NP templates’ performance by generating “accumulation edges” for the 
probed substance at the LA pulse edges between Ag layers and the Ag NP 
areas. Based on this, we can design templates that increase the SERS 
signal taking into account micron- and nano- scale structural approaches 
for the facile production of SERS templates via LA: (i) employ plasmonic 
NPs, taking advantage of the maximum near field enhancement at “hot 
spots” but with low solute concentration (Fig. 4b), (ii) create micron- 
scale structures to form “accumulation edges” exploiting the selective 
deposition of solute molecules at edges to maximize the solute concen-
tration (after drying) but with no field enhancement (Fig. 4c), and (iii) 
combine the active “hot spots” around and between “accumulation 
edges” placing plasmonic NPs in the vicinity of micron-scale long 
structures (Fig. 4d), exploiting both the aforementioned benefits, thus 
providing the optimal SERS performance. 

Taking advantage of the above, a projection mask was used during 
the LA process to create a hierarchical structure with multiple di-
mensions and functions: micron-scale grids that increase dramatically 
the length of accumulation edges, and nano-scale plasmonic particles 
that create hot spots for SERS. In particular, an optical mask in the laser 
beam delivery system was used, which is capable of creating lines of 100 
μm width and 200 μm spacing, to increase the accumulation edges. For 
this demonstration, the laser conditions were a single pulse with 650 
mJ/cm2 laser fluence (which constitute the best case of Fig. 3 for 1 laser 
pulse). Also, the Raman excitation wavelength was 515 nm in order to 
better overlap with the LSPR of the plasmonic NPs and the molecular 
resonance from the analyte [46,50,56–58]. In addition, the structural 
features encountered on the sample are now of the order of 100 μm, 
therefore the “macro” mode of Raman system was employed and scan-
ned an area of 80 × 80 μm2 by the edge to prevent the photobleaching 
effect, as described previously. 

Indeed, the simple stripes pattern (Fig. 5a, red solid line) revealed 
more intense and fine peaks of the SERS spectra of R6G, compared to the 
uniform square spot (Fig. 5a, black solid line). In a subsequent step, the 
projection mask was rotated by 90◦, irradiating the same spot with a 
second laser pulse to create a crossed-stripes pattern (grid) for further 
increasing the accumulation of the edges. The SERS spectra recorded 
from the crossed-stripes pattern (Fig. 5a, blue solid line) appeared even 
further enhanced. The insets in Fig. 5b are optical microscopy images of 
each individual micron-scale pattern that resulted after LA (2.4 × 2.4 
mm2 each). For the simple stripes pattern, the SERS signal is doubled, 
while for the crossed stripes pattern, the SERS signal is enhanced almost 
6-fold, compared to the homogeneous square spot, proving the 

effectiveness of the hierarchical patterning for SERS sensing. Based on 
Fig. 5b, the hierarchical pattern improves the SERS performance by 
almost an order of magnitude, by properly adjusting the laser annealing 
parameters (Fig. 3c). 

Conclusions 

Laser annealing of sputtered ultrathin silver layers is shown to be an 
effective tool for the fabrication of hierarchical SERS templates sup-
ported on Si, consisting of micron- and nano-scale features: extended 
edges and nanoparticles acting as accumulation edges and hot spots, 
respectively. The plasmonic performance and the hydrophobicity of the 
produced SERS templates are very sensitive to the laser annealing con-
ditions (number of pulses and fluence). Upon careful selection of the NP 
size distribution, shape (faceting), and hydrophobicity, and the combi-
nation of micron-scale accumulation edges and nano-scale hot spots, the 
SERS performance can be improved as much as two orders of magnitude. 
This improvement potentially indicates that the detection limit of SERS 
by Ag NPs supported simply on Si, could be extended below the nM 
range, using a very fast (< 3 min for sputter deposition and less than 2 s 
for laser annealing), scalable, lithography-free, repeatable, and cost- 
effective process. 
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reader is referred to the web version of this article.) 
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