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Abstract: To increase the attractiveness of the practical application of molecular sensing methods, the
experimental search for the optimal shape of silver nanostructures allowing to increase the Raman
cross section by several orders of magnitude is of great interest. This paper presents a detailed study of
spatially separated plasmon-active silver nanostructures grown in SiO, /Si template pores with crys-
tallite, dendrite, and “sunflower-like” nanostructures shapes. Nile blue and 2-mercaptobenzothiazole
were chosen as the model analytes for comparative evaluation of the Raman signal amplification
efficiency using these structures. It was discussed the features of the structures for the enhancement
of Raman intensity. Finally, we showed that silver crystals, dendrites, and “sunflower-like” nanos-
tructures in SiO, /Si template could be used as the relevant materials for Raman signal amplification,
but with different efficiency.

Keywords: silver; nanostructures; plasmonics; porous template; crystals; dendrites; SERS

1. Introduction

Currently, there is an active search for express methods of the detection and analysis
of molecular substances, which is necessary for such fields as pharmaceutics [1-3], food
quality control [4-7], and environmental pollution assessment [8-14]. One of the most
popular express methods for studying molecular objects is Raman spectroscopy, which
has a number of advantages: the possibility of studying substances in different aggregate
states (solid, liquid, and gaseous), non-destructive testing, study of samples of different
shapes, etc. However, this method is not suitable for the analysis of substances in low
concentrations (from 10~% M or less), because Raman spectroscopy has a low scattering
cross section: 1072°~1073% cm 2. This drawback can be eliminated by using nanostructured
surfaces made of coin metals [11-14]: copper [15-18], silver [19-21], and gold [22-24].
Being near such a nanostructure, the molecule under study under the influence of external
radiation from a laser with visible or infrared wavelengths experiences an instantaneous
increase in the scattering cross-section due to a local increase in the electric field strength at
the nanostructure boundaries [25-28]. These regions are called “hot spots”. The electric
field strength at the “hot spots” depends on such parameters as the metal type size, shape
of the nanostructure, and thr [25,29-33]. Among these metals, silver should be highlighted,
because nanostructures made of this element allow a more effective amplification of the
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Raman signal compared to those made of copper and gold [34]. This method of Raman
signal amplification is called surface-enhanced Raman spectroscopy (SERS).

In a number of works, using various theoretical models and simulations, scientists
have tried to show the optimal morphology of silver nanostructures for Raman signal
amplification [35-38]. However, theoretical models do not always take into account the
features of real nanostructures realized in practice. From this point of view, the study
of silver nanostructures with different morphologies realized on the same substrate is
of great interest. Understanding this, it is possible to demonstrate, using a simple ex-
periment, which shape of nanostructures will be optimal for Raman signal amplification.
Considering that such an approach will already predetermine the modes of nanostructures
formation, the results of such an experiment will be of great importance for the subsequent
practical implementation.

Among the general methods for obtaining nanostructures, three main directions
can be distinguished [39]: metal nanoparticle assembly and bottom-up lithography, top-
down lithography, and non-lithography techniques [40]. Metal nanoparticle assembly
and bottom-up lithography usually includes methods such as direct self-assembly of
metal nanoparticles [41], colloidal lithography [42], and block copolymer lithography [43].
Top-down lithography usually has three main branches: electron beam lithography [44],
nanoimprint lithography [45], and laser interference lithography [46]. The non-lithographic
techniques also have no one way to obtain silver nanostructures, for instance, hydrother-
mally roughened metal templates [47], hybrid methods of random hot-spot generation [48],
maskless templates [49,50], etc. It should be noted that interesting highly ordered silver
nanostructures were investigated in [51]. The authors obtained sunflower-like structures
with dendrites on the edges. They used integrating deep-ultraviolet photolithography
and electrodeposition method for the fabrication of the structures. Unfortunately, deep-
ultraviolet lithography is a very expensive technique because of the complex optic system,
which is necessary for focusing X-rays on the target substrate.

