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Abstract: Bio- and chemical SERS-sensing using plasmonic nanostructures can be dramatically im-
proved creating hot spots—i.e., sub-10 nm gaps between nanoparticles, were its confine large elec-
tromagnetic fields on nanometric volumes. Here we report 3D porous wedge-shaped gold
nanostructure that contains high density Raman-active nanogaps produced by pulsed laser deposi-
tion. The resulting structures consist of arrays of densely packed gold nanoparticles and nanopores
that exhibit a number of functionalities, including size selectivity, spectral tunability and strong
electromagnetic field amplification. The possibility of effective enhancement of the Raman intensity
of Rhodamine 6G molecules upon resonant excitation that is outside the region of surface plasmon
resonance excitation in 3D Au nanostructures, is demonstrated.

Keywords: plasmonics; surface-enhanced Raman scattering (SERS); gold nanoparticles;
three dimensional nanostructure; hot spots

1. Introduction

Surface-enhanced Raman scattering (SERS) based sensing is a widely used technique
for identifying molecules of interest and monitoring processes associated with them in
analytical chemistry and medical diagnostics. Plasmonic metal nanostructures are a pre-
requisite for observing classical SERS, so most research is aimed at developing efficient
configurations of SERS substrates with a maximum amplification [1-10]. The intensity of
Raman scattering of analyte can be significantly enhanced in hot spots, i.e., regions with
intense electromagnetic fields that appear near narrow nanogaps between metal nanopar-
ticles (NPs) [5,11-15]. According to the classical theory of electrodynamics, as the distance
between nanoparticles decreases, the concentration of the electric field in nanogaps in-
creases, which leads to a monotonic increase in the intensity of Raman scattering [16,17].
In this way, a significant increase in SERS was achieved at distances between nanoparti-
cles of less than 10 nm [18]. To date, most hot-spot based nanosystems have been designed
in one-dimensional (1D, linear) or two-dimensional (2D, planar) geometries, —extension
to three-dimensional (3D) SERS architectures can provide a higher density of hot spots
per unit volume and further increase the area for immobilization of desired molecules.
Technological methods based on layer-by-layer deposition of nanoparticles are among the
most promising approaches. In contrast to NP dimers, which have only one hot spot, for
multilayer close-packed arrays of NPs, the number of hot spots depends on the total num-
ber of NPs, the distance between them, and the fill factor of NPs. Thus, the design of
highly efficient three-dimensional plasmonic nanostructures represents the highest level
of complexity and functionality and is modern trend in plasmonic materials science.

Eng. Proc. 2022, 4, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/engproc



Eng. Proc. 2022, 4, x FOR PEER REVIEW 2 of 8

In this study, single-stage pulsed laser deposition of porous three-dimensional
wedge-shaped multilayers of Au nanoparticles was used to form a SERS-active substrate
with high-density hot spots. Giant Raman scattering of Rhodamine 6G molecules upon
excitation at wavelengths of 488 nm and 514.5 nm, which lie outside the plasmon reso-
nance region, was observed on the developed 3D SERS substrates. The effect of structure
parameters of nanoporous Au NP arrays on Raman enhancement was investigated.

2. Materials and Methods

Nanoporous structure with Au nanoparticle arrays have been produced by pulsed
laser deposition (PLD) from backward flow of low-energy plasma plume particles in an
argon atmosphere on the glass plate (dimensions of 25 x 25 x 1.5 mm?) located on the target
plane. YAG:Nd?* laser beam (wavelength 1.06 pm, energy 0.2 J, pulse time 10 ns, fre-
quency 25 Hz) scanned Au (99.9 %) target in vacuum chamber with argon pressure 100
Pa. The energy density was 5 J/cm?, the laser pulse number-30,000. Ablation was per-
formed with a laser beam focused at an angle of 45°. Before the deposition of Au NPs
array on the substrate, the glass was preliminarily cleaned with a chromium mixture (10
g of K2Cr207 per 350 mL of H250s), isopropanol, followed by washing in a large amount
of distilled water in an ultrasonic bath.

