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The SERS (surface enhanced Raman spectroscopy) substrates based on nanocomposite porous films with gold nanoparticles (Au
NPs) arrays were formed using themethod of the pulsed laser deposition from the back low-energy flux of erosion torch particles on
the glass substrate fixed at the target plain.The dependencies of porosity, and morphology of the surface of the film regions located
near and far from the torch axis on the laser ablation regime, laser pulses energy density, their number, and argon pressure in the
vacuum chamber, were ascertained.The AuNPs arrays with the controllable extinction spectra caused by the local surface plasmon
resonance were prepared. The possibility of the formation of SERS substrates for the detection of the Rhodamine 6G molecules
with the concentration 10−10Mol/L with the enhancement factor 4⋅107 was shown.

1. Introduction

Surface enhanced Raman spectroscopy (SERS) is highly
efficient and sensitive technique for the detection of analytes
(substance or chemical constituent) at extremely low con-
centrations [1–6]. The SERS has very important applications
in areas, such as medicine, catalysis, industrial applications,
and scientific investigation. In SERS, the Raman signal of the
probe molecule, is amplified through excitation of localized
surface plasmon resonance (LSPR) of the substrate, usually in
the form of metal particles or a roughened metal film. There
are two primary mechanisms of enhancement described in
the literature: an electromagnetic and a chemical enhance-
ment.The electromagnetic effect is dominant, with the chem-
ical effect contributing enhancement only on the order of an
order or two of magnitude. The electromagnetic enhance-
ment (EME) is dependent on the presence of the metal
surface’s roughness features, while the chemical enhancement
(CE) involves changes to the adsorbate electronic states due
to chemisorption of the analyte. The chemical theory applies
only for species that have formed a chemical bond with the
surface, so it cannot explain the observed signal enhancement

in all cases, whereas the electromagnetic theory can apply
even in those cases where the specimen is physisorbed only
to the surface [4–11]. SERS for many analytes is determined
by electromagnetic mechanism. Under the laser excitation of
metal (gold or silver nanoparticles (NPs)) the local surface
plasmon resonance occurs. The local electric field near the
Au (Ag) NPs enhances; enhancement of the scattering by
the analyte which located near the nanoparticles occurs too.
The enhancement coefficient chiefly depends on the plasmon
properties of Au (Ag) NPs. Numerous methods have been
reported for preparing effective SERS substrates, for example,
electron-beam lithography and focused ion-beam milling,
evaporation or pulsed laser deposition (PLD) of metallic
NPs, roughened metal electrodes, acid-etching of metal
foil, iodination of evaporated silver foil, replication method
of polymer surfaces, nanosphere lithography, step-by-step
assembly of NP multilayers, and metal nanoshells [12–14].
Among thesemethods,metalNPs are one of themost popular
materials owing to the strong enhancement, convenient
preparation, and high surface area of the absorbing species.
There are many SERS applications in the biosensing field,
from DNA to proteins to cells. Also, biotemplating methods
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to anchor metal NPs for enhanced SERS have been reported
[4, 15, 16].

A special interest is caused corresponding to the forma-
tion of the porous films with NPs of gold and silver for SERS
substrates due to their large internal surface for analyte and
possibility of the formation of so-called “hot spots” in the
pores (pores with high values of local electromagnetic fields)
which mainly provide an enhancement in the light scattering
by the analyte. It is well known about the porous nanocom-
posite systems that the walls of glass-ceramics pores, silicon,
and aluminum oxides are covered by the films with plasmon
NPs. Porous gold (por-Au) films for SERS substrates were
prepared from the gold-silver alloy with the selective etching
of the silver [17]. The fundamental metric for SERS activity is
the enhancement factor (EF), which quantifies the increase in
signal intensity (counts s−1mW−1) per molecule. Commonly,
EFs are within the range 103 up to 107 [2, 6]. One of the
popular methods for Au and Ag NPs preparation is PLD
method. The details of standard PLD method have been
described in [11, 18, 19].

In our previous works [20–22] by the method of pulsed
laser deposition in vacuum the por-Au films were prepared.
For these films the local surface plasmon resonance was
observed. The aim of the present work is preparation and
investigation of the SERS substrates for Rhodamine 6Gon the
base of these films.

