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ABSTRACT: One of the requirements of an efficient surface-enhanced
Raman spectroscopy (SERS) substrate is a developed surface
morphology with a high density of “hot spots”, nm-scale spacings
between plasmonic nanoparticles. Of particular interest are plasmonic
architectures that could enable self-localization (enrichment) of the
analyte in the hot spots. We report a straightforward method of
fabrication of efficient SERS substrates that comply with these
requirements. The basis of the substrate is a large-area film of tightly
packed SiO2 spheres formed by their quick self-assembling upon drop
casting from the solution. Thermally evaporated thin Ag layer is
converted by quick thermal annealing into nanoparticles (NPs) self-
assembled in the trenches between the silica spheres, i.e., in the places
where the analyte molecules get localized upon deposition from solution
and drying. Therefore, the obtained substrate morphology enables an efficient enrichment of the analyte in the hot spots formed by
the densely arranged plasmonic NPs. The high efficiency of the developed SERS substrates is demonstrated by the detection of
Rhodamine 6G down to 10−13 mol/L with an enhancement factor of ∼108, as well as the detection of low concentrations of various
nonresonant analytes, both small dye molecules and large biomolecules. The developed approach to SERS substrates is very
straightforward for implementation and can be further extended to using gold or other plasmonic NPs.

1. INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) has already
demonstrated its great potential for ultrasensitive chemical
analysis of both organic1−9 and inorganic4,10,11 substances
(analytes) and is paving its road to real-life applica-
tions.1−3,5,12−18 Any kind of nanostructured noble metal that
supports localized surface plasmon resonance (LSPR) and
allows enhancement of the Raman signal of the analyte is
referred to as the “SERS substrate.” Such plasmonic
nanostructures can be formed on dielectric, semiconductor,
and metal substrates. The bright perspectives of applications
have been stimulating ever-growing research on the develop-
ment and improvement of various types of SERS substrates for
their better sensitivity, stability, and lateral uniformity of SERS
intensity.12−14,19−25

One of the requirements of an efficient SERS substrate of
any type is a developed surface (morphology), which not only
increases the effective surface area of the sensor but also
enables places of close contact between plasmonic nano-
particles (NPs), so-called “hot spots”.19,23,26−32 Various
approaches have been proposed to obtain SERS substrates
with the highest possible density of the hot spots and their

uniform distribution over the substrate surface. Although the
best control over the uniformity of the metal nanostructures on
the surface and the magnitude of the interparticle distance can
be achieved with electron beam lithography,33 this method is
not viable for real-life applications because of the relatively
high price. More affordable are methods based on prepattern-
ing4,34−38 or controlled nucleation of the metallic nanostruc-
tures on the surface35 or methods based on self-assem-
bling.6,39,40 In the case of self-assembling, the desired
morphology can be formed by an oxide or other nonexpensive
material and then covered with noble metal.41−45 Alternatively,
the hybrid nanostructures with predefined morphology and
plasmonic properties can be first prepared in the solutions and
then self-assembled on the substrate to form the hot spots
between them.40,45−54 In most approaches, preparation of
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efficient and rigid SERS substrates requires sophisticated and
skilled preparation (in the case of nanosphere lithography, for
instance) or costly equipment and materials (as in the case of
lithographic methods).35,55 Therefore, affordable fabrication of
efficient SERS substrates is still an area of intense
research.7,9,42,55−66 Of particular interest is developing
plasmonic architectures that could enable (self-)localization
of the analyte in the hot spots.67

In this work, we developed efficient SERS substrates based
on silica (SiO2) nanospheres, synthesized by a straightforward
route based on the modified Stöbel method,68 subsequently
covered with a thin Ag layer. Annealing of the structure leads
to the formation of dense arrays of Ag NPs in the trenches
formed by the neighboring silica spheres. Therefore, the
resulting morphology is capable of self-localization of the
analyte, deposited from the solution, in the same places where
hot spots between plasmonic NPs are formed. The advantage
of the proposed approach over the technology based on

polymer nanospheres45 is the possibility to anneal the oxide
nanosphere substrate in order to tune the plasmonic properties
and make the substrate more robust. Previously, silica spheres
were used as a basis of the SERS substrate,48−51,54,69,70 but the
approaches were different from the present work. The Ag-
decorated silica spheres were assembled into film by a tricky
float-and-fishing approach in references;51,69 however, in the
case of complete covering of the spheres with Ag, the portion
of Ag NPs that participate in the formation of the hot spots is
relatively low, in accordance with another similar study.52 The
approach passed on forming colloidal Au-SiO2 composites did
not show remarkable enhancement,50,54,71,72 with the best
detection limit of only 10−7 M. Using microparticles was not
efficient,53,73 assumingly because of the low areal density of the
hot spots, which occur between the spheres.

