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1. Introduction

Bigratings of two types, with laterally arranged domes or holes, are formed on relief-forming
chalcogenide layers Asio GesoSeo using the interference photolithography method. Coating such
bigratings with aluminum (80 nm), silver (70 nm), and gold (10 nm) layers makes it possible
to obtain surface-enhanced Raman scattering (SERS) substrates of two types. Changes in the
surface morphology of SERS substrates during the process of their formation are studied using
the atomic force microscopy. It is shown that the periods of SERS substrates of both types are
about 1200 nm, and the holes’ depth and the domes’ height are about 350 nm. The subsequent
deposition of metal layers on the formed reliefs had little effect on the holes’ diameters and
the domes’ dimensions. The measurements of the spectral-angular dependences of the polarized
light reflection from the formed SERS substrates in a wavelength interval of 0.4-1.1 pm and
at incidence angles of 10-70° demonstrated the excitation of both local plasmon resonances
(in the structures with domes) and plasmon-polariton surface waves (in the structures of both
types) in those substrates. It is shown that the formed structures with laterally ordered domes
and holes are effective SERS substrates. It is found that the structures with domes used to
excite the Raman spectra of the laser radiation with wavelengths of 457, 532, and 671 nm are
an order of magnitude more effective when enhancing the Raman signal from the standard
R6G analyte. It occurs, because, when the exciting laser radiation is mormally incident on
the structures with domes, localized plasmons are effectively excited in spectral intervals with
mazima at 488 and 676 nm, whereas such features were not observed in the absorption spectra
of the structures with holes.
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Citation: Indutnyi I.Z., Yukhymchuk V.O., Mynko V.I.,
Mamykin S.V., Mazur N.V., Isaieva O.F., Dzhagan V.M.,

Surface-Enhanced Raman Scattering (SERS) spec-
troscopy is an effective analytical method that
has been intensively developed during the last two
decades [1-6] and finds more and more applications
for the diagnosis of substances in chemistry [7], in
medicine [8], biology [9], ecology and criminology
[10], art [11], and other domains. The giant ampli-
fication of the Raman signal (up to 10** times [12])
can be achieved using two mechanisms: 1) excita-
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tion of surface plasmon resonances in metal (usually
gold or silver) nanostructures formed (e.g., deposited)
on the surface of SERS substrates [13]; and 2) the
mechanism of chemical amplification [14], where elec-
trons tunnel from metal nanostructures into analyte
molecules, thereby changing the electronic structure
of the molecule-metal nanoparticle system and, ac-
cordingly, the polarization of molecules.

To realize effective amplification of the Raman sig-
nal from analytes, both local surface plasmon res-
onances (LSPRs) [13], which are excited in metal
nanoparticles or rough metal film irregularities, and
surface plasmon polaritons (SPPs) [15] are used. The
latter are excited at the surface of metal films using
prisms in the Kretschmann and Otto configuration
[16] or periodic one-dimensional or binary structures
(gratings) with a metal film deposited on their sur-
face. It is worth noting that the Kretschmann and
Otto techniques [16] are used more often, because
the application of prisms makes the implementation
of resonance excitation conditions easier and, finally,
cheaper as compared with gratings. On the other
hand, by varying the grating parameters, namely, its
period a and the relief modulation depth h/a, where
h is the ridge height, it is possible to choose the condi-
tions under which the LSPR and the SPP resonance
will be realized simultaneously or to achieve the re-
quired surface plasmon excitation angle.

Another important point concerning providing con-
ditions for effective amplification of various analytes
is the creation of a large number of the so-called “hot
spots” on SERS substrates. The research of SERS
mechanisms [17] showed that, in many cases, the main
contribution to the amplification of the Raman signal
from analytes is given just by hot spots. Thus, it can
be asserted that the efficiency of SERS spectroscopy
depends mainly on the morphology of the partially
or completely metalized SERS substrate surface onto
which the analyzed substances are deposited. Mo-
reover, for the application of SERS to be effective,
it is necessary to develop substrates that would be
characterized by chemical stability, a high amplifica-
tion factor, lateral homogeneity, and relative ease of
manufacture.

