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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) substrates fabricated using a repeated laser treatment of thin gold
films are demonstrated. The presented SERS substrates consist of the gold nanoparticles, whose density and size depend on the used
film thickness and number of treated films. The larger number of the treated gold film layers increases the amount of larger
nanoparticles (size >20 nm). However, a large number of small nanoparticles (5−20 nm) in all cases is also observed. The
manufactured SERS substrates exhibit a high enhancement factor, which is in the range of 106. The enhancement factor can be
increased by adding an additional Au coating on the top of nanoparticles generated from a single gold layer. The demonstrated laser-
based fabrication approach of large-scale SERS substrates is simple, reliable, without the use of chemicals for the reduction and
stabilization of nanoparticles, and cost-effective.

1. INTRODUCTION

Since the discovery of surface-enhanced Raman spectroscopy
(SERS) in 1974,1 a lot of studies related to the enhancement of
Raman signals have been implemented due to the SERS ability
to analyze biomolecules and chemical molecules with ultra-
high sensitivity.2,3 The increase in the Raman signal mainly
appears due to the electromagnetic enhancement, which is
mostly determined by the localized surface plasmon resonance
(LSPR). As the Raman shift is small compared to the LSPR
bandwidth,4 the field of both the incident and emitted light is
enhanced. It leads to the total electric field enhancement by
four orders of magnitude (E4). The match of the excitation
wavelength and the LSPR can significantly increase the
enhancement factor (EF) of the SERS substrate due to the
enhancement of the local electromagnetic field at the metal−
dielectric interfaces summoned by the local charge oscillations
at the structure edges.5−8 The EF is one of the essential
parameters of SERS substrates, which shows by how many
times the enhancement of the Raman signal by the substrate is
higher than that of the molecule far from the surface.9−11 This
parameter strongly depends on the metal nature, size, gaps, and
shape of the nanostructures.
Each fabrication method of the SERS substrate is specific

and has its own pros and cons. SERS substrates can be
fabricated using electron-beam lithography,12−14 focused ion
beam,15,16 laser treatment of thin gold films,17−19 nanosphere
lithography,20−22 nanowires decorated with nanoparticles,23−25

nanorods from oblique angle deposition,26−29 nanoclusters
from colloidal aggregation,30,31 rough thin films from chemical
roughening,32 electrochemical roughening,33,34 metallic film
annealing,35,36 and nanoimprint lithography.37,38 It should be
noted that the common problem in the case of substrates
prepared by the chemical approach is the contamination of
surfaces by molecules used for the reduction or stabilization of
nanoparticles.39 The adsorbed impurities present compete for
adsorption sites with target compounds and exhibit SERS
bands, obscuring the spectrum of molecules under inves-
tigation and therefore significantly reducing the sensing ability
of plasmonic substrates. Thus, though the SERS substrates can
be fabricated using various methods, there is still a need to
develop SERS substrates with high EFs, excellent reliability, the
absence of adsorbed impurities, and good scalability at low
cost.
Here, the simple fabrication method of SERS substrates

using a repeated process of a thin gold coating deposition and
laser treatment of films is demonstrated. The presented
approach does not use complicated procedures such as etching
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and template creation. The fabrication process primarily is
based on a spinodal dewetting process in the melted gold
film.40 Due to the repeated processes of deposition and laser
treatment, the fabricated SERS substrates have a higher
enhancement of the Raman signal than the substrates
manufactured from a single layer of the gold film. The
Raman signal enhancement is related to the gaps between the
nanoparticles, otherwise known as the “hot spots”. The SERS
substrates fabricated from the multilayer films have a higher
density of nanoparticles; therefore, the density of the “hot
spots” is higher. By coating the thin film of gold (5 nm), the
density of “hot spots” in the substrate fabricated using a single
layer of gold is increased, and the enhancement of the Raman
signal also increases significantly. For the substrates fabricated
using multilayer films, the coating of the thin gold film reduces
the signal enhancement. It can be related to the smoothing of
the surface by the coating.
The suggested fabrication approach of the SERS substrate is

simple, reliable, and cost-effective compared to lithographical
methods.41,42 The main advantages of the nanosecond laser
treatment are the short processing time, simple sample
preparation process, submicron treatment accuracy, repeat-
ability of samples, the low thermal impact to the substrate and
surrounding areas, and the selective generation of nano-
particles at the desired place and of the desired shape at the
surface.43,44 The estimated EF of the fabricated SERS
substrates is 106, similar to the conventional SERS EF.45