Determination of the film thickness and analysis of the surface topography were per-
formed by atomic force microscopy (AFM) using a Nanoscope Illa microscope (Digital
Instruments) in a periodic contact mode. Si probes with nominal tip radii of 10 nm were
used. The images of the surface and the film thickness 4 were determined at different dis-
tances L from the axis of the plasma plume. Vertical and horizontal sizes of Au NPs and
pores were evaluated. The films thickness d was obtained from the direct measurement of
the heights of the substrate-film steps, which were created by disruptive lithography.
With the help of the original software package developed by us, layer-by-layer sections of
AFM images were built and analyzed. Visual 2D slices of the image were made in gray-
scale (0-255) from 0 to 100% depth with a step of x%. As a result, a series of vertical slices
of the surface profile is obtained, the analysis of which makes it possible to obtain the
following statistical parameters: N is the number of isolated grains on the cut; I is the
length of the boundaries of isolated grains; S is the total area of isolated grains; D is the
average minimal distance between isolated grains.

Rhodamine 6G (Rh6G) was used as a molecular marker to compare the characteristics
of the porous Au nanostructure along the substrate with different structure and thickness.
A 10->-10-1° M solution of Rh6G was prepared in deionized water. The SERS substrate was
immersed in the aqueous Rh6G solution and was left for 60 min to enable the adsorption
of the Rh6G on the Au arrays surface. After that the samples were dried at the air. The
SERS spectra were measured using the triple spectrometer Horiba JobinYvon T64000
equipped with confocal optical microscope. As an optical excitation source the Ar-Kr laser
discrete line with Aex=488.0, 514.5 nm was used. After reflection from the sharp-edge Ra-
man filter, the laser beam was focused vertically on the sample surface by a microscope
equipped with a x100 objective to a region with a diameter of 0.7 um. Backscattered light
was collected through a lens and recorded with a certain integration time. The laser power
was 100 mW. 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 pm. The accuracy of the
determination of the frequency of phonon bands was equal to 0.15 cm™.

3. Results and Discussion

Using the PLD concept, a method has been developed for the formation of Au NP
arrays from the backward flow of plasma plume particles onto a substrate located in the
target plane in an inert gas atmosphere (Figure 1). The deposition occurs from the low-
energy flow of the particles due to collision of the ablated particles with the argon atoms
and their cooling. The main idea is the possibility of forming in single technological cycle
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porous Au NPs arrays with different geometric characteristics that vary along the sub-
strate. Under such deposition configuration the separation of Au NPs on the substrate
according to their sizes is observed (Figure 1). In this case, the sizes of nanoparticles and
pores, their number, and the film thickness decrease along the substrate. The number of
laser pulses determines the density, quantity, and level of NP aggregation on the sub-
strate. The argon pressure mainly affects the cluster size and film porosity. At high argon
pressure (100 Pa), an array of nanoparticles with a high porosity value is formed on the
surface; the porosity of the coating varied along the long side of the substrate (total length
25 mm) from 64.5% at the beginning, 71% in the middle, and 36.3% at the end of the spec-
imen. (The methodology and details of porosity measurements can be found in Ref. [19]).
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Figure 1. Schematic illustration of pulsed laser deposition Au nanoparticles arrays with a wedge-
shaped profile. The film grows on the substrate located in the target plane from the backward flow
of low-energy erosion torch particles. In the “back flow” mode, the separation of Au NP by their
sizes occurs: large particles are deposited closer to the plasma plum axis, while smaller ones—wide
apart. The structure of the films depends on gas (e.g., argon) pressure, energy density of laser pulses,
their number and substrate position in relation to the plasma plum axis.

As a result of AFM studies, it was found that wedge-shaped close-packed Au NPs
array which consists of several NPs layers having a labyrinth structure with different
properties along substrate length are formed. An analysis of the AFM images (Figure 2)
shows that with increasing distance from the axis of the torch in the deposited NP arrays,
the film thickness decreases from 85 nm to 4 nm, the surface roughness is 7.5-0.74 nm, the
average nanoparticle diameter from 25 to 7 nm, and the transverse pore size range from
(30-2) nm to (14-2) nm. The AFM microstructure profiles of NP arrays at different thick-
nesses used in this study is illustrated in Figure 2a—d.

(d)

Figure 2. AFM images for Au NP arrays with different average thickness d, Au NP diameters D,
pore sizes range r: (a) d = 84.5 nm, D =25 nm, r = (30-2) nm; (b) 4 = 35.5 nm, D =25 nm, r = (40-2) nm
(c)d=152nm, D=9 nm, r = (14-2) nm; (d) d =5 nm, D =7 nm, r = (18-2) nm. The line profiles in each
AFM image represent the height information along the line.