Nowadays, many various types of SERS substrates
are known. The most widespread of them are based
on laterally ordered [18] or disordered [19,20] arrays of
silver or gold nanoparticles deposited onto dielectric
wafers. However, their fabrication, as a rule, requires
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a high-tech equipment and is rather expensive. SERS
substrates in the form of plates with a surface relief
can be cheaper; they can be replicated by stamping
and afterward covered with a metal layer. The sim-
plest technology for the manufacture of such plates
with a required surface relief is interference lithog-
raphy. In our previous studies, it was shown that
this technology with the application of high-resolving
chalcogenide photoresist is promising for the forma-
tion of one- and two-dimensional submicronic peri-
odic structures on the surface of semiconductors and
insulators [21]. Wafers with the surface relief of two
types can be used as SERS substrates: in the form
of laterally ordered arrays of either cavities (holes) or
bumps (domes); see Fig. 1. Depending on the mor-
phologic parameters of such structures (the spatial
period and the modulation depth), LSPRs and/or
SPPs can be excited in them.

In this work, a comparative study is performed
concerning the SERS parameters of the substrates of
those two types, as well as their efficiency of Raman
signal amplification on the standard R6G analyte.

2. Experimental Part

Laterally ordered relief structures for SERS sub-
strates were formed by means of the interference pho-
tolithography method and applying a two-layer chal-
cogenide photoresist [22]. An adhesive Cr layer 30 nm
in thickness, a relief-forming layer of AsioGesoSgo
700 nm in thickness, and a photosensitive layer of
As40S305€e30 100 nm in thickness were successively de-
posited onto polished glass plates using the thermal
evaporation in a vacuum of 2x 1073 Pa. The thickness
of the layers was monitored with the help of a quartz
thickness gauge KIT-1 during the film deposition, and
with the help of an MII-4 microinterferometer after
the deposition.

The interference structures on the AssgSsgSeso film
were registered using the interference patterns ob-
tained from the radiation of a helium-cadmium laser
(A = 441.6 nm). When registering two-dimensional
matrices of holes or domes, a double scanning of speci-
mens was carried out. Before the second scanning, the
specimen was rotated by 90° around the normal to its
surface. After the scanning process, the selective lig-
uid etching of the Asy0S30Se3p layer was carried out
in order to form a lithographic mask with holes (their
size depended on the etching time) that reached the
surface of the As;gGespSgo layer. At this stage, the se-
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Fig. 1. Schematic images of formed reliefs on SERS substrates of two types: with holes
(a) and with domes (b). Designations: Chal is a relief-forming Asi9GesoSeo layer 700 nm
in thickness, Al is an aluminum layer 80 nm in thickness, Ag is a silver layer 70 nm in
thickness, and Au is a gold layer 10 nm in thickness

lective etchant of photoresist As;0S39Sesq was used,
which did not dissolve the relief-forming As;oGesoSgo
layer.

The next stage included the relief formation by
etching through the holes in the lithographic mask,
but in a solvent for As;gGesgSgo that did not dis-
solve the photoresist. The shape of the elements in
the obtained periodic structures (holes or domes)
was mainly determined by the etching time at this
stage of the technological process. Etching of the
photoresist and the relief-forming layer was moni-
tored in situ by registering the non-photoactive long-
wave radiation diffracted from the relief structure.
After removing the remnants of the As40S30Sesq
photoresist, washing and drying the specimens,
formed periodic AsjoGesgSgo-based structures were
obtained.