2. MATERIALS AND METHODS

2.1. Preparation of Gold Films on Glass. Gold films
were prepared on a soda-lime glass substrate using magnetron

sputtering at room temperature in an Ar atmosphere of 10−3

bar with a deposition rate of 0.2 nm/s (Quorum Q150T). The
film thickness of gold films was controlled by varying the
sputtering time from 25 to 50 s. This corresponds to 5 and 10
nm gold film thicknesses, respectively. Before the deposition,
the glass substrates were cleaned with isopropanol and dried at
room temperature.

2.2. Laser System for the Generation of Gold
Nanoparticles. Gold nanoparticle (AuNP) generation from
the prepared thin films on a glass substrate was realized in the
air at room temperature by employing the nanosecond laser
Ekspla Baltic operating at 532 nm wavelength with 75 mW
average power, 10 ns pulse duration, and 500 Hz repetition
rate. The diameter of the Gaussian beam on the surface was
∼30 μm (at the level of 1/e2). The hatch (the distance
between laser scanning lines) was selected to be 25 μm, and
the beam scanning speed was 25 mm/s. In the experiments,
two different thicknesses of the gold film on glass (5 and 10
nm) were used for the generation of AuNPs. The thicknesses
of the coating were selected to be 5 and 10 nm according to
the previous experiments.40 The generation of AuNPs from the
films thicker than 10 nm leads to a low concentration of
AuNPs on a glass substrate.

2.3. Characterization of the Samples. Scanning
Electron Microscopy Characterization. The samples were
characterized using a scanning electron microscope Helios
NanoLab650. All samples were imaged directly without the
additional coating. The identification and the size measure-
ments of the generated AuNPs were performed by processing
scanning electron microscopy (SEM) images with the ImageJ
program.

Figure 1. Generation of AuNPs on a glass substrate using single (a), double (b), and triple (c) layers of the gold film treatment with a nanosecond
laser.
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Optical Properties Measurements. Optical properties
measurements were carried out using a spectrophotometer
EssentOptics Photon RT. The transmission and reflectance
spectra of the substrates were obtained within the wavelength
range from 400 to 900 nm. The incidence angle in the
measurements of the reflectance and transmission spectra was
8°. The used light beam spot size during the experiments was 2
× 5 mm2.
Raman Measurements. Raman spectra were measured

using an inVia (Renishaw) Raman spectrometer. The
excitation source was a diode laser operating at a 785 nm
wavelength with 0.9 mW average power and a thermoelectri-
cally cooled (−70 °C) charge-coupled device camera. Using a

50×/0.50 NA long working distance objective, the laser beam
was focused to a 1.8 μm diameter spot onto the investigated
surface. 1200 lines/mm grating was used to record the Raman
spectra. The accumulation time was 100 s. The Raman
wavenumber axis was calibrated by the Si−Si vibrational mode
at 520.7 cm−1.

Samples Preparation for the Raman Measurements. The
samples were immersed in a 1 mM solution of 4-
mercaptobenzoic acid (4-MBA) (Figure S1) in ethanol for
16 h. Before the measurements, the samples were rinsed with
ethanol (96%) and dried at room temperature after the purge
with nitrogen gas.

Figure 2. Examples of fabricated SERS substrates containing AuNPs generated from a triple layer of the 10 nm gold film (a) and coated with the 5
nm gold film (b). The size of the active area is ∼25 × 20 mm2.