Eng. Proc. 2022, 4, x FOR PEER REVIEW 4 of 8

The three-dimensional structure of the array of nanoparticles provides a significant
increase in the surface area and, accordingly, the amount of analyte capable of being ad-
sorbed on it; moreover, analyte molecules are able to diffuse deep into the material within
the available thickness, maximizing the analytical sensitivity of the system and lowering
the limit of least detection. In addition, by choosing a certain area on the substrate surface
for measurement, it is possible to provide the desired average distance between nanopar-
ticles (pore size), which corresponds to the size of the analyte molecule. This provides an
additional option to control selectivity through size, which is important for many prob-
lems in molecular diagnostics.

The Raman spectra of Rh6G molecules were measured at excitation wavelength Aex =
514.5 nm, which corresponds to the energy of the intramolecular transition from the
ground to the excited state, and Aex= 488.0 nm close to the shoulder at 490 nm, due to
vibronic interaction [20]. For all presented in Figure 3a,b of the spectra, the characteristic
Raman lines can be assigned to the corresponding oscillations in a similar way: the bands
between 1300 cm™ and 1650 cm™ are due to vibrational C-C modes of xanthene ring
stretching, the bands at 612 and 775 cm™ are vibrations associated with bending modes,
respectively, C-C-C in the plane of the xanthene ring and C-H out of plane [21,22]. Com-
pared to the Raman scattering of Rh6G molecules on glass with a concentration of 10 M,
porous Au nanostructures show a significant enhancement of the bands at 612, 772, 1362,
and 1649 cm™'; also bands identify at 660, 928, 1087, 1126, and 1422 cm .
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Figure 3. SERS spectra of different Rh6G concentration Crnsc on the porous Au NP arrays measured
on region with d =15.2 nm at excitation wavelength Aex =488 nm—(a), Aex=514.5 nm—(b).

Comparison of the Raman spectra obtained at different excitation wavelengths un-
ambiguously indicates an increase in the intensity of the bands at Aex=514.5 nm by a factor
of 2 at Rh6G concentration of Criec=107 M and by a factor of 15 for Crrec=10 M. It should
be noted that the low detection limit for Rh6G upon excitation at 488 nm is only c.a. 10~
M, which is due to the features of the Raman amplification mechanism beyond the plas-
monic band. The differences in the Raman spectra also indicate that the amplification
mechanisms are somewhat different in these spectral ranges.

The significant enhancement of the Raman signal indicates not only the contribution
of Rhodamine molecules resonant excitation (the position Aex coincides either with the
absorption maximum (c.a. 528 nm) or with the first vibronic state (c.a. 490 nm)), typically
weak and nonresonant chemical amplification, but also the electromagnetic amplification
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in the areas of hot spots, located mainly within the internal pores of the material. In con-
trast to Raman excitation at 514.5 nm, where resonant excitation of LSP in Au NPs and
field enhancement in pores are possible, the excitation wavelength 488 nm is outside the
region of LSPR, as can be seen from Figure 4a. Despite the fact that the scattering intensity
is lower when excited at 488 nm than at 514 nm, its efficiency is still high enough to be
explained only by resonant scattering in the region of the first vibronic transition. This
contradiction can be overcome if we assume that the enhancement of Raman scattering is
due to the combined action of the mentioned above processes with following mechanism
—excitation of LSPR of gold nanoparticles forming a nanogap occurs as a result of re-
emission (luminescence) of laser excitation by Rhodamine 6G molecules as a result of the
process of optical frequency downconversion (see Figure 4b).
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Figure 4. (a)Optical spectra of nanoporous Au arrays measured on the different thickness d along
substrate and fluorescence spectrum of Rh6G. (b) Schematic representation of the SERS mechanism
in nanogap between gold nanoparticles at the excitation 488 nm. As a result of excitation of Rh6G
molecules (1), fluorescence (2) arises in the region of 560 nm, which overlaps with the region of
excitation of LSPR in Au NPs (Figure 4a); therefore, the emission of dye molecules can generate
plasmon resonance. As a result, an intense electric field is localized in the nanogap between nano-
particles (3), which significantly enhances the radiation scattered by the Rh6G molecule (4).