Figure 1. (a−c) SEM images of the self-assembled layers of SiO2 nanospheres on Si substrate acquired at different magnifications. The scale bar is 5
μm (a), 1 μm (b), and 500 nm (c). Image (d) shows the surface of the layer of SiO2 nanospheres with the Ag layer of a nominal thickness of 15
nm. The inset in (b) shows the size dispersion of thus prepared nanospheres.
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2. MATERIALS AND METHODS
2.1. Materials. All of the chemical reagents used in our

experiments were of analytical grade and used as received
without further purification. A precursor solution was prepared
from tetraethyl orthosilicate (TEOS: Si(OC2H5)4, technical
grade, 97%); ethanol (96%) was adopted as the solvent of the
precursor. Ammonia (NH3, 25%) solution was used to increase
the pH to promote gelation. H2O was distilled and deionized.
The following materials were used as analytes in SERS
experiments: Rhodamine 6G (Sigma-Aldrich), Lysozyme
(Sigma-Aldrich), bovine serum albumin (BSA) (Sigma-
Aldrich), Escherichia coli J5 LPS Monoclonal Antibody
(2D7/1), and Pseudomonas aeruginosa Monoclonal Antibody
(B11) (ThermoFisher Scientific). The analytes were used as
purchased, without additional purification of other treatment,
only diluted with the deionized water to the required
concentration, indicated in the figures.

2.2. Synthesis of SiO2 Nanospheres and Their Self-
Assembling on a Substrate. SiO2 nanospheres with a
narrow size distribution (see Figure 1) were prepared by a
sol−gel approach. In particular, it a based on the Stöber
method68 with certain changes. First, two solutions were
prepared, “A” and “B” (Figure S1). Solution A was a mixture of
TEOS (2 mL) and ethanol (15 mL). Solution B was a mixture
of NH3 (3.6 mL), H2O (15 mL), and ethanol (16 mL).
Solutions A and B were sonicated at 42 kHz separately for 15
min and then mixed and sonicated again for 30 min under
ambient conditions. Self-assembling of the SiO2 nanospheres
into ordered layers was achieved by drop casting the colloidal
solution onto the clean surface of Si or glass substrates, with its
natural drying under ambient conditions. Subsequently,
deposition of the Ag layer with a nominal thickness of 15
nm was performed by thermal evaporation in the vacuum of 2
× 10−3 Pa. After annealing for 10 min in Ar atmosphere at a
certain temperature (200, 300, 400, or 500 °C), the substrates
were cooled down and ready for deposition of the analyte
solution (Figure S2).

2.3. Characterization. The morphology of the bare SiO2
and Ag-covered SiO2 nanosphere films was studied using
scanning electron microscopy (SEM, Tescan Mira 3 MLU).
Optical (UV−vis) reflection spectra were obtained using a

StellarNet Silver Nova 25 BWI6 spectrometer, which contains
tungsten and deuterium lamps as excitation sources. No further
instrumental or numerical correction of the spectra was
performed. Raman spectra were excited with 457 or 532 nm
solid-state lasers and acquired using a single-stage spectrometer
MDR-23 (LOMO) equipped with a cooled CCD detector
(Andor iDus 420, U.K.). The laser power density on the
samples was less than 103 W/cm2 to preclude any thermal or
photoinduced modification of the samples. A spectral
resolution of 4 cm−1 was determined from the Si phonon
peak width of a single crystal Si substrate. The Si phonon peak
position of 520.5 cm−1 was used as a reference for determining
the position of the peaks in the Raman/SERS spectra of the
analyte.