Among the variety of methods, due to their simplicity and high repeatability of the
results, the method of controlled formation of silver nanostructures in a limited volume of
silicon oxide pores on a silicon substrate should be highlighted. The limited pore volume
determines the direction of adatom movement in the near-electrode layer, which allows
controlling the self-assembly process by directing it in the desired direction. Thus, by
changing the pore volume, the shape of nanostructures can be changed over a wide range.
We previously demonstrated the effectiveness of this approach in creating structures with
complex morphologies of copper [18], silver [52], and gold nanostructures [23,24] in the
pores of SiO; /Si matrices. We also showed that by varying the pore diameter, the mor-
phology of the nanostructures can be changed over a wide range, and three morphologies
should be distinguished as a main types of silver nanostructures: crystallites, dendrites,
“sunflower-like” structures [53]. Other possible forms of silver nanostructures formed in
the pores of SiO, /Si templates are intermediate variants of the mentioned morphologies.

This work demonstrates the possibility of using the method of growing silver nanos-
tructures in a limited volume of silicon oxide pores on a silicon substrate for controlled
formation of silver nanostructures with the morphology of crystallites, dendrites, and
“sunflower-like” structures. A detailed analysis of their morphology, composition, and
structural features was carried out as well as a comparative analysis of their efficiency in
the Raman signal amplification using the Nile Blue (NB, Cy9H»(CIN30) dye molecule as
an analyte.

2. Materials and Methods

Template formation. As templates for the synthesis of silver dendrites, swift heavy
ion-track porous SiO; template on p-type silicon substrate (12 (3-cm with the silicon crys-
tal <100>) orientation was used. Latent ion tracks in the SiO, layer were formed using
irradiation facilities at the cyclotron DC-60 (Astana, Kazakhstan). SiO, /Si surfaces were
bombarded at normal incidence with 2%8Bi ions with an energy of 1.75 MeV /nucleon. The
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ion energy provided the guaranteed pulling through the silicon dioxide layer with a slight
change in the electronic loss energy (dE/dx)e. The irradiation fluence was chosen so as to
avoid the spatial overlap of the individual pores appearing after etching of latent tracks
in the SiO, matrix. The selected value for the fluence was 5 x 107 cm~2. The irradiated
surfaces were cleaned in a solution of 56% HNOj at 80 °C for 5 min, rinsed in deionized
water, and then dried in flowing nitrogen. Subsequently, the surfaces were etched in 1 vol%
aqueous hydrofluoric acid (HF) solutions for 48, 128, and 160 minutes at room temperature.
The etching time was chosen to obtain pores with a diameter of approximately 320, 800,
and 1000 nm, respectively. The selection of the etching conditions for obtaining pores with
predetermined characteristics is described in detail in our work [54]. After etching, the
samples were immediately washed in deionized water and then dried in flowing nitrogen.
The parameters (Figure 1) of the porous template were determined by ellipsometry [55,56].
The pore density of SiO, /Si on the surface was found to be 5 x 107 cm™ according to the
SEM studies determined with Image]J [57].

Figure 1. Schematic representation of a pore in a SiO, /Si template (upper diameter D, lower diameter
d, and thickness of silicon oxide layer L).

Synthesis of nanostructures. To localize silver in the pores of the amorphous silicon
dioxide template the method of galvanic replacement was used [58]. Deposition was
carried out by immersing SiO, /Si templates with specified pore parameters (Table 1) in
an aqueous solution containing 0.01 M silver nitrate (AgNO3) and 5 M hydrofluoric acid
(HF). The temperature of 35 °C was set and controlled using a water bath, in which the
electrolyte was incubated for 30 min before the deposition. The growth time was 40 s.

Table 1. Characteristic pore sizes in the 5iO, layer used to obtain silver nanostructures.

D, nm d, nm L,nm
320 £ 12 0+13 493 + 19
800 £ 28 695 £ 27 163 £7
1000 + 35 980 + 33 26+ 4

Structural study. The morphology and energy dispersive X-ray (EDX) analysis of the
510, (Ag)/Si surface was studied using JEOL JSM-7000F (Brussels, Belgium) and Carl Zeiss
ULTRA 55 field emission scanning electron microscopes (FESEM) (Jena, Germany). X-ray
diffraction (XRD) patterns were measured using X'Pert Pro X-ray diffractometer from
PANalytical B.V. in the Bragg—Brentano arrangement.

