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A quick one-step fabrication of efficient SERS substrates by a modified approach based on a silver-mirror
reaction (using Tollens’ reagent) is reported. Commercially available microscope slides or cover glass (coverslips)
were used as-received, without special surface treatment. In contrast to the commonly used two-step process, the
composition of the Tollens reagent was modified to use a single-step process. The obtained rather homogeneous
films of densely packed nanoislands are promising for application as substrates for Surface-Enhanced Raman
Scattering (SERS), as demonstrated by several different kinds of molecules as analytes. In particular, the achieved
level of detection of a standard dye analyte, down to 10-* M of Rhodamine 6G, is in the range of best values
reported in the literature. Low concentrations of some biomolecules are also detected, such as lysozyme (10 M),
adenine (10 M), and salicylic acid (10-° M). For some analytes, stronger SERS was observed in the drop, and for
others after the solvent was dried. The possible reasons for this effect are described. By applying thermal annealing
in the inert gas atmosphere, the Ag film morphology can be partially converted into a coral-like 3D structure that
may be advantageous for the localization of the analyte in the “hot spots” and allow additional spectral tunability

of the plasmon resonance.
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Introduction

Surface-enhanced Raman spectroscopy (SERS) is a
very promising method of ultrasensitive chemical analysis
of both organic [1-7] and inorganic [3,8,9] substances
(analytes), approaching the level of real-life application
[1,2,4,10-14]. The noble metal nanostructures that can
support localized surface plasmon resonance (LSPR) and
enable enhancement of the Raman scattering from the
analyte molecule are referred to as “SERS substrate”. An
efficient SERS-substrate should not only have a large
effective surface area but contain numerous “hot spots” —
places of close contact between plasmonic nanoparticles
(NP) [15—17]. Various approaches have been proposed to
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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 [9], this method is not
viable for real-life applications because of the relatively
high price. More affordable are methods based on pre-
patterning [3,18,19] or controlled nucleation of the
metallic nanostructures on the surface [19] or methods
based on self-assembling [5,20]. In the case of self-
assembling, the desired morphology can be formed by an
oxide or other non-expensive material and then covered
with noble metal [21-24]. Alternatively, the hybrid
nanostructures with predefined morphology and
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plasmonic properties can be first prepared in the solutions
and then self-assembled on the substrate to form the hot
spots between them [20,25,26]. In most approaches, the
preparation of 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)
[19,27]. Therefore, affordable fabrication of efficient
SERS substrates is still an area of intense research
[6,7,22,27-33].

The method of silver mirror reaction has been known
for a long time as a simple and efficient method of
obtaining smooth silver coating on flat surfaces. In recent
years it has been often employed for various surfaces and
3D structures with Ag NPs for SERS application [34-41].
In Ref. [35] AgNO; - ascorbic acid solution was applied to
flexible glass fiber filter paper. In Ref. [34], the optical
properties and morphology of the nanostructured silver
films were studied systematically as a function of the
silver mirror reaction parameters, but no SERS study was
reported for the obtained SERS substrates. In Ref. [36],
leaflike fractal silver microstructures and perpendicularly
aligned silver nanosheets were produced on commercially
available copper foil and sandpaper-rubbed copper foil,
respectively. Amino-modified polystyrene microspheres
were used as a substrate for nanostructured Ag layer
deposition in Ref. [41], resulting in a rather sensitive
platform for the detection of various biomolecules and
bacteria. Three-dimensional SERS substrates were
obtained in Ref. [40] by deposition of Ag by silver mirror
reaction on the surface of vertically aligned ZnO/TiO,
nanotubes which provided the property of self-cleaning
from the analyte. Filter paper is a substrate often used to
fabricate cheap and flexible SERS substrates by wet
chemistry routes, particularly using Tollens’ reaction [39].

In the present work, we propose a simple way of
obtaining the SERS substrates on silicon oxide surfaces.
The one-step synthesis based on the modified silver mirror
reaction deposits a layer of Ag nanoislands without any
special cleaning or other treatment of the oxide surface.
Good enhancement properties of the as-obtained SERS
substrates are demonstrated for several different types of
analytes. The substrates can be optionally subject to
moderate thermal annealing to tune their morphology and
spectral properties of the plasmon resonance.