The analyte was deposited on the SERS substrate by drop
casting its solution of a certain concentration indicted for each
spectrum or figure. Most of the measurements were performed
after the solvent (water) was dried, but some SERS
measurements performed from the solution/drop were also
performed, and this is specified on the graphs and the
corresponding spectra are presented by dashed curves. For the
standard analyte (R6G), we estimated the number of
molecules probed in the laser spot after the drop-cast sample
was allowed to dry. The obtained number of molecules was
∼1000 for the lowest studied R6G concentration of 10−13 M.

3. RESULTS AND DISCUSSION
3.1. Morphological and Optical Study. Representative

SEM images of the as-synthesized SiO2 nanospheres self-
assembled into ordered layers are shown in Figure 1. As
described in Section 2, ordered monolayers of SiO2 nano-
spheres synthesized in this work can be formed in the simplest
possible way, which is to drop-cast the as-synthesized colloidal
suspension onto the substrate without any special treatment
and allow it to dry naturally at room temperature.

Along with morphology study, measurement of the spectral
position of LSPR is a useful characterization of a SERS
substrate, which is necessary for choosing the optimum
wavelength of the exciting laser radiation (λexc) in SERS
measurement. Figure 2a shows the optical reflection spectra of
15 nm Ag films on a flat Si substrate (without a layer of SiO2

Figure 2. Optical reflection spectra of the structures with a 15 nm Ag film deposited and annealed at different temperatures: on bare Si substrate
(a), on SiO2 nanospheres on Si substrate (b), and on SiO2 nanospheres on glass substrate (c). Transmission spectra of R6G and CV are shown in
(a) to illustrate which of the SERS spectra discussed in the text are resonant. The size of violet and green dots on (b) and (c) is a qualitative
measure of SERS intensity for a given combination of substrate and λexc (shown by arrows) used for taking SERS spectra. In the text of the
manuscript, we refer to the minima observed in the transmission or reflection spectra as absorption related to LSPR in the Ag nanostructures. The
apparent position of the LSPR bands in the spectra is indicated by arrows.
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spheres) after annealing at different temperatures. The latter
series of samples was prepared and studied as a reference in
order to underline the striking effect of the SiO2 nanosphere
layer onto the optical spectra of the plasmonic overlayer
formed under the same conditions. The transmission spectrum
of the as-deposited Ag/Si film does not contain pronounced
spectral features, and the film annealed at temperatures up to
200 °C contains a broadband with a minimum centered
around 410−415 nm, which is characteristic of LSPR
absorption in silver nanostructures of different fabrication
routes (colloidal NPs, thermal evaporation, and annealing) and
average size.74−77 For the films annealed at 300 °C, this
absorption feature shifts to 385 nm, and only a minor shift to

380 nm occurs at a further increase of the annealing
temperature to 400 and 500 °C.

The spectra of the same thickness (15 nm) of Ag deposited
on SiO2 nanospheres on Si and glass substrates (blue curves in
Figure 2b,c, respectively) contain an absorption band around
420 nm (Figure 2c) or 430 nm (Figure 2b), similar to the Ag
film on flat Si (Figure 2a). The effect of the annealing of the Ag
film on SiO2 spheres on the optical spectra has a principal
difference from the same case of flat Si. In addition to the
absorption feature in the violet range, which peaked at 365 nm
for Ag/SiO2/Si (Figure 2b) and at 370 nm for Ag/SiO2/glass
(Figure 2c), there appears a distinct absorption band in the
blue−green range around 510 nm for Tann = 300 °C and 485
nm for Tann = 400 °C (Figure 2b,c). The only exception from

Figure 3. Representative SEM images of the SERS substrates obtained from the Ag film deposited on SiO2 nanospheres on Si substrate by
annealing for 10 min in Ar atmosphere at 300 °C (a,b). The scale bar is 1 μm in (a) and 200 nm in (b). Histogram in (b) shows the bimodal Ag
NP distribution.