2. Methods

Recently, unporous films with Au NPs array for SERS were
prepared by the PLD method from the direct high-energy
flux of erosion torch particles on the substrate which is placed
on the distance along the normal to the target plain [23].
Distinctive feature of the PLD method which we use for the
preparation of porous films with Au NPs array is deposition
of the Au NPs from the back low-energy flux of erosion torch
particles on the substrate placed at the target plain.

In our scheme of the films deposition the gold target
was scanned by the beam of YAG:Nd3 laser (𝜆 = 1.06 𝜇m,
𝐸

𝑖

= 0.2 J, 𝜏
𝑝

= 10 ns, and 𝑓
𝑝

= 25Hz) in the argon
atmosphere with the pressure `Ar within the range 10 up
to 100 Pa. The energy fluence was about 5 ⋅ ⋅ ⋅ 20 J/cm2. The
exposition time was varied from 3 to 30 minutes which
corresponds to the pulses numbers 4500 ⋅ ⋅ ⋅ 45000. In the
torch an interaction between Au atoms with gas atoms occurs
before the Au NPs (clusters) formation. The quantity of
the atoms in mentioned clusters depends on the deposition
parameters (energy fluence, number of the pulses, and argon
pressure). The substrate was positioned in the target plane;
film deposition was provided from the back flux of low-
energy particles from the torch as a result of its energy scatter-
ing on the gas atoms; see Figure 1 (insertion). One can see that
corresponding conditions differ from the traditional prepa-
ration of nonporous films by the deposition from the direct
flux of high-energy particles. Exactly, the above-mentioned
preparation peculiarities provide porous films growth. Under
such conditions, the NPs of large sizes chiefly were deposited
on the film regions fixed near the torch axis.TheNPs of small
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Figure 1: The dependencies of the por-Au films thicknesses on the
distance from the film point to the erosion torch axis (𝐿): (a) argon
pressure 13.5 Pa and (b) 100 Pa.The corresponding one pulse energy
was 5 J/cm2 and the number of laser pulses 𝑁 = 30000. In the
insertion the scheme of the vacuumPLD equipment set is presented:
(1) laser beam, (2) gas flux, (3) vacuum chamber, (4) erosion torch,
(5) target, (6, 7) substrates, and (8) vacuum pump.

sizes were deposited on distance from the torch axis. Also,
the porosity changes along the film.Therefore, the parameter
which indicates the dot location relatively to the torch axis
(assigned L) influences the structural and optical properties
of the films. The developed method provides gradient of the
por-Au film thickness, NPs sizes, and distances between them
as well as pore sizes. Consequently, an optimal size for the
analyte detection can be simply determined correspondingly
to the SERS signal intensity in the fixed film point.

An investigation of the films thickness and surface mor-
phology was carried out by the method of scanning atomic
force microscopy (AFM) using microscope Nanoscope IIIa
(Digital Instruments) in the periodical contact regime. Si
probes with nominal tip radii of 10 nm were used. Structural
parameters and films thickness were determined in the
dependency on the film point location from the erosion torch
axis and on the technological parameters of the deposition.
Vertical and horizontal sizes of Au NPs and pores were eval-
uated. Also, distribution histogram of their sizes was plotted.

The porosity evaluation of the por-Au films was carried
out using the method of quartz microweighting. At the equal
area of the substrates points and taking into account their
thickness and measuring the changes of the piezoelectric
quartz resonator frequencies the density of controllable film
regions on the substrate (𝜌por) was determined. The porosity
value 𝑞 was obtained from the equation

𝑞 =

𝜌bulk − 𝜌por

𝜌bulk
, (1)

where 𝜌bulk is the density of “nonporous bulk gold” (19.3 g/
cm3).
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The transmittance spectra of the films were measured
using the spectrophotometer SF-26 within the spectral range
360 ⋅ ⋅ ⋅ 1000 nm at once after formation and after keeping
them at the air.

The samples for measuring the SERS spectra were sub-
strates divided into three parts: on the first part the por-Au
film was deposited, on the second part is the film of “non-
porous” gold prepared by thermal evaporation in vacuum,
and the third part was noncovered. The samples were put
in the solution of Rhodamine 6G of the concentrations of
10−3 ⋅ ⋅ ⋅ 10−10 Mol/L and held during one hour. After that the
samples were dried at the air.