The obtained periodic structures were covered with
an Al layer 80 nm in thickness, which was then cov-
ered with an opaque 70-nm Ag layer and a 10-nm Au
layer (the indicated metal layers were deposited us-
ing the method of thermal deposition in vacuum); see
Fig. 1. The aluminum layer was deposited in order to
prevent the diffusion of silver into the relief-forming
chalcogenide layer and its subsequent interaction with
the latter. Deposition of the thin gold layer prevented
the oxidation of silver during the measurements. The
manufacturing technique of such structures was de-
scribed in more details in our work [23].

To determine the profile shape and the size of the
relief elements in the obtained periodic structure,
a Dimension 3000 Scanning Probe atomic force mi-
croscope (Digital Instruments Inc., Tonawanda, NY,
USA) was used. The spatial frequency of periodic re-
lief structures was determined with an accuracy of
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+1 line/mm on an optical stand based on a G5M go-
niometer.

The optical properties of manufactured structures
were studied by measuring the spectral-angular de-
pendences of the polarized light reflection in a wave-
length interval of 0.4-1.1 ym and for incidence angles
within an interval of 10-70°. The automated instal-
lation for performing such measurements consisted
of an illuminator, a mechanical light modulator, a
monochromator with a Glahn prism at its output,
and a rotary stage for specimens. The intensity of
the light specularly reflected from a specimen was
measured by means of a silicon photodetector, whose
output signal, after the amplification and demodu-
lation, was fed to the input of an analog-to-digital
converter. Such spectrometric measurements made at
several angles of light incidence allow the dispersion
dependences of excited optical modes to be plotted
and their nature to be identified.

The specular reflection spectra of the specimens at
the normal light incidence were studied on a Stel-
larNet Silver Nova 25 BWI6 spectrometer. Raman
spectra were excited by the radiation emitted from
solid-state lasers with wavelengths of 457, 532, and
671 nm and registered on a single-stage spectrome-
ter MDR-23 (LOMO) equipped with a cooled CCD
detector (Andor iDus 420, UK). In order to prevent
heat-induced modifications of the specimens during
their research, the power density of laser radiation
at the specimens was lower than 10> W /cm?. The
spectral resolution of the spectrometer was deter-
mined using the width of the phonon band from a
monocrystalline silicon substrate, and it amounted
to 3 cm™!. The frequency position of the phonon
band from Si (521.0 cm™!) was applied as a ref-
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Fig. 2. AFM images of researched SERS substrates: specimen
with holes (top view) (a), specimen with holes (side view) (b),
specimen with domes (top view) (c¢), and specimen with domes
(side view) (d)

erence while determining the frequency positions of
other Raman bands.

3. Results and Their Discussion

Figure 2 demonstrates an AFM image of two SERS
substrates with the surface relief in the form of
laterally ordered arrays of holes (panels a and b)
and domes (panels ¢ and d). Both SERS substrates
have the same spatial arrangement period of ele-
ments in mutually perpendicular directions, which
is equal to 1200 & 1 nm (the spatial frequency v =
833 mm~!). The difference is that the etching time
of the relief-forming As;oGespSgo layer for the speci-
men whose surface morphology is shown in Figs. 2, a
and 2, b was 8 min, and that for the specimen with
domes (Figs. 2, ¢ and 2, d) was 15 min, which led
to the formation of reliefs with different shapes. For
the illustrated SERS substrates (Figs. 2, a and 2, b),
the relief depth A =~ 350 nm, and the ratio between
the relief depth and the structure period d (the relief
modulation depth) equals h/a ~ 0.33.

As was shown by AFM studies, the deposition of
metal layers [aluminum (80 nm), silver (70 nm), and
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Fig. 3. Reliefs of formed structures before (curves 1) and after
(curves 2) the the sputtering deposition of metal layers: with
holes (a) and with domes (b)

gold (10 nm)| decreased the width of the holes by
10-15%, with the relief depth remaining almost un-
changed (Fig. 3, a). As for the domes, their height
increased by 10-15%, whereas the lateral dimensions
increased by only 5% (Fig. 3, b).