I. Experimental

1.1. Materials.

All the chemical reagents used in our experiments
were of analytical grade and used as received without
further purification. H,O was distilled and deionized.
AgNO;, NH4OH, and glucose were purchased from
Sigma-Aldrich and used as received.

1.2. Preparation of Tollens’ reagent.

Preparation of Tollens’ reagent Fresh Tollens’ reagent
was prepared as described by Fieser and Williamson [42]
with some modifications.

1g AgNO:s is dissolved in 100 mL of DI water. In order
to prepare Tollens' reagent, NaOH solution is added to a
solution of silver nitrate dropwise until a light brown
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precipitate is obtained. To this, concentrated ammonia
solution is added dropwise until the brown precipitate of
Ag,O dissolves completely. The amount of ammonia
should be sufficient enough to dissolve the precipitate
completely until a clear solution is obtained. The complex
obtained at the end is (Ag(NH3)2)* in which silver is in the
oxidation state +1, i.e. Ag" acts as the main component of
the Tollens' reagent. In this work, instead of following a
two-step process, a single-step process is taken in order to
obtain the freshly prepared reagent. For this, firstly, a
small amount of aqueous ammonia is directly added to a
solution of silver nitrate taken in a flask, and then in order
to dissolve the precipitate formed, a sufficient amount of
ammonia solution is poured dropwise in order to obtain a
clear solution.

1.3. Synthesis of substrates.

To 5 % glucose solution, freshly prepared Tollens'
reagent (1 ml) is added and the solution is warmed in a hot
water bath. By changing the duration of the reaction
between glucose and Tollens’ reagent, the size and loading
density of Ag nanoparticles can be adjusted, which allows
tuning of the spectral parameters of the surface plasmon
resonance. A series of SERS substrates (#1- #5) was
obtained by immersing glass substrates into the prepared
solution for a certain time:

#1 — 1 mL of Tollens reagent mixed with 2 mL of
glucose solution, cover glass is covered with solution and
left on a water bath for 2-3 minutes until evaporation of
the solvent.

#2 — 1 mL of Tollens reagent mixed with 2 mL of
glucose solution, microscope slide is covered with
solution and left on water bath for 2-3 minutes until
evaporation of the solvent.

#3 — 5 mL of Tollens reagent mixed with 5 mL of
glucose solution, cover glass with the SiO, spheres (0-50
pum) is covered with solution and left in a water bath for 2-
3 minutes until evaporation of the solvent.

#4 — 2 mL of Tollens reagent mixed with 2 mL of
glucose solution, the cover glass is covered with solution
and left in a water bath for 2-3 minutes until evaporation
of the solvent.

#5 — 100 pL of Tollens reagent mixed with 100 pL of
glucose solution, cover glass is covered with solution,
sample is left for drying in a Petri dish.

1.4. Characterization.

The morphology of the films was studied using
scanning electron microscopy (SEM, Tescan Mira 3
MLU). Optical absorption spectra were obtained using a
StellarNet Silver Nova 25 BWI6 spectrometer. Raman
spectra were excited with 457 nm 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, UK). The laser power density on the
samples was less than 10° W/cm?, to preclude any thermal
or photo-induced modification of the samples. A spectral
resolution of 4 cm™ was determined from the Si phonon
peak width of a single crystal Si substrate. The Si phonon
peak position of 520.5 cm™ was used as a reference for
determining the position of the peaks in the Raman/SERS
spectra of the analyte.
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Fig.1. Representative SEM images of the Ag films (sample #4) deposited on the surface of microscopic slides ()
and after annealing for 10 min at 400 °C in the inert atmosphere (b). The insets show the images of the
corresponding samples with higher magnification (the scale bar is 500 nm).

I1. Results and discussion

2.1. Morphology study.

Figure 1a shows representative SEM images of the Ag
films deposited on the surface of microscopic slides, using
sample #4 as an example, a similar morphology was
obtained for the rest of the samples. Annealing of the films
in the inert atmosphere at 200 or 400 °C results in the
rounding up of the nanostructures (Fig. 1,b). Although the
size dispersion is rather large, from tens to hundreds of
nanometers, the homogeneity of their distribution over the
large areas (hundreds of um or even some mm) of the
substrate is very high. Despite the large size dispersion,
the efficiency of SERS provided by this sort of Ag
nanostructures is comparable to that of much more
uniform nanostructures of a more sophisticated design
[1,36,43]. In earlier SERS studies based on colloidal Ag
NPs [22,33], we have already made a similar observation
that the very polydisperse Ag NPs synthesized from bio-
extract demonstrated SERS efficiency comparable to that
of rather monodisperse Ag NPs synthesized by common
chemical routes.