The SERS spectra were measured using the triple spec-
trometer Horiba Jobin Yvon T64000 equipped with confocal
optical microscope. As an optical excitation source the Ar-Kr
laser line with 𝜆ex = 514.5 nm was used. The laser beam was
focused on the sample surface in the spot with the diameter
equal to 0.7𝜇m. The spatial mapping of the optical spectra
of studied structures was carried out using the automatic
moving of the table with the step 0.1 𝜇m.The accuracy of the
determination of the frequency of phonon bands was equal
to 0.15 cm−1.

3. Results and Discussion

Figure 1 presents the profiles of the films thickness of the
wedge-like shapes ascertained using the AFMmeasurements.
With increase in the distance from the torch axis to 20mmthe
films thickness decreases from hundreds to tenth nanometers
in the mentioned formation conditions. The films thickness
increases with increase of the argon pressure in the chamber,
the number of pulses, and the energy fluence.

Figure 2 shows the AFM images of the por-Au film in
five fixed points on the various distances from the erosion
torch axis. Figure 3 displays the distribution of the seed and
pores sizes correspondingly to the AFM images. An analysis
of the surface morphology indicates the presence of the
Au NPs array, their conglomerates, and pores with equal
concentration.With increase in the distance from the erosion
torch axis the decrease of the sizes of the Au NPs and pores
was observed. From the showed histograms one can see that
for every point of the film wedge the distribution character
is wide and the seeds and pores sizes decrease with increase
of the distance from the erosion torch axis. If near the axis
of erosion torch the Au seeds sizes attain 60 nm, then on the
distance they are equal to 12 nm. On the distance more than
12mm the Au NPs and pores have similar sizes and near the
erosion torch the pores are smaller by 2 times compared with
the Au NPs.

The porosity evaluation by the method of quartz
microweighting indicates that for the thin por-Au film (see
Figure 1, a) porosity increases from ∼60% up to 80% with the
increase in the distance between substrate points and torch
axis. It is important to note that the increase of the porosity
with the distance between substrates points and the axis
occurs for the small thicknesses of the films (equal to 40 nm)
which on the distance from the torch axis are granulated. In
the same time on the closest points to the torch axis at the

thicknesses equal to 30 nm the films are characterized by a
higher density.

The spectra𝑇(𝜆) in the dependences on argon pressure in
the operation chamber and on the substrate point location are
shown on Figure 4. One can see the following peculiarities.
Firstly, with the increase of the argon pressure from 13.5 up
to 100 Pa the absorption increases (compare curves 1 and
1 with curves 2 and 2), moreover, for the closest substrate
point to the torch axis it becomes more sharp (compare
curves 1 and 2 with 1 and 2). Secondly, for the distant
point the absorption is smaller than that for the closest
one (compare curves 1 and 2 with curves 1 and 2) at any
pressures. Thirdly, the spectra are wide, the positions of the
minima of transmittance curves are located within the range
of 560 ⋅ ⋅ ⋅ 590 nm, and for the distant point with the increase
of the argon pressure the red-shift of the peak position of the
transmittance band by 30 nm is observed (compare curves 1
and 2). The explanation of the features of the dependencies
of the absorption spectra on the technological parameters
(argon pressure and distance 𝐿) is as follows. With the
increase of the argon pressure the torch size decreases which
leads to enhancement in the interaction between Au atoms
and increase in the Au clusters size in the torch.The red-shift
in the absorption spectrum is more significant when the
Au clusters size is larger. As we can see from Figure 4 the
plasmonic properties in the spectra are best manifested for
the closest point at the argon pressure 13.5 Pa and for the
distant point under 𝑃 = 100Pa. The wide transmittance
spectra represent dispersion of the NPs sizes and shapes.