Figure 4. Representative SEM images of SERS substrates in the areas of the Ag film on bare Si substrate (i.e., aside from the self-assembled film of
SiO2 nanospheres): substrate annealed at 300 °C (a) and 500 °C (b). The scale bar is 1 μm. The histogram in (b) shows the Ag NPs size
distribution.
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Figure 5. Schematic of SERS substrates and assumed enhancement geometry due to self-localization of the analyte in the hot spots: (a)
representative SEM image and schematic of the as-fabricated substrate. (b) Schematic of the hot spot region under laser illumination and deposited
drop of the analyte solution. (c) Depictures the same as in (b) but after the solvent is dried.

Figure 6. SERS spectra of R6G 10−7 M on the SERS substrates formed by the deposition of 15 nm Ag film on SiO2 nanospheres on Si substrate (b,
d) and SiO2 nanospheres on the glass substrate (a, c) annealed at different temperatures. The spectra obtained at λexc = 457 nm (a, b) and 532 nm
(c, d) from the drop of the solution on the substrate (dash lines) and from the dried drop (solid lines).
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this trend is the substrate on glass annealed at 500 °C, it
contains a single band around 430 nm, similar to the as-
deposited film (Figure 2b,c). Note that all of the observed
evolution of the optical spectra are related to plasmonic
nanoparticles but not to the silica spheres because the spectra
of the latter do not show noticeable changes in the same range
of annealing temperatures (Figure S3).

Inspection of the SEM images of the annealed samples
revealed the general trend for the plasmonic structures on SiO2
spheres (Figures 3 and S4), a bimodal formation of Ag
nanoparticles (NPs), with a regular distribution of the surface
of the SERS substrate. One type is NPs about 60−80 nm,
situated on top of SiO2 spheres, predominantly one NP per
sphere. The second type is 30−40 nm NPs located in the
trenches between the SiO2 spheres (see the histogram in the
inset of Figure 3b).

One could assume that two absorption bands in the UV−vis
spectra can be related to these two size distributions of NPs.
However, the annealed Ag film on flat Si shows a bimodal
distribution of Ag NPs (Figure 4); however, in the UV−vis
spectra, only one absorption peak is observed (Figure 2a).

Important is that the UV−vis spectra (Figure 2a) and SEM
images (Figure 4) of Ag on bare Si were acquired on the very
same samples as the spectra and images with SiO2 nanospheres
(e.g., see Figure 4a), i.e., the Ag deposition and annealing
conditions were exactly the same. Therefore, we can come to
an important preliminary conclusion that the additional
absorption band in the blue−green range in the spectra of
annealed Ag/SiO2 structures is not due to one of two size
fractions of the Ag NPs but due to NPs that are in contact with
each other, i.e., those that presumably form hot spots. It has
been repeatedly proven in the literature that interaction
between individual plasmonic NPs shifts the LSPR significantly
to longer wavelengths.74−77 Therefore, the violet band
(between 350 and 400 nm) observed in our UV−vis spectra
(Figure 2b,c) is due to individual NPs, and the blue−green one
(between 450 and 550 nm) is due to interacting NPs, i.e., NPs
situated in the trenches formed by neighboring SiO2 spheres.
One can expect that excitation of the Raman spectra within the
absorption band related to NPs forming the hot spots will
result in a high efficiency of the SERS spectra. It should be
noted that an efficient SERS substrate does not necessarily

Figure 7. SERS spectra of different concentrations of R6G on the Ag/SiO2 SERS substrates on Si obtained at different annealing temperatures
(indicated on the graphs): (a) 10−7 M, (b) 10−9 M, (c) 10−10 M, and (d) 10−11 M. The nominal thickness of Ag is 15 nm, and the spectra are
obtained at λexc= 532 nm from the dried analyte. The intensity of the 1360 cm−1 peak is shown in each spectrum.
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exhibit sharp peaks due to plasmonic resonance, but a gradient
(spectral) distribution of multiple localized resonances78 or
coupling/additive effect of localized plasmon and polariton79

can be advantageous for high SERS intensity.
In addition to the hot spot effect, the (resonant) excitation

of the NPs situated in the trenches is expected to result in a
strong SERS signal because this is the same location where the
concentration (enrichment) of the analyte molecules can be
expected. Therefore, the developed technology of the SERS
substrate fabrication ensures simultaneous several key con-
ditions of an efficient SERS (Figure 5): (i) self-organization of
the metal NPs into hot spots; (ii) enrichment/concentration of
the analyte in the hot spots; (iii) shift of the Ag LSPR to the
range where a larger number of laser lines are available and
CCD detectors are more sensitive. In addition, the proposed
morphology is beneficiary for a homogeneous lateral
distribution of the analyte solution and avoids the known
problem of the coffee-ring effect.80

In the following section, we studied in detail the SERS
efficiency of the developed substrates, using different
excitations and analyte concentrations and compared analytes
in solution and dried.