Raman and SERS study. Plasmonic-active SiO,(Ag)/Si substrates were incubated for
15 min in a solution of the analytes with a concentration of 10~° M. The experiment was
carried out at room temperature using 3D Scanning Laser Raman Spectrometer Confotec
MR350 (SOL Instruments, Minsk, Belarus) with a confocal microscope for precise posi-
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tioning of the laser beam. A solid-state diode green laser with a wavelength of 532 nm
was used as an excitation source. The beam was focused using a 40 x lens. The diameter
of the resulting beam was ~1 um. The spectrum acquisition time was 10 s. Spectra were
recorded using a cooled CCD camera and a 600 lines/mm diffraction grating, achieving
a resolution of 3 cm 1. The available range of the laser power is 10 tW-3.5 mW. Raman
and SERS spectra were obtained at laser powers of 3 mW and 60 pW, respectively. The
power difference is due to the impossibility of obtaining a Raman spectrum with sufficient
resolution and intensity at a power of 60 uW to determine the analyte molecule. On the
contrary, in SERS measurements, a power of more than 60 pW leads to the destruction of
the substance under study. It is also necessary to take into account the fact that the influence
of the laser power has an ambiguous effect due to the random location of “hot spots” on
plasmonic nanostructures. Therefore, when estimating the enhancement factor (EF), we
will not consider changing in the laser power during Raman and SERS measurements.
Thus, the values for EF given in the next section are “lower estimates”, but the actual values
may be higher.

3. Results and Discussion

The variety of the morphology of silver nanostructures formed in the pores of SiO, /Si
templates is shown in the characteristic SEM images (Figure 2).

Figure 2. SEM planar images of silver nanostructures grown in SiO, pores with diameters D at the
moment of pore opening (320 nm) (a); 800 nm (b); 1000 nm (c). The insets to the figures show enlarged
images of structures with morphology typical for the selected deposition regimes.

As can be seen, crystallites are formed at the upper pore diameters of 320 nm, which
corresponds to the moment of pore opening (Figure 2a). The most branched silver nanos-
tructures, dendrites, are realized at D = 800 nm (Figure 2b). When the top diameter
reaches 1000 nm and the oxide thickness is minimal, a “sunflower-like” structure is formed
(Figure 2c). EDX analysis was performed to define the composition of the obtained struc-
tures (Figure 3).

EDX analysis of the samples showed the presence of silver, oxygen, and silicon ele-
ments, which are related with the structure and template, respectively. To demonstrate the
absence of other elements, we present the EDX-spectrum together with the mapping of the
studied surface of the silver crystallite (Figure 3a), dendrite (Figure 3b), and “sunflower-
like” structure (Figure 3c). The percentage of silver content in the EDX spectra is in the
range of 2-10%, depending on the pore diameter of the template into which the deposition
was carried out: a larger pore diameter corresponds to higher silver content. The maximum
content is achieved in samples with dendritic and “sunflower-like” morphologies, which
correlates well with the visual representation according to SEM study. Features of the
crystal structure of the obtained silver nanostructures were studied by XRD (Figure 4).
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Figure 3. EDX-spectra, SEM and EDX maps of SiO,(Ag)/Si with Ag crystal (a), dendrite (b), and
“sunflower-like” (c) structures.
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Figure 4. XRD patterns of SiO,(Ag)/Si with different morphology of silver: (C, crystallites; S,
“sunflowers”; D, dendrites).
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The presence of the background halo is due to the signal from the amorphous SiO,
template. All diffraction patterns exhibit peaks corresponding to silver reflections (111),
(200), (220), (311), and (222), and the most intense line corresponding to the silicon plane
(400) is additionally presented. On the X-ray diffraction pattern of the sample containing
“sunflower-like” structures, indeterminate peaks marked with the symbol * were detected at
the 2 theta values of 61-63° and 72°. Presumably, these peaks are related to the structurally
altered state of the silicon surface caused by the influence of swift heavy ions during
irradiation of the S5iO, /Si system at the stage of pore formation. In our opinion, the absence
of these peaks on the X-ray diffraction patterns of other samples is a consequence of the
fact that in the case of samples with crystallites and dendrites, the SiO, template pores are
smaller in diameter and height. This reduces the penetrating power of X-rays and prevents
the detection of subtle changes in the structure of the silicon surface, even in the signal
acquisition mode for thin-film samples.