By using our modified silver mirror reaction for
deposition on Silicon wafers a similar morphology of the
nanostructured Ag films was obtained (images are not
shown). This similarity in the growth mode on the SiO»
and silicon surface can be due to the fact that the silicon
wafers are known to be covered by a few nanometers of
native oxide. However, annealing of such films at the
same conditions as the films on glass results in very
different morphology (Fig. 2). Along with the expected
rounding up of the individual nanoparticles and their
partial merging (Fig. 2,b), they tend to form a 3D structure
with a high degree of porosity (Fig. 2,a). Such a porous
noble metal film is supposed to be advantageous not only
for SERS-based sensing applications, focused in this work
but also for sensors or catalysis and was tried to be
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produced by different methods [31].

An important advantage of the silver mirror reaction
method is that it allows easy deposition of a homogeneous
layer of silver nanostructures on the surface with high
curvature which are not accessible for deposition by other
facile methods, such as thermal evaporation of metal, for
instance [3,18,21]. Figure 3 shows SEM images of SiO,
spheres (on Si substrate) covered with nanostructured Ag
film using the silver mirror reaction method. One can see
that the morphology of the obtained silver film is very
similar to that obtained on the flat glass substrate (Fig.
1,a). In the image with large magnification (Fig. 3,b) one
can see that the nanostructured silver film contains
numerous gaps between the edges of the particles, which
is an advantageous morphology for the formation of
plasmonic  “hot spots” in which the prevailing
enhancement of the Raman is supposed to occur [44,45].

2.2. Raman/SERS study.

Figure 4 shows Raman spectra of rhodamine 6G of
different concentration, 10° M (a) and 108 M (b), on
SERS-substrates fabricated by silver mirror reaction. The
general trend that is observed for this type of substrates is
the higher SERS intensity from the solution (drop) than
from the dried analyte. This trend qualitatively correlates
with the results we observed earlier on Ag SERS
substrates produced from colloidal NPs [33] or on ZnO
nanoflowers coated with Ag by thermal evaporation [22].
In the latter works this difference was suggested to be due
to different adsorption geometry of the analyte molecule
in the solution and in the dry state. This assumption is
confirmed by a slightly different relative intensity of the
Raman peaks, both in the latter works and in the present
study. A comparable SERS intensity is observed for
different flat glass substrates, while on average an order of
magnitude larger intensity is produced by the substrates
covered with SiO, spheres (Fig. 4,a). The additional
enhancement in the latter structures can be due to the self-
localization of the analyte molecules in the gaps between
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the spheres (Fig. 3,a), which are more efficient places for
the occurrence of the hot spots, as compared to the surface
away from the gaps.

Besides the expected lower intensity of the Raman
peaks for lower analyte concentration, a difference that
can be noticed between the spectra of concentration,
10° M (Fig.4,a) and 108 M (Fig.4,b), are the strong
Raman features centered around 1450 and 1550 cm? in
Fig.4,b. These peaks are known to be related with the
Raman scattering of the silver oxide [46] and can originate
from a thin oxide layer that is formed on the surface of the
silver nanostructures. The Raman scattering from this thin
oxide is significantly enhanced via the same mechanism
as the scattering from the analyte molecules situated on
this surface. Although the reports on the SERS of

SEM HV: 10.0 kV WD: 1.99 mm
View field: 40.0 ym
SEM MAG: 4.74 kx

£

Det: InBeam 10 pm

(b)

'MIRA3 TESCAN

inorganic materials are extremely rare compared to the
number of SERS papers on organic molecules (about 10-
20 papers vs tens of thousands, respectively), SERS of
ZnO [8], TiO, [47], CdSe [3], MoS; [9] have bheen
reported.