Figure 5 presents the SERS spectra registered in the
substrate points on the various distances from the torch
axis. The spectra have the typical bands for the molecules of
Rhodamine. On the insertion the intensities of SERS signal
for five points on the film are shown. One can see that with
the increase in the distance from the point to the torch axis
the intensity of the signal increases and has the maximum
in point 3 (𝐿 = 12mm) and then for points 1 and 2 (𝐿 =
17, 22mm) decreases. The intensity of the signal in point 3
is larger by 2 times compared with other film points. The
smaller signal intensity for the film points near the torch axis
is caused by larger sizes of the Au NPs and pores (several
tens of nanometers) comparedwith optimal ones.The smaller
signal intensity for the most distant points is attributed with
the smaller Au NPs sizes and the film thickness compared
with optimal ones. Optimal sizes of the Au NPs, pores,
and thicknesses are determined by the location of point 3
(𝐿 = 12mm); the structure of mentioned region is presented
on Figures 2(c) and 3 (point 3). Therefore, using the point
location on the film with the thickness, sizes of the Au NPs,
and pores gradients one can easily determine the optimal
values for the highest enhancement of the SERS signal.

Figure 6 presents the following spectra: SERS spectra
of the Rhodamine 6G molecules with the concentration
10−10Mol/L placed on the prepared SERS substrate (3), SERS
spectra for the Rhodamine 6G molecules with the concen-
tration 10−7Mol/L placed on the prepared SERS substrate (1)
and on the SERS substrate with Au film deposited using the
thermal evaporation in the vacuum (2), and Raman spectrum
of the Rhodamine 6G molecules with the concentration
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Figure 2: The AFM images in the five points of the por-Au film on the distance from the erosion torch axis 𝐿 (mm): 22 (1), 17 (b), 12 (c), 6
(d), and 2 (e). The deposition regime was the following: one pulse energy 5 J/cm2, number of the laser pulses𝑁 = 30000, and argon pressure
100 Pa.
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Figure 3: The histograms of the distribution of the Au seeds sizes and pores for five points of por-Au film on the distance from the erosion
torch axis 𝐿 (mm): 2, 6, 12, 17, and 22 (from top to down). The deposition regime was the following: one pulse energy 5 J/cm2, number of the
laser pulses𝑁 = 30000, and argon pressure 100 Pa.
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Figure 4: The transmittance spectra of the por-Au films prepared
at the one pulse energy 5 J/cm2 and the number of the laser pulses
𝑁 = 30000measured at various argon pressures: 1, 1: 13.5 Pa and 2,
2: 100 P1, and distances 𝐿: 1, 2: 5mm and 1, 2: 15mm.

10−3Mol/L on the glass. Firstly, the possibility of the identi-
fication of Rhodamine 6G molecules with the concentration
10−10Mol/L is presented. It is important to note that some
bands of the studied analyte are detected even at 10−11Mol/L
which is the detection limit. Secondly, the evaluation of the
enhancement indicates that the EF is within the range of 103
up to 108. In our case it was determined from the expression

𝐹 =

𝐼

1

𝐼

2

⋅

𝑁

2

𝑁

1

, (2)

where 𝐼
1

and 𝐼
2

are integral peaks intensities in the Rho-
damine spectra on the prepared SERS substrates and on the
glass and𝑁

1

and𝑁
2

are Rhodamine concentrations, respec-
tively.The values of enhancement factors on the studied SERS
substrates for the various R6G concentrations 10−5, 10−7, 10−9,
and 10−10Mol/L were 3.1 × 103, 7.2 × 104, 5.2 × 106, and 3.9 ×
107, correspondingly, for one of the optimal points of por-Au
film.The parameters of the SERS substrates based on por-Au
film prepared using the developed PLD method are equal to
the world’s best samples.

4. Conclusions

Themethod of the preparation of SERS substrates on the base
of porous Au films was developed on the base of pulsed laser
deposition technique using the back low-energy flux of ero-
sion torch particles on the substrate placed at the target plain.
Using the developedmethod the nanocomposite porous films
with Au NPs array were prepared. The enhancement factor
4 × 107 was ascertained for SERS substrates based on the
films with Au NPs array for the detection of the Rhodamine
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6G molecules with concentration of 10−10Mol/L. The high
enhancement parameters are caused by the high internal
surface for analyte and by “hot spots” existence in the pores.
Herewith, the developed method is characterized by simple
processes and cheap apparatus for the realization.
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