Figure 3. SEM micrographs of AuNPs generated on a glass substrate using a laser treatment of single (a), double (b), and triple (c) layers of 5 nm
gold films and Raman spectra of 4-MBA by using AuNPs generated from single (d), double (e), and triple (f) layers of the 5 nm thick gold film.
The nanoparticles were generated using 75 mW average laser power, 500 Hz repetition rate, 25 mm/s laser scanning speed, and a 25 μm hatch.
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Estimation of the EF of SERS Substrates. The EF was
evaluated using the following equation:7,46 EF = (ISERS × NR)/
(IR × NSERS), where EF is the enhancement factor; ISERS is the
measured SERS integrated intensity of the monolayer
substrate; IR is the measured integrated intensity of the
nonenhanced or normal Raman scattering from a bulk sample;
NSERS is the number of molecules under laser illumination at
the surface, and NR is the number of molecules under laser
illumination in a bulk compound solution. For nonenhanced
Raman scattering was used a 1 mm thickness quartz cell filled

with 0.25 M 4-MBA ethanol solution. The AuNP substrates
covered with a self-assembled monolayer of 4-MBA were used
in SERS measurements. The most intensive vibrational modes
of adsorbed 4-MBA at 1074 and 1584 cm−1 were used to
determine the EF.

3. RESULTS AND DISCUSSION

3.1. Generation of AuNPs on a Glass Substrate. The
generation of AuNPs on a glass substrate from multilayer thin
gold films by using the nanosecond laser irradiation is

Figure 4. Size distribution (a−c) and extinction spectra (d) of AuNPs generated from single (a), double (b), and triple (c) layers of the 5 nm thick
gold films. Bin size in all histograms is 5 nm. The estimation of the AuNP size distribution was taken from the 1040 × 700 nm2 area. The blue dot
line in (d) shows the maximum value of the extinction spectra of AuNPs generated from the triple gold layer.

Figure 5. SEM micrographs of AuNPs generated on a glass substrate using the laser treatment of single (a), double (b), and triple (c) layers of 5
nm gold films with an additionally coated 5 nm gold film on the top and Raman spectra of 4-MBA by using AuNPs generated from single (d),
double (e), and triple (f) layers of 5 nm thick gold films with an additionally coated 5 nm gold film on the top. The nanoparticles were generated
using 75 mW average laser power, 500 Hz repetition rate, 25 mm/s laser scanning speed, and a 25 μm hatch.
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schematically illustrated in Figure 1. The generation of AuNPs
was performed using single, double, and triple layers of gold
films. At first, a thin (5 or 10 nm) gold layer deposited on a
glass substrate is irradiated by the nanosecond laser beam
(Figure 1a). During the nanosecond laser irradiation, the thin
gold layer melts and stays in the molten phase as the energy
transfer from the electron subsystem to the lattice is slow in
gold.47 In this case, the equilibrium between the hot electrons
and lattice takes place within a time limit of up 50 ps.48,49 In
the melted thin gold film, hydrodynamic instabilities occur,
causing self-organization of the material to the droplets on the

glass. When the droplets cool down, they form AuNPs from a
single layer of the gold film. Then, the generated nanoparticles
are coated by the second layer of the thin (5 or 10 nm) gold
film and processed with a laser, resulting in the fabrication of
AuNPs from a double layer of the gold film (Figure 1b).
AuNPs from a triple layer of the gold film are prepared by
coating the thin film gold layer on the AuNPs generated from
the double layer and treating it with the laser (Figure 1c). The
formation of AuNPs using the nanosecond laser irradiation of
the thin metallic coatings can be explained merely by the
spinodal dewetting process.50−52 The spinodal dewetting in the

Figure 6. SEM micrographs of AuNPs generated on a glass substrate using a laser treatment of single (a), double (b), and triple (c) layers of 10 nm
gold films and Raman spectra of 4-MBA by using AuNPs generated from single (d), double (e), and triple (f) layers of 10 nm thick gold films. The
nanoparticles were generated using 75 mW average laser power, 500 Hz repetition rate, 25 mm/s laser scanning speed, and a 25 μm hatch.