Crystallites, dendrites, and “sunflower-like” structures were evaluated for their use as
plasmonic-active surfaces enhancing the Raman signal. Nile Blue dye (NB, Cy9H3(CIN3O)
and 2-mercaptobenzothiazole (MBT, C;HsNS;) were used as the test analytes in the experi-
ment. Figures 5 and 6 show the Raman spectra obtained from the solid phase of substances
as well as solutions (water solution for NB and ethanol solution for MBT) with the mini-
mum concentration of analytes at which it is possible to distinguish their main characteristic
peaks. For NB, these peaks are in the area of 590 cm~! (phenoxazine ring mode [59]) and
1600 cm ! (aromatic benzene ring breathing and stretching vibrations [60]). For MBT, they
are in the area of 1380 cm ™!, which is combined with stretching of the NCS-ring, and peak
1240 cm ! relates to the C-S stretching modes [61], and in the area of 1589 cm ™1, which
corresponds to C=C stretching [62]. Figures 5b and 6b have the spectra of the analytes with
a concentration 10~% M, which was also used for the next SERS investigations. It should be
noted there are no molecular “fingerprints” there, only the background. Figure 5c—e for NB
and Figure 6¢c—e for MBT show the mean SERS results of five spectra taken from different
silver structures of the same type. The intensity values of the mean spectra for the lines
under consideration are given in Table 2. The variation of intensity values is indicated in
gray color in the graphs.

First consider SERS of NB. The resulting spectra are a set of lines characteristic of
NB. Figure 5a, which corresponds to the SERS signal on the crystals, also contains a band
between 930 cm ™! and 1030 cm ™! assigned in the literature to multi-phonon scattering
generated in silicon substrate [63]. The spectra show that the intensity of the SERS signal
obtained using crystallites is the lowest among the silver morphologies considered.

Next in order of increasing intensity are “sunflower-like” structures and dendrites.
Based on the intensity values for the 590 cm ™! line, the signal obtained using crystallites is
130 and 330 times weaker compared to the signal obtained using “sunflower-like” structures
and dendrites, respectively. It should be noted that for the 1600 cm ™~ line, the same ratios
have smaller values: 82 and 203. In Figure 5d, there is a noticeable statistical deviation in
the region of 1150-1600 cm !, which is not observed in the spectra obtained on crystals
and dendrites. This behavior may be due to the morphological features of “sunflower-like”
structures, which consist of a greater number of random “hot spots” compared to crystallites
and fewer compared to dendrites. Such “hot spots” are not distributed systematically,
unlike crystallites (“hot spots” are usually located on the faces of crystals) and dendrites
(“hot spots” are mainly concentrated at the base of dendrite branches) [52]. Table 3 has
information about the EF for the 590 cm~! and 1600 cm ! Raman lines calculated using the
formula given in [52]. As a result of comparing the spectra presented in Figure 5a,c—e we
can conclude that the adsorption of NB molecules on plasmonic-active structures did not
lead to a change in the chemical structure of the analyte.
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Figure 5. Raman spectra of NB ((a)—solid phase and 0.1 M, (b)—10~% M) and SERS (c—e) spectra of NB
with a concentration of 10~° M, obtained on the surface of silver nanostructures ((c), crystallites; (d),
"sunflowers"; (e), dendrites) in the pores of the SiO, /Si template.
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of MBT with a concentration of 10 M, obtained on the surface of silver nanostructures ((c), crystallites;
(d) "sunflowers"; (e) dendrites) in the pores of the SiO, /Si template.
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Table 2. Intensity of characteristic lines for NB and MBT obtained by Raman and SERS methods.