3.2. SERS Characterization. Figure 6 shows the SERS
spectra of 10−7 M solution of R6G, measured on SERS
substrates fabricated on glass and Si and subject to different
annealing temperatures. A general trend that can be noticed is
that the substrates on Si are more efficient, almost every
substrate exhibits enhancement for both solution and dried
analyte, and the average magnitude of the SERS signal is larger
than for substrates on glass. This can be related to a denser
packing of the SiO2 spheres on Si compared to glass. Because
of the poor wetting of the water solution of the Si surface, the
drop with SiO2 spheres does not spread over the surface during
drying, and the nanospheres assemble in more tightly packed
structures. On the glass, an opposite situation takes place
wherein the drop of water solution with SiO2 nanospheres
spreads over the surface.

This may result in less dense packing of the spheres; thus, a
smaller number of hot spots are formed after Ag deposition
and annealing. Noteworthy is that the high(er) SERS intensity

observed in our spectra does not necessarily correlate with the
(high) plasmon absorption in the UV−vis spectra. This is
especially pronounced for the SERS substrates obtained in this
work on the glass; at λexc = 457 nm, the SERS is observed on
initial (not annealed) and 300 °C annealed structures on glass
(Figure 6a), which do not exhibit absorption features close to
this λexc (Figure 2). On the contrary, the latter sample even has
a dip in absorption at 457 nm. The sample on glass that has a
distinct absorption (centered around 490 nm) is the one
annealed at 400 °C, but this substrate is not efficient at 457
nm, only at 532 nm, although both λexc’s are inside the
absorption band. At the same time, at 532 nm, SERS is also
observed for the 200 °C substrate on the glass, which does not
possess distinct absorption in the green range (Figure 2).
Therefore, one can conclude that such a poor correlation
between the SERS intensity and resonance conditions of λexc
with plasmon absorption can indicate that for the type of SERS
substrates under study, the enhancement is determined by the
hot spots. The absence of distinct absorption features in the
UV−vis spectra of the efficient substrates can be related to the
significant distribution of their spectral properties and the
concomitant broadening of the absorption spectra/features.78

Noteworthy is that in many works devoted to SERS, the
optical absorption/reflection spectra are not reported.81

An important observation can be made from a comparison
of the Raman spectra acquired from different concentrations of
R6G on the same set of substrates (Figures 7 and 8). First,
with the decrease in concentration from 10−7 to 10−9 M, the
amplitude of the Raman peaks decreases only by 1 order of
magnitude and the PL background weakens significantly. After
two further steps of concentration decrease, down to 10−11 M,
a decrease in the Raman peak magnitude is still smaller than a
drop in concentration. Also, at 10−12 M, the SERS intensity is
surprisingly higher than at 10−11 M.

From the above observations, we can make an important
conclusion regarding the mechanism of the Raman enhance-
ment in the system and the interplay between the Raman and
PL contributions to the spectra. In the previous works on
SERS of fluorescent molecules (dyes), the ratio of the PL and
Raman peak intensity in the SERS experiments has been

Figure 8. (a) SERS spectra of dried 10−12 M R6G on Ag/SiO2 SERS substrates on Si obtained at different annealing temperatures (indicated on the
graphs). (b) SERS spectra of 10−13 M R6G on Ag/SiO2 SERS substrates on Si obtained at an annealing temperature of 500 °C, measured from the
drop and different points of the dried solution.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08393
ACS Omega 2024, 9, 4819−4830

4825

https://pubs.acs.org/doi/10.1021/acsomega.3c08393?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08393?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08393?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08393?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shown to be proportional (average) to the distance between
the plasmonic nanoparticle and analyte molecule.82,83 There-
fore, in our case, at a relatively high analyte concentration,
presumably ≥10−7 M for our type of substrates, the number of
analyte molecules is much larger than the number of hot spots
(which is constant for the given substrate). As a result, only a
small fraction of the molecules gets located in the hot spots,
where their Raman spectrum is greatly enhanced and PL is
quenched. The rest of the molecules are located away from the
hot spots (either laterally aside or as subsequent layers on top
of the molecule sitting right in the hot spot), their Raman
contribution is not or weakly enhanced and PL is not
quenched. With the decrease of the analyte concentration by 2
orders of magnitude (to 10−9 M), the PL background
decreases drastically, while the magnitude and Raman peak
amplitude change by less than an order of magnitude.