Figure 7. Size distribution (a−c) and extinction spectra (d) of AuNPs generated from single (a), double (b), and triple (c) layers of 10 nm thick
gold films. Bin size in all histograms is 5 nm. The estimation of the AuNP size distribution was taken from the 1040 × 700 nm2 area. The blue dot
line in (d) shows the maximum value of the extinction spectra of AuNPs generated from the triple gold layer.
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melted thin film occurs when attractive intermolecular forces
exceed the stabilizing effect of the interfacial tension.53,54

Then, the thin film becomes unstable, and the thermal
fluctuations start to grow. The growth of the thermal
fluctuations leads to the spontaneous destabilization of the
thin film and the formation of droplets/nanoparticles.55

3.2. Characterization of AuNPs Prepared from 5 nm
Films. The example of a glass substrate coated with AuNPs
using the laser-based technique is shown in Figure 2a. Figure
2b shows a substrate with AuNPs coated with a 5 nm gold film.

The uncoated substrate has a pink color, which is determined
by LSPR.
The SEM images of AuNPs generated from single, double,

and triple layers of 5 nm thick gold films are shown in Figure
3a,b. The size distribution of AuNPs for this case is presented
in Figure 4a−c, which was estimated from a 1040 × 700 nm2

area using the analysis of the SEM images with ImageJ
software.40 The total number of nanoparticles taken in each
sample analysis is more than 1000. The nanoparticle size
histogram shows that by increasing the number of gold film
layers, the quantity of nanoparticles larger than 20 nm is
increased. Moreover, in all cases, a large number of small
nanoparticles (5−20 nm) is observed. The nanoparticles larger
than 50 nm make up less than 1% of all nanoparticles. The
optical spectra of generated nanoparticles show that the
extinction is enhanced by increasing the number of coating
layers (Figure 4d). This indicates that the density of the
AuNPs is higher for a larger number of layers. Furthermore,
the extinction spectra of the nanoparticles generated from
double and triple layers have a small red shift compared to
nanoparticles formed from a single layer. The red shift of the
spectra (from 520 nm to 533 nm) indicates the increase in the
size of nanoparticles.
The measured Raman spectra of 4-MBA by using AuNPs

generated from single, double, and triple layers of the 5 nm
thick gold film on a glass substrate are shown in Figure 3d−f.
The spectra indicate that the AuNPs generated from a single
layer of the 5 nm thick gold film exhibit very weak
enhancement of the Raman scattering (Figure 3d). The
broad feature near 1380 cm−1 is related to the glass substrate.
When AuNPs are generated from double and triple gold layers,
the intensity of the Raman signal of 4-MBA increases (Figure
3e,f). Two dominant bands in the SERS spectra near 1074 and
1589 cm−1 are related to the ring breathing + symmetric C−H
in-plane bending + C−S stretching (the ν12 mode according to
the Wilson notation for the description of ring vibrations) and
ring CC stretching + asymmetric C−H in-plane bending

Figure 8. SEM micrographs of AuNPs generated on a glass substrate using a laser treatment of single (a), double (b), and triple (c) layers of 10 nm
gold films with an additionally coated 5 nm gold film on the top and Raman spectra of 4-MBA by using AuNPs generated from single (d), double
(e), and triple (f) layers of 10 nm thick gold films with an additionally coated 5 nm gold film on the top. The nanoparticles were generated using 75
mW average laser power, 500 Hz repetition rate, 25 mm/s laser scanning speed, and a 25 μm hatch.