As mentioned above, the Al film 80 nm in thick-
ness prevented the silver atoms from penetrating
into the chalcogenide layer and reacting with it. The
next layer (70-nm, silver) covering the aluminum one
played a major role in the excitation of plasmon res-
onances — in particular, LSPRs — in the holes and the
domes’ tops, as well as SPPs at the surface of the pe-
riodically profiled silver film. The top layer (10-nm,
gold) played a dual role. On the one hand, it was a
protective layer that did not allow silver to be oxi-
dized; on the other hand, it slightly shifted the plas-
mon absorption band toward the long-wavelength re-
gion. It is important to note that both LSPR and
SPP excitation are possible in such metalized peri-
odic structures.

With regard for the sufficient total thickness of the
metal layers on the surface of examined structures
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Fig. 4. Spectral-angular dependences of the light reflection by a periodic binary structure of

holes (a) and domes (b) with a period of 1200 nm, with superimposed dispersion dependences

of surface plasmon-polariton modes at the air/silver interface calculated for m = +1, —2,

+2, and —3

(~160 nm), plasmon resonances can be excited only
at the metal layer-air interface, if the specimen is
illuminated from the metal side. The condition for
the SPP excitation is the conservation of the quasi-
momentum with making allowance for the compo-
nents of the wave vectors of incident radiation (ko =
= 27/, where A is the incident radiation wavelength)
and plasmon-polaritons (kspp) that are parallel to
the surface of the periodic structure, as well as the
reciprocal structure vector (G = 2w/a, where a is
the spatial period of the structure). The researched
structures (see Fig. 2) were matrices symmetric with
respect to the rotation by 90° and consisting of mu-
tually perpendicular rows of holes (or domes). If the
incidence plane of p-polarized excitation radiation is
oriented perpendicularly (in parallel) to those sub-
strate rows, the SPP excitation condition can be writ-
ten in the scalar form as follows [24]:

Re kspp = nko sinf + mG, (1)

where Re kspp is the real part of kspp, 0 is the light
incidence angle, m is an integer number (m # 0) de-
noting the SPP diffraction order, and n is the refrac-
tive index of the environment.

For an approximate estimate of the SPP wave vec-
tor value, the expression obtained for the flat interface
between semiinfinite media is often used [24]. In this
approximation, formula (1) makes it possible to de-
termine the incidence angle at which the SPPs are ex-
cited at a given incident radiation wavelength, i.e., to
plot the @(\) dispersion dependences for SPPs excited
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at the metal/air interface. In the calculations, the op-
tical constants of silver were taken from work [25].

The excitation of SPPs in relief periodic structures
(gratings or bigratings) with a small relief modulation
depth (h/a <0.2) manifests itself as a minimum in the
angular or spectral dependence of specular reflection
[26]. For structures with larger h/a-values (as for our
both examined specimens), this minimum “degrades”,
and the plasmon resonance can manifest itself in the
form of a sharp variation of the reflection value or its
maximum.

Figure 4 demonstrates the measurement results ob-
tained for the spectral-angular dependences of the
specular reflection R, of p-polarized radiation from
the studied SERS substrates in the form of matri-
ces of holes (panel a) and domes (panel b). The plane
of radiation incidence at those measurements was ori-
ented perpendicularly (in parallel) to the rows formed
in the SERS substrates. From Fig. 4, a, one can see
that the SPP excitation of orders +1, —2, and +2
was observed for the specimen with holes. Some de-
viations of the calculated curves from the experimen-
tal results are associated with the application of the
“shallow relief” approximation in the calculations and
with the neglect of the influence of the thin Au layer
(10 nm) that covered the Ag one (70 nm).