Stronger intensity of the silver oxide peaks in Fig.4,b
than in Fig.4,a can be due to the fact that the three orders
of magnitude higher concentration of the analyte in (a)
may lead to a stronger absorption of the exciting laser light
in the analyte layer, with correspondingly weak exciting
intensity reaching the oxide layer. Moreover, these oxide
peaks are partially “hidden” in (a) due to the strong
intensity of the R6G modes, although related with them
background is around the same order of magnitude, ~10%,
as the bands in Fig.4,b.
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Fig. 2. Representative SEM images of the Ag films deposited on the surface of a Si wafer and subject to annealing
at 200 °C in the inert atmosphere. The two images are acquired with different magnifications: about 5000 in (a) and
about 40 000 in (b).
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Fig. 3. Representative SEM images of the Ag films deposited on the surface of SiO; spheres. The two images are
acquired with different magnifications: about 4 000x in (a) and 190 000x in (b).
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It should be noted that the Aexc = 457 nm used in this
work was chosen because it is in the range of excitation of
the LSPR of Ag nanostructures [22,33], as confirmed by
observing a characteristic absorption band in the reflection
and transmission optical spectra of the SERS substrates
developed in this work (Fig. 5,a).

For R6G, which was used as a standard SERS analyte
in our study, this excitation in not resonant, because the
strongest absorption peak of this molecule is centered near
530 nm. Therefore, the detection limit of 10® M obtained
under non-resonant excitation of the analyte proves good
enhancing efficiency of the SERS substrates developed in
the present work. At the e = 532 nm that is resonant
with the analyte absorption, a much lower concentration
could be detected — down to 10%* M of R6G (Fig. 5,b),
although this Aexc is aside from the plasmon absorption
band (Fig. 5,a). The latter observation may be an
indication that at ultrasmall analyte concentrations the
prevailing SERS intensity stems from the hot spots, where
the local plasmon resonance may be strongly shifted into
the green range due to coupling between the neighboring
plasmonic particles forming the hot spots. The effect of a
strong red shift of LSPR due to interparticle coupling has
been systematically observed at aggregation of the
colloidal plasmonic NPs in the solution [48].

drop on #1
- —— dried on #1 ;
drop on #2 §
—— dried on #2
~ — - drop on #3
——— dried on #3
- — - drop on Si

—— dried on Si
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Raman shift, cm™

750

Besides the detection of the low concentrations of the
fluorescent dye that are common reference samples
enabling comparison of the efficiency of SERS substrates
developed in different works, we have employed the
nanostructured silver films obtained in this work for the
detection of several sorts of biomolecules. Figure 6 shows
spectra of adenine in different concentrations. For
comparison are shown the spectra of adenine sulfate
powder, its aqueous 1M solution, and the molecular
precipitate formed by drying of the latter solution on a Si
substrate. One can see that without enhancement the
Raman spectra of this important biomolecule are hardly
detectable — only a weak peak can be registered from the
bulk powder and no signal isdetectable from 1M solution
(Fig. 6,b). On the contrary, the adenine solution deposited
on the SERS substrate developed in this work results in a
much stronger intensity of the characteristic Raman band,
even at a concentration as low as 10* M (Fig. 6). However,
we should note the non-monotonous and anomalous
change of the Raman peaks intensity, as well as the shift
of the peak position with the variation of the adenine
concentration. In particular, the peak intensity increases
when the concentration is decreased from 102 M to
10 M, but drops to zero at further dilution to 10° M. The
position of the peak shifts from 732 cm™ for 102 M to
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Fig. 4. Raman spectra of rhodamine 6G of different concentrations, 10° M (a) and 10 M (b), on SERS substrates
fabricated by silver mirror reaction. The inset in (a) shows a structural formula of R6G molecule.
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Fig. 5. (2) Representative optical reflection and transmission spectra of SERS substrates. The absorption feature
related with LSPR in silver nanostructures is marked by solid arrows, the Aexc’s used for the excitation of SERS
spectra are shown by dashed arrows. (b) Representative SERS spectra of different concentrations of R6G (drop) at
Aexc = 532 nm that is resonant with R6G absorption.
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729 cm? for 10* M, while it is centered at 722 cm™ in the
bulk powder. Both the absolute value of these peaks
frequencies in the bulk form and its higher value in the
SERS correlate with the literature [49]. The peak shift and
anomalous non-monotonous behavior of the peak
intensity in the SERS spectra can be related to a different
orientation of these sorts of molecules at different
concentrations, and perhaps different interaction with the
substrate [49]. It should be noted that the discussed
adenine peak is one of the key Raman fingerprints used in
SERS detection DNA and other large biomolecules [2,7],
where it can be subject to intramolecular interaction.
Therefore, understanding the behaviour of this peak in the
SERS spectra of pure adenine molecules is of crucial
importance.