Table 1. Evaluated EF for Each AuNP Substrate

substrate

EF for the ν12
mode

(1074 cm−1)

EF for the ν8a
mode

(1584 cm−1)

one layer from the 5 nm Au film
without the coating

2.30 × 104 1.59 × 104

two layers from the 5 nm Au film
without the coating

1.95 × 106 1.32 × 106

three layers from the 5 nm Au film
without the coating

2.16 × 106 1.52 × 106

one layer from the 5 nm Au film
with a 5 nm coating of gold

2.16 × 106 1.45 × 106

two layers from the 5 nm Au film
with a 5 nm coating of gold

1.91 × 106 1.32 × 106

three layers from the 5 nm Au film
with a 5 nm coating of gold

6.29 × 105 4.51 × 105

one layer from the 10 nm Au film
without the coating

none none

two layers from the 10 nm Au film
without the coating

1.49 × 106 1.01 × 106

three layers from the 10 nm Au film
without the coating

2.57 × 106 1.68 × 106

one layer from the 10 nm Au film
with a 5 nm coating of gold

2.85 × 106 1.80 × 106

two layers from the 10 nm Au film
with a 5 nm coating of gold

2.80 × 106 1.91 × 106

three layers from the 10 nm Au film
with a 5 nm coating of gold

2.19 × 106 1.50 × 106
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(ν8a) modes, respectively.56,57 The broad band picked at 1420
cm−1 is due to the symmetric stretching vibration νs(COO

−)
of the charged carboxylate group. A relatively high frequency
value indicates that the carboxylate group remains unbound to
the AuNPs.56 Thus, the bonding of 4-MBA with the surface
takes place primarily through the thiol moiety. The observed
SERS spectra are clear and indicate the absence of bands from
any impurities at the surface; all the bands are related to the
vibrations of the adsorbed 4-MBA, except the broad feature
near 1380 cm−1, which is associated with the substrate.
The increase in the signal is related to the density of the

nanoparticles. This can be followed by a corresponding
increase in the extinction of the studied samples (Figure 4d).
The higher extinction spectra indicate the higher density of
nanoparticles. The higher density of the nanoparticles
generated from double and triple layers have the higher
amount of gaps between nanoparticles (“hot spots“). There-
fore, the Raman signal of 4-MBA increases due to the
enhancement in the electric field provided by the “hot spots”.
By adding the thin gold film (5 nm) on the top of the
nanoparticles (Figure 5a−c), the Raman signal for the AuNPs
generated from a single layer of the gold film is increased
(Figure 5d), and this signal is higher than the Raman signal for
AuNPs generated from double and triple layers of the gold film
coated with the thin gold film (Figure 5e,f). When the density
of AuNPs is lower, the coated thin gold film creates additional
“hot spots” due to cracks in the coating (Figure 5a). When the
density of AuNPs is higher (in double and triple layers), the
coated thin gold film reduces the number of “hot spots” due to
the smoothing of the gaps between AuNPs (Figure 5b,c). The
roughness reduction of the created SERS substrate decreases
the Raman signal (Figure 5e,f).58 The larger the density of
AuNPs on the substrate coated with a thin gold film is, the
lower the enhancement of the Raman signal is.
3.3. Characterization of AuNPs Prepared from 10 nm

Films. SEM images of the AuNPs generated using single,
double, and triple layers of 10 nm gold films are presented in
Figure 6a−c. By using 10 nm layers of gold films in the
generation of AuNPs, a slight increase in the larger AuNPs
(>20 nm) is observed compared to the use of 5 nm thick layers
of gold films (Figure 7a−c). The red shift of the extinction
spectra (from 523 to 529 nm) of nanoparticles (Figure 7d)
indicates that the nanoparticles generated from a multilayer are

slightly larger than the nanoparticles formed from a single 10
nm layer.
In this case, Raman spectra of 4-MBA for a single layer

(Figure 6d) do not exhibit any enhancement of the Raman
signal. The intensity in the Raman signal increases for AuNPs
generated from double and triple layers of 10 nm gold films
(Figure 6b,c) due to the higher density of AuNPs for a larger
number of thin-film layers based on the optical spectra of
generated nanoparticles from a different number of thin-film
layers (Figure 7d). The Raman signal for the AuNPs generated
from the triple layer of the 10 nm gold film is slightly higher
compared to the Raman spectra for the AuNPs generated from
the triple layer of the 5 nm gold film (Figure 6f). By adding a
thin 5 nm gold film on the AuNPs, the Raman signal of 4-MBA
for AuNPs generated from single and double 10 nm gold layers
increases, while for a triple layer, it decreases compared to that
of the AuNPs without the thin gold coating. The Raman signal
enhancement tendency and reasons for the 10 nm gold film
layer are very similar to that of the 5 nm gold film layers except
that the signal is stronger due to the larger size of
nanoparticles. Similar SERS spectra were observed at different
places of the sample (Figure S2).
By adding a 5 nm gold coating on the nanoparticles