This behavior indicates that the reduction of the
concentration of the deposited analyte molecules led to a
reduction of the number of molecules that are not in the hot
spots, while the number of the molecules in the hot spots is
changing less significantly. This conclusion is an important
argument that the strategy of analyte self-localization in the hot
spots has been successfully implemented in the type of SERS
substrate developed in our work. The latter conclusion is
additionally confirmed by a slow decrease and even the
reversed increase of the Raman intensity at extremely low R6G
concentration of 10−11 to 10−13 M (Figure 9). Apparently, in

this concentration step, the number of analyte molecules
became comparable to (or even smaller than) the number of
hot spots. Therefore, the net intensity in the SERS spectrum is
very sensitive to the particular conditions of the analyte
depositions, drying, and final configuration of the analyte
distribution on the surface. The enhancement factor estimated
from comparison with the intensity regular Raman (non-
SERS) peaks (∼103) of 10−5 M R6G (Figure S5a,b) is ∼108.

Although the detailed study described above was performed
only with one molecule, R6G, different other molecules were
studied on the SERS substrates developed in this work,
particularly the biomolecules such as lysozyme, BSA (bovine
serum albumin), or antibodies (Figure 10), for which λexc =
532 nm is not resonant and regular Raman spectra are not
detectable (Figure S5c,d).

Both the approach to fabrication and the final morphology
of SERS substrates developed in this work have not been

reported in the literature before. The seemingly close
approach, “film-over-nanosphere” (FON), is to cover the
noble metal with a layer of polystyrene (PS) nano-
spheres,28,41,45 which does not allow annealing of such a
structure. Moreover, assembling the PS spheres into layers is a
much more time-consuming process. In the only work,84 that
has employed SiO2 spheres in a similar approach (unfortu-
nately, the synthesis of the SiO2 nanospheres was not
described) has used a much larger nominal thickness of Ag,
up to 200 nm, and no annealing was applied. Consequently, a
completely different morphology of the metal layer was
obtained in ref8484. Notably, in the latter work, the SERS
spectra (λexc = 532 nm) of roughly the same intensity (S/N
ratio) were observed for a very broad range of R6G
concentrations, from 10−6 to 10−10 M. This observation is
similar to our results for the concentration range 10−10 to 10−13

M (Figure 8) and additionally confirms our assumption that
the SERS intensity in this type of SERS substrates is
determined by the hot spots. In ref 85, Ag and Au NPs were
formed on the SiO2 layer using an expensive setup focusing on
metal cluster fabrication and homogeneous deposition on a
substrate. The SiO2 layer formation was also not straightfor-
ward, it employed a vertical deposition method on Piranha
solution-cleaned Si substrates. Interestingly, λexc = 785 nm was
used for both Ag- and Au-based SERS substrates in ref 85.
Unfortunately, in the simulations of the electric field
distribution performed for the plasmonic structures developed
in ref 85, the wavelength was not mentioned. A representative
comparative analysis of the resonant behavior of the SERS
substrates developed in this work with similar structures in the
literature is not possible at the moment because no UV−vis
spectra have usually been shown for FON-type SERS
substrates reported in the literature.84,85 Moreover, for none
of the FON-type SERS substrates reported in the literature, the
metal overlayer was subject to annealing (because PS spheres
do not withstand the high temperatures needed to change the
morphology of gold or silver film). In ref 86, one of a few
works that have used ordered SiO2 spheres as a basis of a SERS
substrate, the UV−vis spectra of the sputtering-deposited Ag
onto SiO2 nanosphere monolayer were not much structured:
no distinct feature for 10 nm Ag and a single broadband at 480
nm for 20 nm Ag and at 511 nm for 30 nm Ag. For the two
known works, where silica spheres were used as a basis of the
SERS substrate,51,69 the achieved sensitivity was much lower
than in the present work, e.g., 10−12 M R6G in ref 69.