The matrix of domes (Fig. 4, b) demonstrated only
the SPP excitation of the order +1 in the restricted
spectral-angular interval (0.6 um < A < 1 pm,
10° < # < 37°). In addition, in the same angu-
lar interval, one can observe an intensive reflection
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Fig. 5. Absorption spectra of bigratings with domes and holes,
and the absorption spectrum of the analyte (rhodamine 6G).
The arrows mark the wavelengths of laser radiation used to
excite the Raman spectra
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Fig. 6. Raman spectra of the standard R6G analyte with var-
ious concentrations deposited onto the SERS substrates with
domes and holes. Excitation was performed by laser radiation
with various wavelengths: 457 (1 and 2), 671 (8 and 4), and
532 nm (5 and 6)

band in the spectral interval 0.57 pm < A < 0.7 pm,
whose spectral position practically did not change
when the incidence angle was varied. This feature
is typical of the LSPR excitation in metalized pe-
riodic structures [27]. Hence, it can be asserted that
the studied specimens showed the excitation of both
local plasmon resonances (in the matrix of domes)
and plasmon-polariton surface waves (in both spec-
imens). It is known [26] that the dependence of the
SPP excitation efficiency on the quantity h/a has a
maximum, i.e., there is an optimal h/a-value at which
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the energy transfer from the incident electromagnetic
wave to the surface plasmon-polariton mode is max-
imum. For silver, this value equals 0.042 28], which
is significantly lower than the modulation depth of
the studied specimens. Therefore, the efficiency of the
SPP excitation in the researched periodic structures
was low.

As mentioned above, the spectral-angular depen-
dences of R, which are shown in Fig. 4, were obtained
within the interval of light incidence angles from 10°
to 70°. But, the Raman spectra of those SERS sub-
strates were studied at the normal incidence of exci-
tation radiation. Therefore, the reflection spectra of
the researched specimens were measured at § = 0° as
well. In Fig. 5, the absorption spectra of bigratings
with domes and holes, as well as the absorption spec-
trum of rhodamine 6G, are shown. The arrows point
the spectral regions to which the exciting laser radia-
tion belongs. Namely, the laser radiation with wave-
lengths of 457 and 532 nm had frequencies within
the band of the localized plasmon resonance at the
SERS substrate with domes, and the frequency of ra-
diation with A = 671 nm belongs to another, less in-
tensive absorption band. Therefore, we expected that
if the Raman spectra from the R6G analyte are ex-
cited by means of radiation with the indicated wave-
lengths, the Raman signals would be amplified. At
the same time, the SERS substrate with holes was
characterized by an absorption spectrum without lo-
cal maxima.

Figure 6 demonstrates the Raman spectra regis-
tered at minimum concentrations of the standard
R6G analyte deposited onto the SERS substrates
with domes and holes, and excited by means of laser
radiation with various wavelengths. As the research
showed, the minimum concentration of the R6G ana-
lyte (10~7 M) was registered on the SERS substrate
with domes if the spectrum was excited by means of
radiation with A = 532 nm. At the same time, under
the same conditions, no Raman spectrum at all was
registered from the SERS substrate with holes at an
R6G concentration of 1075 M (Fig. 6, curve 6). On
the one hand, this is a result of the absence of a
local plasmon absorption band (Fig. 5) that would
stimulate a considerable plasmon amplification of the
Raman signal for these gratings; on the other hand,
this is a manifestation of intensive photoluminescence
(PL) of rhodamine 6G. Photoluminescence from R6G
also manifested itself on the SERS substrate with
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domes. However, a more substantial amplification of
Raman modes in this case allowed us to register Ra-
man bands against the background of intensive PL
(Fig. 6, curve 5).

When Raman spectra were excited by means of
the radiation with A\ = 457 nm, signals from R6G
with concentrations of 107 M and 107> M were reg-
istered on the SERS substrates with domes and holes,
respectively. This means that, for a reliable registra-
tion of Raman spectra on SERS substrates with holes,
the R6G analyte with a concentration by an order of
magnitude higher must be deposited. In this case, the
Raman spectrum can be distinguished well against
the intensive PL background, although not all Raman
bands clearly manifest themselves (Fig. 6, curve 1).