NB Line Intensity, Counts MBT Line Intensity, Counts
Analyte Concentration, M
590 cm 1 1600 cm 1 1380 cm~1 1589 cm~1
0.1-NB; 10~2-MBT 345 375 31 19
10~ on crystals 43 46 39 27
10~° on “sunflowers” 5648 3742 2909 1261
10—® on dendrites 14,448 9329 13,734 2910

Table 3. EF of Raman lines for NB (590 cm™ u 1600 cm™) and MBT (1380 cm™! u 1589 cm™) molecules
obtained using different type of silver nanostructures in SiO, /Si template.

NB MBT
Type of Silver Nanostructures

EF of 590 cm—1 EF of 1600 cm 1 EF of 1380 cm—11 EF of 1589 cm !
Crystals 1.2 x 10* 1.2 x 10* 8.7 x 103 2.1 x 10*
“Sunflowers” 1.6 x 10° 1.0 x 10° 9.4 x 10° 6.6 x 10°
Dendrites 4.4 x 106 1.5 x 10° 4.3 x 100 1.5 x 100

Similar results were obtained using the MBT analyte. However, it is worth noting that
the minimum concentration that could be registered using classical Raman spectroscopy
was 1072 M. In addition, in Figure 6c, there is a feature in which the enhancement of the
intensity of the 1589 cm~! line exceeds the intensity of the main line 1380 cm~!. This
indicates that, in the case of crystallites, the MBT molecule is adsorbed to the area of “hot
spots” mainly by the C=C bond. In Table 2, the intensity values for the main characteristic
lines of this molecule are given. EF values are presented in Table 3. As in the case of
NB, according to the Raman signal amplification efficiency, the silver structures are in the
following order: crystallites, “sunflower-like” structures, and dendrites, respectively.

Spatially separated dendritic Ag nanostructures in the pores of the SiO; /Si ion-track
template are expected to have the highest signal intensity. Our previous work [52] showed
that Ag nanostructures shaped as dendrites have the ability to detect an ultra-low analyte
concentration comparable to those of individual molecules. The high sensitivity of dendritic
structures is associated with the presence of “hot spots” at twinning sites (coalescence
of dendrite branches), and the electric field enhancement factor reaches 12. Random
distribution of “hot spots” on the dendrite leads to the broadening of its scattering spectrum.
Test results of SERS studies using SiO,(Ag)/Si samples containing silver structures with
different morphologies showed that the intensity of the received signal directly depends on
the morphological features of the silver structures. It is important to note that these studies
are only for demonstration purposes, while for each new analyte, a suitable morphology
should be selected in order to avoid the destruction of its molecules. Given a simple method
to obtain these structures with a wide choice of different morphologies by changing only
one parameter (pore diameter of the SiO, /Si template), a simple method for SERS studies
of different types of analytes appears.

4. Conclusions

Thus, in this work, we performed a detailed study of three morphologies of silver
structures obtained using template synthesis: crystallites, dendrites, and “sunflower-like”
structures. X-ray diffraction of the samples including crystallites and dendrites agreed
well with the tabular data, while X-ray diffraction of the sample with “sunflower-like”
silver structures revealed an indefinite peak, which we attribute to the modification of
the silicon substrate that appeared at the stage of irradiation during the creation of tem-
plates. Based on the study of low concentrations (10~® M) of Nile Blue water solution
and 2-mercaptobenzothiazole ethanol solution with the same concentration, the enhance-
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ment factor for the main Raman lines (590 cm~! and 1600 cm ! for Nile Blue; 1380 cm ™!
and 1589 cm ™! for 2-MBT) were determined. It was shown that dendrites, “sunflower”
structures, and crystallites, respectively, have the Raman signal enhancement properties
among the patterns in descending order. It was shown that crystallites amplify the signal
relatively weakly (till 4 orders) due to the insufficient number of hot spots compared to
other structures. It was revealed that the spectra obtained using “sunflower-like” structures
have a noticeable statistical deviation in the Raman signal intensity, which is associated
with the non-systematic distribution of “hot spots” over the structure surface. Nevertheless,
the mean spectrum obtained on these structures makes it possible to achieve amplification
more than six orders. The enhancement factor obtained using dendrites has also six orders,
but higher than what the “sunflower-like” structures have. Thus, we can conclude that
the considered structures could be used to amplify the Raman signal with varying degrees
of efficiency.
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