Another biomolecule used in this study was lysozyme,
which is an important biomolecule to be detected [50] but
has been relatively seldom studied by SERS [51-53].
From the spectra presented in Fig. 7a one can notice that
the SERS spectrum of this molecule differs significantly
from the Raman spectrum measured at the same Aexc from

| i adenine sulfate
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L Ngxe = 457nm
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5L
4x10 NP N dried on Si
£ LD
=] N N
g 3x10° H
© L drop 1M
= __’,,---"""'" """" on Si
G 2107 I
i | ==
Y= 3
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L 104 M
__’A_’J_A_’__,\_/\,VW\ 108 M
i e ——— [
bare: SERS swmr.

1000 1250 1500 1750 2000

Raman shift, cm™

500 750

the bulk powder sample, with only a few bands found at
the same position, as indicated by vertical dotted lines in
Fig. 7a. In general, the different appearance of the SERS
and Raman spectra is a common phenomenon. This can be
just a minor difference in the relative peak intensity, but a
completely different set of peak frequencies can manifest
itself if the modes not very efficient or even forbidden in
normal Raman process start to dominate in SERS. The
reason for that can be preferential enhancement of certain
bond vibrations due to their close position in the area with
higher magnitude of the electric field of LSPR, or
weakening of the selection rules for Raman scattering due
to electronic interaction of the molecule with plasmon or
band electrons of the metal. Particularly for lysozyme, a
pronounced discrepancy between the Raman and SERS
spectra has been noticed by other authors as well [54,55].

Even more pronounced difference between the Raman
and SERS spectra was observed for salicylic acid
(Fig. 7,b). Although we were able to record very intense

SERS bands (signal-tonoise ratio ~10%) from a
concentration as low as 10° M, the spectrum differs
722 adenine sulfate
+ powder
5 1 M solution
2x10 dried on Si
T drop 1 M on Si-
=S S
3
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Fig. 6. Raman spectra of adenine of different concentrations on SERS substrates fabricated by silver mirror
reaction. The adenine bulk spectra as well as the spectrum of the base SERS substrate are shown for comparison.
The spectra in (a) show the full range of molecular vibrations, while the narrow spectral range of the strongest
vibrational band of adenine (at 720-730 cm™) is shown in (b). The inset in (a) shows the structural formula of
adenine molecule.
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Fig. 7. (a) Raman spectra of 10* M lysozyme on SERS substrates fabricated by silver mirror reaction. The
lysozyme bulk spectra as well as the spectrum of the base SERS substrate are shown for comparison. The inset
shows the lysozyme structure [56]. (b) Raman spectra of 10-°> M salicylic acid on SERS substrates fabricated by

silver mirror reaction. The inset in (b) shows the structural formula of salicylic acid.
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significantly from the spectrum of concentrated (1072
salicylic acid on Si substrate. Only several bands (marked
by dotted lines in Fig. 7,b) can be identified, whose
positions coincide in the Raman and SERS spectra. The
Raman spectrum in the present work coincides with the
spectra reported by others [57]. In the latter work, the
SERS spectrum of the 10° M solution in chloroform,
mixed with colloidal Ag NPs solution, differs a lot from
the Raman spectrum of the solid salicylic acid, but also is
very different from the SERS spectrum in our work. We
may assume that the Raman spectrum of this molecule is
extremely sensitive to the adsorption geometry on each
particular type of SERS substrate. Besides, the molecule
itself may undergo some structural or electronic
transformations as a result of interaction with plasmonic
nanostructures [43], or as a result of pH change [58].
Experimental confirmations of the combined action of the
latter two factors have been demonstrated for a similar
molecule, para-hydroxybenzoic acid, in Ref. [59].
Therefore, understanding the reasons of the
transformations of the SERS spectra of salicylic acid
requires further investigations.