4. CONCLUSIONS
We have developed a straightforward fabrication method of
efficient SERS substrates, which includes an original one-step
synthesis of highly monodisperse SiO2 spheres at room
temperature, their quick self-assembling on the deliberate
substrate, thermal evaporation of a few-nanometer (15 nm) Ag
layer. The as-obtained SERS substrate is already quite efficient
at λexc = 457 nm, but its efficiency is greatly improved and
resonance excitation shifted to λexc = 532 nm by a short-time
annealing under an Ar2 atmosphere. The substrates developed
allow Rhodamine 6G concentrations down to 10−13 M to be
easily detected. Good efficiency for nonresonant analytes, in
particular, lysozyme and other biomolecules, is also demon-
strated. Scanning electron microscopy study unveils the reason
for the high efficiency of the developed SERS substrate, the
obtained morphology allows the formation of numerous hot
spots in the places of expected localization (enrichment) of the

Figure 9. Dependence of SERS intensity on concentrations of R6G
on the Ag/SiO2 SERS substrates obtained at different annealing
temperatures (based on the spectra in Figures 7 and 8).
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analyte during solvent drying in the trenches between SiO2
spheres. Moreover, this morphology presumably reduces the
negative effects of thermophoresis that may otherwise push the
analyte away from the hot spots and is only rarely considered
in the context of SERS works. The effect of plasmonic NPs on
the quenching of analyte fluorescence as a factor of apparent
SERS intensity is also discussed.
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Figure 10. (a) SERS spectra of 10−4 M lysozyme solution dried on the SERS substrates formed by the deposition of 15 nm Ag film SiO2
nanospheres on Si and annealing at 300 °C or 400 °C (λexc= 532 nm). The spectrum of bulk lysozyme was measured as a reference (λexc = 457
nm). (b) SERS spectra of 10−4 M BSA and of P. aeruginosa and E. coli antibodies.
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Schlücker, S.; Tian, Z.; Tripathi, A.; Van Duyne, R.; Vikesland, P.
Analytical SERS: General Discussion. Faraday Discuss. 2017, 205,
561−600.
(14) Grys, D. B.; de Nijs, B.; Huang, J.; Scherman, O. A.; Baumberg,

J. J. SERSbot: Revealing the Details of SERS Multianalyte Sensing
Using Full Automation. ACS Sens. 2021, 6 (12), 4507−4514.
(15) Itoh, T.; Procházka, M.; Dong, Z. C.; Ji, W.; Yamamoto, Y. S.;

Zhang, Y.; Ozaki, Y. Toward a New Era of SERS and TERS at the
Nanometer Scale: From Fundamentals to Innovative Applications.
Chem. Rev. 2022, 123, 1552−1634.
(16) Buja, O. M.; Gordan, O. D.; Leopold, N.; Morschhauser, A.;

Nestler, J.; Zahn, D. R. T. Microfluidic Setup for On-Line SERS
Monitoring Using Laser Induced Nanoparticle Spots as SERS Active
Substrate. Beilstein J. Nanotechnol. 2017, 8 (1), 237−243.
(17) Son, W. K.; Choi, Y. S.; Han, Y. W.; Shin, D. W.; Min, K.; Shin,

J.; Lee, M. J.; Son, H.; Jeong, D. H.; Kwak, S. Y. In Vivo Surface-
Enhanced Raman Scattering Nanosensor for the Real-Time
Monitoring of Multiple Stress Signalling Molecules in Plants. Nat.
Nanotechnol. 2023, 18 (2), 205−216.
(18) Zheng, D.; Pisano, F.; Collard, L.; Balena, A.; Pisanello, M.;

Spagnolo, B.; Mach-Batlle, R.; Tantussi, F.; Carbone, L.; De Angelis,
F.; Valiente, M.; de la Prida, L. M.; Ciracì, C.; De Vittorio, M.;
Pisanello, F. Toward Plasmonic Neural Probes: SERS Detection of
Neurotransmitters through Gold-Nanoislands-Decorated Tapered
Optical Fibers with Sub-10 Nm Gaps. Adv. Mater. 2023, 35 (11),
No. 2200902.
(19) Novara, C.; Dalla Marta, S.; Virga, A.; Lamberti, A.; Angelini,