At the same time, it should be noted that, in the
case of the SERS substrate with domes, if the spectra
were excited by radiation with A = 457 nm, the R6G
analyte was registered, only if it was deposited with a
concentration of 107%M, i.e., an order of magnitude
higher as compared to the case where the spectra were
excited by radiation with A = 532 nm. This fact is
well understood, because at A = 532 nm, besides the
plasmon amplification, there is also the amplification
owing to the classical resonance Raman scattering.

When the Raman spectra from the R6G analyte
were excited using radiation with A = 671 nm, the
signal amplification for both domes and holes was
weaker in comparison with those described above. In
this case, reliably registered were signals from R6G on
the SERS substrates with domes and holes with con-
centrations of 107°> M and 10~% M, respectively. The
amplification reduction of the signal from R6G by
an order of magnitude when using radiation with
A = 671 nm can have two origins. First, under non-
resonance conditions, if the power densities of the ex-
citing laser radiation are identical, the intensity of the
Raman signal is proportional to the fourth power of
the laser radiation frequency, whence it follows that
the shorter the wavelength, the higher the intensity of
the Raman bands. Second, as one can see from Fig. 5,
in the case of domes, the intensity of the plasmon ab-
sorption band at 671 nm is substantially lower than
the intensities of the corresponding bands ar 457 and
532 nm, so the plasmon amplification of Raman sig-
nals will be substantially lower.

It is also worth noting that the morphology of the
formed SERS substrates of both types does not fa-
vor the formation of hot spots. The latter can consid-
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erably enhance the amplification factor for Raman
signals from analytes. To some extent, the tops of
the domes can mimic them, but their surface density
is very low. Therefore, in the future, it is necessary
to develop substrates with the nanostructured upper
metal layer.

4. Conclusions

In this work, the possibility of the formation of SERS
substrates with laterally ordered domes or holes using
the interference photolithography method has been
demonstrated. The surface morphology of the SERS
substrates was determined with the help of the AFM
method. In particular, it is shown that the grating
periods in both cases are equal to 1200 nm, and the
depth of the holes and the height of the domes are
equal to about 350 nm. The subsequent deposition of
aluminum (80 nm), silver (70 nm), and gold (10 nm)
layers practically did not change the depth of the
holes and the height of the domes, but it led to a
reduction in the holes’ diameters by 10-15% and a
slight (~5%) increase in the domes’ sizes.

By studying the optical properties of the manufac-
tured structures via measuring the spectral-angular
dependences of the polarized light reflection in a
wavelength interval of 0.4-1.1 pym and an incidence
angle interval of 10-70°, it is shown that the excita-
tion of both local plasmon resonances (the structures
with domes) and plasmon-polariton surface waves (in
the structures of both types) can be observed on the
formed SERS substrates.

It is demonstrated that the formed structures
with laterally ordered domes and holes are effec-
tive SERS substrates, and the structures with domes
enhance the Raman signal from the standard ana-
lyte R6G more efficiently (by an order of magnitude
higher). This discrepancy follows from the fact that
if the exciting laser radiation is normally incident on
the SERS substrate, the surface of which is an en-
semble of domes, localized plasmons are effectively
excited in spectral intervals with maxima at 488 and
676 nm, whereas such features do not manifest them-
selves in the absorption spectrum of the SERS sub-
strate with holes.
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BIIJINB ®OPMUI
JIATEPAJIBHO-BITOPAJKOBAHNX
HAHOCTPYKTYP HA E@EKTUBHICTD
ITIOBEPXHEBO-IIIICUJIEHOI'O
PAMAHIBCBKOI'O PO3CIFOBAHH{I