Conclusions

We have investigated the possibility of fabricating
efficient SERS substrates based on the modification of the
wet chemistry protocol known as a silver-mirror reaction
or using Tollens’ reagent. As a part of simplifying the
fabrication process, commercially available microscope
slides or cover glass (coverslips) were used as-received,
without special surface treatment. In contrast to the
commonly used two-step process, the composition of the
Tollens reagent was modified to use a single-step process,
which resulted in homogeneous films of densely packed
nanoislands being obtained. The same morphology was
obtained also on the very curved surface formed by

commercially available glass spheres (beads) deposited on
the glass slide. The efficiency of the produced SERS-
substrates is demonstrated for several different kinds of
molecules used as analytes. In particular, the achieved
level of detection of a standard dye analyte, down to
10 M of Rhodamine 6G, is in the range of best values
reported in the literature. Low concentrations of some
biomolecules are also detected, such as lysozyme (10 M),
adenine (10 M), and salicylic acid (10° M). For some
analytes, stronger SERS was observed in the drop, for
others after the solvent was dried. As possible reasons for
this effect, we suggest different adsorption geometry and
probably also different contributions of the chemical
enhancement in the solution and in the dry form. By
applying thermal annealing in the inert gas atmosphere,
the Ag film morphology can be partially converted into a
coral-like 3D structure that may be advantageous for the
localization of the analyte in the hot spots and allow
additional spectral tunability of the plasmon resonance.
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[NoBimoMisieThCs PO MIBHAKE OJHOETANlHE BUTOTOBNIEHHs edektuBHUX SERS-minkmamox 3a momoMororo
MOAM(DIKOBAHOTO MiAXOAy Ha OCHOBI peakilii CpiOHOTO n3epkaia (3 BHKOPHUCTAHHAM peakTHBY TosieHca).
KomepuiliHO JOCTYIHI MiKpOCKOIIIYHI IPEAMETHI CKeNbLs a00 MOKPHUBHI CKEbIIsI BAKOPUCTOBYBAJIU B TOTOBOMY
craHi 0e3 crenianbHOi 00poOku moBepxHi. Ha BimMiHy BiJ 3a3BHuaii BAKOPUCTOBYBAHOTO JBOCTAITHOTO MPOIIECY,
ckian peaktuBy TomneHca OyB moaugikoBaHWH Ui pearizamii ogHoeTamHoro mporecy. OTpuMaHi TOMOTEHHI
IUTIBKM IUIPHO YNAaKOBAHMX HAHOOCTPIBIIB € MEPCHEKTHBHUMHM JUIS 3aCTOCYBaHHS B SKOCTI MiAKJIAaJOK IUIS
noBepxHeBo-mocuiieHol PamaniBebkoi criekrpockorii (SERS), 110 npoieMoHCTpOBaHO Ha KiNBKOX Pi3HUX THHAx
MOJIEKYII SIK AHAITIB. 30KpeMa, JOCATHYTHI piBeHb BUSBIECHHS CTAHAAPTHOrO aHAiTa-0apBHHUKA, ax 10 104 M
pomaminy 6G, 3HAXOIMTHCS B JAialla3oHi HaWKpamMX 3HAa4YeHb, IIPO SKi MOBIIOMILIETHCS B JiTeparypi. Takox
II0Ka3aHe JETEKTYBaHHS HU3bKHMX KOHLEHTpALii AesAKuX OioMONeKyld, Takux sk Jizouum (10* M), anenin
(10* M), caninunosa kuciaora (10° M). Jlng gesxkux anamitis cuibHimmiA SERS cnocTepiraBes B Kparui, s
HIMX TICIs BUCYIIYBaHHS pO3YMHHMKA. OTMCaHO MOJXKIIUBI IPHYMHU TaKoro eexTy. 3acTOCOBYIOUH TePMIUYHUN
Biamai B atMocepi iHepTHOTO Ta3y, MOp(OIOTiio IUTIBKH AZ MOKHA YaCTKOBO IIEPETBOPUTH Ha KOPAJIOMOAIOHY
3D-cTpyKTypy, IO MOXKe OYTH BHUTITHUM IS JIOKANi3allil aHaIITy B TapsdnuX TOUYKax i 3a0€3MEeUUTH JOAATKOBY
CIIEKTPaJIbHY HACTPOIOBAHICTh INIA3MOHHOTO PE30HAHCY.

Kurouosi cioBa: migxmaaka SERS; LSPR; peakuist Tonnenca; PamaHiBcbKe po3CitOBaHHS.
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