generated from the multilayer of 10 nm films (SEM
micrographs are shown in Figure 8a−c), the Raman signal in
the single and double layer cases is increased significantly
(Figure 8d,e) due to the emergence of the additional “hot
spots” in the substrate, while the additional coating for the
nanoparticles generated from a triple layer decreases the
Raman signal (Figure 8f). The decrease in the Raman signal is
related to the smoothing of the gaps between AuNPs.

3.4. Comparison of EFs. In the estimation of the EF of
each substrate, the strongest vibrational modes for 4-MBA at
1074 and 1584 cm−1 were used. The gain of the vibrational
mode ν12 (1074 cm−1) is higher than that of the vibrational
mode ν8a (1584 cm−1), probably because of the material
interaction with the surface and orientational effects. The
estimated EFs for each substrate for ν12 and ν8a modes of 4-
MBA are given in Table 1. The evaluated EF value for our
studied AuNP substrates was similar to the conventional SERS
EF (106).45

The summarization of the calculated EF for the SERS
substrates consisting of the AuNPs generated from different
numbers of 5 nm (black squares) and 10 nm (red circles) gold

Figure 9. Estimated EFs for the ν12 mode (a) and ν8a mode (b) of pure AuNPs (without a 5 nm gold coating on the top) generated from single,
double, and triple layers of the gold film when the film thickness is 5 and 10 nm and the EF for the same AuNPs additionally coated with a 5 nm
gold film on the top (noted “+ 5 nm” in the graphs).
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films layers is given in Figure 9. The names “1, 2, and 3 layers”
in the graphs mean the substrates consisting of the pure
AuNPs generated from a single, double, or triple layer of gold
films. The names “1, 2, and 3 layers + 5 nm” indicate that the
SERS substrates are additionally coated with a 5 nm thin gold
film. The EFs for both modes have the same tendency. The EF
for SERS substrates coated with a 5 nm gold film is higher
when the AuNPs are generated from the 10 nm gold films. For
the uncoated AuNPs generated from 10 nm layers, the EF is
higher only when the AuNPs are generated from the triple
layer. When the substrates consist only of AuNPs generated
from a single or double gold film layer, the EF is higher for
AuNPs generated from 5 nm films (for a 10 nm single layer,
the EF cannot even be estimated due to the low Raman signal
enhancement). It can be related to the higher density of
nanoparticles generated from the thinner films.

4. CONCLUSIONS
The fabrication of SERS substrates using a repeated process of
a thin gold coating deposition and laser treatment of films is
presented. The EF of the manufactured SERS substrates is
similar to that of the conventional SERS substrates and is in a
106 value rank. The EF of the pure AuNPs generated from a
single layer of the gold film can be significantly increased by
adding a 5 nm gold coating on the top of the AuNPs. The
additional coating on the AuNPs generated from the triple
layer of gold films reduces the EF of the substrate due to the
smoothing of the gaps between AuNPs. The demonstrated
laser-based fabrication method of SERS substrates is simple,
reliable, and cost-effective, which enables the large-scale
fabrication of SERS substrates with high EFs at a low cost.
Importantly, the proposed method produces a clean SERS
substrate and does not require the use of chemicals for the
reduction and stabilization of nanoparticles, thus avoiding the
interference from the adsorbed impurities. Surface contami-
nation is an important problem in the analysis of materials by
using the SERS technique.39

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c05165.

Molecular structure of 4-MBA, and SERS spectra at
several places of the sample (PDF)

■ AUTHOR INFORMATION
Corresponding Author
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