Metonom inTepdepentiitnol dorosiTorpadii Ha perbedoyTBO-
proounx xXaJibKoreHigHux mapax AsigoGeszpSeo cdhopmoBaHO
IBa TUIH GIrPATOK 3 JIATEPAJIbHO-BIOPIIKOBAHUMU KyIOJIaMU
Ta JyHKaMu. IIoKpuTTs Takux 6irpaTok mapamu aaoMidio (80
HM), cpibna (70 EM) Ta 307m0Ta (10 HM) mO3BONIMIO OTpUMa-
Tu asa tunu SERS migknagunok. MeTomoMm aTOMHOI CHJIOBOI
MIKPOCKOITIT OCiIzKeHo 3MiHu Mopdostoril mosepxonb SERS
migKJIaJuHOK B 1poreci Tx ¢dopmysanus. [lokaszano, mo nepio-
nu o6ox Tuni SERS miakaaguHok craHoBasTh ~1200 HM, ru-
6uHU JIyHOK 1 BucoTu KymousiB mopismiooTs ~350 mm. Hacty-

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 1

IMHEe OcCa/»KeHHsI Ha copMOBaHi pejbedu mapiB MeTasiB He-
3HAYHO BIUIMBAE Ha JliaMeTpHU JIyHOK Ta po3Mipu KymouiB. Bu-
MipIOBaHHS CIEKTPAJIbHO-KYyTOBUX 3aJIE2KHOCTEN BiIOUTTS 110-
JIIPU30BaHOTO CcBiTs1a Bix cdopmoBanux SERS miakiaanHok B
mianazoni qoBxkuH XBuJib 0,4—1,1 MM Ta KyTiB najinas 10-70°
[IPOJIEMOHCTPYBAJIO, 110 HA X IIiIKIaJMHKAX CIIOCTEPIraeThCs
30y/PKEHHS $IK JIOKAJbHUX IJIA3MOHHHMX PE30HAHCIB (Ha CTPY-
KTypax 3 KyIOJIaMH), TaK | INIA3MOH-IOJISPUTOHHUX TOBEPX-
HEBHUX XBWJIb (Ha 060X THIIAX CTPYKTYp). IIpomemMoHcTpOBaHO,
o chopMoOBaHi CTPYKTYPH 3 JIATEPAJILHO-BIOPSIKOBAHUME
KynosjaMu Ta JyHKamu € edpekruBHumu SERS minkiainHka-
Mu. BceraHOBIEHO, IO CTPYKTYpH 3 KyIOJaMH Ha IOPSIOK
e eKTUBHIIIIE MiICUIIOI0Th PAMAHIBCbKUN CUTHAJI BiJ cTaH ap-
THOro aHamity R6G npu BuKOpucTaHi JUisi 30y/>KEHHSI paMa-
HIBCBKUX CIIEKTPiB JIa3€pHOI'O BUIIPOMIHIOBAHHS 3 JIOBXKHMHAMU
xBuJIb 457, 532 ta 671 am. Leit pakT 3yMOBII€HM TUM, 1110 IPH
HOPMAaJIbHOMY Na/iHHI 30yI2KyIO9I0oro JIa3epHOr0 BHIIPOMIHIO-
BaHHS Ha CTPYKTypax 3 KylojamMu e(DeKTUBHO 30YIKYIOTbCs
JIOKaJII30BaHi IUIA3MOHM B CIEKTPAJIBHUX OOJIACTAX 3 MaKCH-
mymamu 488 Ta 676 HM, a Aj18 CTPYKTYpP 3 JIyHKaMH, 3TiJTHO 3
IXHIMH CIIEKTpaMHM MTOIJIMHAHHS, TaKi 0CODBJIMBOCTI HE CIIOCTEPI-
rafoThCs.

Kawuwoei caosa: SERS, pamaHiBCbKa CIHEKTPOCKOIst, Gi-
I'PATKH, JIOKAJII30BaHUI IIJIA3MOHHUU DPE30HAHC, ITIOBEPXHEBUI
[UIa3MOHHUI pe30HaHC, aToMHA cuyoBa Mikpockonis (ACM),
inrepdepenriiina ¢goromiTorpadis.
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