In Figure 5a shows the dependences of the Rh6G SERS intensity for the high intensity
bands at 612 cm! and 1649 cm-! on the film thickness d, which, in turn, is characterized by
certain pore and NP sizes distributions. As can be seen from the Figure, the highest Raman
intensity has a structure with a film thickness of about 15.2 nm, with the smallest average
pore size of 5 nm and an average NP diameter of 9 nm. These data correlate well with the
results of the analysis of AFM images, namely, the number of crystallites and the smallest
distance between them (nanogap size) presented in Figures 5b,c.

As is known for the electromagnetic amplification mechanism, the enhancement of
the SERS intensity depends on the number of hot spots, i.e., on the number of nanoparti-
cles with distances between them less than 10 nm. The data of AFM image processing in
the layer-by-layer mode show that for 3D nanostructures of different thicknesses, the
number of isolated particles N increases with increasing depth and reaches the maximum
value Nuax at a depth of 40-32% (Figure 5b); in this case, the distance between grains is in
the range of 4-6 nm (Figure 5c). As the depth increases to 100%, the number of isolated
grains sharply decreases, and the fill factor tends to 94.7-99%. The maximum value of the
number of grains with a minimum distance between them of 4 nm is observed precisely
for a region with a thickness of 15.2 nm; this area is characterized by the highest density
of hot spots. It should be specially emphasized that it is for this region that the absorption
spectrum of the local SPR overlaps best with the emission spectrum of Rh6G molecules,
which indicates that the reemission mechanism can indeed take place in the case under
consideration (Figure 4a). Moreover, regardless of the distance deep into the nanostruc-
ture, it is for this film thickness that the largest value of N is observed at the smallest
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distances between grains (Figure 5c). As the depth increases, the average minimum dis-
tance between isolated grains decreases, but due to the sharp decrease in the number of
isolated grains, the density of active centers with high electric fields decreases. From the
analysis of the dependences of the isolated grains number and the average minimal dis-
tance between them on depth for each region of the nanostructure, it was found that the
efficiency of the formed porous 3D SERS- substrates is determined by the inner layers,
where the density of hot spots is maximum, i.e., the largest number of grains with dis-
tances less than 10 nm. It should be noted that since the minimal distances between grains
at the maximum depth of the nanostructure approximately correspond to the Rh6G mol-
ecule size of 1.4 nm [23], then the dye can diffuse deep into the material, which ensures
the collection of more molecules.
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Figure 5. Comparison of the Raman efficiency and features of the SERS substrate structure. (a) De-
pendences of the SERS intensity at a Rh6G concentration of 107 M for the 612 cm™ and 1649 cm™!
bands on the nanostructure thickness. (b) Dependences of amount of grains N on the nanostructure
thickness at the different deep. (c) Dependences average minimal distance between grains on the
depth for each areas of the specified thickness.

4. Conclusions

In summary, for advanced SERS-sensing we developed porous 3D wedge-shaped
nanoarchitectures based on close-packed multilayers of Au NPs with porosity 38-70%,
nanoparticle sizes of 25-7 nm and 3D spatially distributed high-density pores with a size
of 30-2 nm. The SERS-substrate demonstrated strong Raman enhancement of Rh6G mol-
ecules under resonant excitation by radiation Aex=488.0, 514.5 nm, where dominant con-
tributor to the detected SERS signals is the hot spots, located mainly within the internal
pores of the material. A distinctive feature in the enhancement of SERS at different exci-
tation lengths is the mechanism of excitation of hot spots: at 514 nm they are excited both
directly and through reemission of laser radiation, and at 488 nm —most likely by emis-
sion of a fluorescent Rhodamine molecule excited by incident radiation.

Studies of the effect of structural parameters of 3D arrays on Raman intensity ampli-
fication confirm that the high SERS enhancements result from smaller pore sizes ~ 5 nm
correlating with Rhodamine molecule dimension of 1.4 nm and highest amount pores,
which promote electromagnetic field enhancements and provide more active sites for
molecule.

Thus, the porous wedge-shaped 3D Au NP arrays demonstrates significant potential
for use in highly sensitive SERS owing to (1) high density 3D hot-spots; (2) selectivity
through size; (3) an increase in the surface area and, accordingly, the amount of the analyte
diffusing into the depth of the material and (4) the realization of the plasmon resonance
condition for a wide range of excitation wavelengths.
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