A.; Chiado,̀ A.; Rivolo, P.; Geobaldo, F.; Sergo, V.; Bonifacio, A.;
Giorgis, F. SERS-Active Ag Nanoparticles on Porous Silicon and
PDMS Substrates: A Comparative Study of Uniformity and Raman
Efficiency. J. Phys. Chem. C 2016, 120 (30), 16946−16953.
(20) Dvoynenko, M. M.; Wang, H. H.; Liu, C. Y.; Wang, Y. L.;

Wang, J. K. Retrieving Plasmonic Enhancement Factor with Optical
Thermometry. J. Phys. Chem. C 2020, 124 (50), 27673−27679.
(21) Klestova, Z. S.; Voronina, A. K.; Yushchenko, A. Y.; Vatlitsova,

O. S.; Dorozinsky, G. V.; Ushenin, Y. V.; Maslov, V. P.; Doroshenko,
T. P.; Kravchenko, S. A. Aspects of “Antigen−Antibody” Interaction
of Chicken Infectious Bronchitis Virus Determined by Surface
Plasmon Resonance. Spectrochim. Acta, Part A 2022, 264, No. 120236.
(22) Cialla, D.; Pollok, S.; Steinbrücker, C.; Weber, K.; Popp, J.
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(73) Lupa, D.; Ocẃieja, M.; Piergies, N.; Balis,́ A.; Paluszkiewicz, C.;

Adamczyk, Z. Gold Nanoparticles Deposited on Silica Microparticles -
Electrokinetic Characteristics and Application in SERS. Colloids
Interface Sci. Commun. 2019, 33, No. 100219.
(74) Yeshchenko, O. A.; Bondarchuk, I. S.; Malynych, S. Z.;

Galabura, Y.; Chumanov, G.; Luzinov, I.; Pinchuk, A. O. Laser-Driven
Hybridization of a Surface Plasmon Resonance Collective Mode in a
Monolayer of Silver Nanoparticles. Plasmonics 2017, 12 (5), 1571−
1580.
(75) Dmitruk, I.; Blonskiy, I.; Pavlov, I.; Yeshchenko, O.; Alexeenko,

A.; Dmytruk, A.; Korenyuk, P.; Kadan, V. Surface Plasmon as a Probe
of Local Field Enhancement. Plasmonics 2009, 4 (2), 115−119.
(76) Chegel, V.; Rachkov, O.; Lopatynskyi, A.; Ishihara, S.; Yanchuk,

I.; Nemoto, Y.; Hill, J. P.; Ariga, K. Gold Nanoparticles Aggregation:
Drastic Effect of Cooperative Functionalities in a Single Molecular
Conjugate. J. Phys. Chem. C 2012, 116, 2683−2690.
(77) Cortijo-Campos, S.; Ramírez-Jiménez, R.; Climent-Pascual, E.;

Aguilar-Pujol, M.; Jiménez-Villacorta, F.; Martínez, L.; Jiménez-
Riobóo, R.; Prieto, C.; de Andrés, A. Raman Amplification in the
Ultra-Small Limit of Ag Nanoparticles on SiO2 and Graphene: Size
and Inter-Particle Distance Effects. Mater. Des. 2020, 192,
No. 108702.

(78) Mukherjee, A.; Liu, Q.; Wackenhut, F.; Dai, F.; Fleischer, M.;
Adam, P. M.; Meixner, A. J.; Brecht, M. Gradient SERS Substrates
with Multiple Resonances for Analyte Screening: Fabrication and
SERS Applications. Molecules 2022, 27 (16), 5097.
(79) Wang, L.; Geng, Y.; Zhang, S.; Liang, J.; Xu, S.; Liu, Y.

Propagating and Localized Surface Plasmon Co-Enhanced Raman
Scattering Based on a Waveguide Coupling Surface Plasmon
Resonance Structure. J. Phys. Chem. C 2023, 127 (8), 4188−4194.
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