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Abstract. The paper describes the synthesis technology and the results of studying optical properties of metal-
carbon systems: films of linear-chain carbon doped with silver with optical spectrophotometry and spectral ellip-
sometry. The results of modeling and generalization of the obtained data with the help of artificial neural net-

works are presented.
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BBEJEHUE

CHUHTe3 a/JIOTPOIIHOKN GOPMBI yI/Ieposa B COCTOA-
HUU sp! BmepBble 6bl1 ocymecTBaeH B HH30C
AH CCCP B 1959 romy MeTomOM OKHCIHTENb-
HOMN AeTruJpONOJHUKOHJeHCAUH alleTUIeHA
[1, 2]. ITo maHHBIM 3JIeKTPOHHOHN MUKPOAUD-
pakuuu [2] 6p11u o6HApYysKeHE ABe MogUHUKa-
OUK KapbuHa, Ha3BaHHBIe a- U b-KapbuHOM.
[TapaMeTphl TeKCarOHA/JIbHOM STUeH KU OB OIpe-
IeeHbl COOTBETCTBEHHO: a,= 5,08 A, c,= 7,80 A,
a,= 4,76 A, c,= 2,58 A. ABTOpHI IIPeIIONOKHUIIH,
YTO a-KapbUH - 3TO MOMUMNHOBAS GopMa yIiaepos-
HoM Lernouku (-C=C-C=C-),, a b-kapbuH - KymyIe-
HoBas popMma (=C=C=C=),. IIpomosskeHHe HCCIe-
NOBAaHUI KapOHHOB Kak IPUPOAHBIX, TaK U MOy~
YeHHBIX CUHTeTHYECKH, CyIeCTBeHHO pacIliu-
PHJIO CHEeKTp BO3MOXKHBIX MOAMPHUKALHUHU Kap-
6uHa, B YaCTHOCTH, OblJa co34aHA YCTOMYUBAL
HaHOIJIeHKa Kapb6uHa, obnagarmmas yHUKAIb-
HBIMH QHU3MYECKHUMH CBOMCTBaMHU. JTa IIJIeHKaA
MoJy4H/Ia Ha3BaHHUe ~ IIJIeHKA JIMHeHHOo-Ileloded-
Horo yriepoga (JILY) - sp-rubpuagu3rpoBaHHOrO
yriepofa. BaskHBIM HallpaBleHHEeM AalbHeHIINX
paboT cTasio co3maHMe TeXHOMOT Ui BHeIPeHU S aTO-
MOB MeTaJl/I0B B I1eHKy JILIY [3-6]. HcciemoBaHue
CTPYKTYPHBIX M ONTHYeCKHX CBOKMCTB HAHOMaTepH-
aJjIoB, MOJIyYeHHBIX [IPU BHeAPEHUH ATOMOB MeTaJl-
J10B B IJIeHKY JILLY, ©MeIOT BaskHOe QyHAaMeHTa/lb
HOe W IIPUKJ/IAJHOe 3HaUYeHHe, [I0CKOIbKY II0yYeH-
Hble TUOPUIHBIe HAHOCUCTEMbI MOTYT IIpeACcTaB-
NSITh UHTepec B 06/1acTH MeAHMLUHH [3, 4], KaTa-
nH3a, pa3paboTKU HOBBIX HAHOCEHCOPOB, U3eIH U
HAHO3JeKTPOHUKH [5-7]. ONTHYeCKHe CBOKMCTBA
HaHOTOJIMMHHBIX IIJIEHOK METAaJ/IJIOB U UX HAaHO-
YaCTHIL IIPOSBILIOTCSA B IIOSABA€HUH I1JIa3MOHHOTO
sddexTa. s cepebpa 3TOT 3 deKT XapaKTepeH
B BUAHMMOM [Halla3oHe JOJWH BoJIH. [Ipu teruposa-
HUU YITePOSHON MaTPHUIBI CepebpoM UK OTXKHUTe
cepebpSHBIX IJIEHOK B pe3ynbTaTe JUPPY3MOHHBIX
IIPOLIeCCOB U CHJI IIOBEPXHOCTHOI'O HATSAKeHU S IIPU
Harpese MPOUCXOAUT U3MEHeHKe pa3MepoB HaHO-
YacTHUL, U KJIacTepoB. Kpome Toro, npu GopMUpo-
BaHHU IVIEHOK U KJIaCTepoB cepebpa pa3THUHBIMHU

INTRODUCTION

Synthesis of the allotropic form of carbon in sp!
state was firstly performed in INEOS RAS USSR in
1959 by oxidative dehydropolycondensation of acet-
ylene [1, 2]. According to electron microdiffraction
data [2] two modifications of carbin, named a- and
b-carbin, were found. The hexagonal cell param-
eters were determined as a,= 5.08 &, c,=7.80 &,
a,= 4.76 A, c,= 2.58 A, respectively. The authors
assumed that a-carbin is the polyyne form of the
carbon chain ( -C=C-C=C- ),, and b-carbin is the
cumulene form ( =C=C=C=),. Continued research
of both natural and synthetically produced car-
bins has significantly expanded the range of pos-
sible modifications of carbin, in particular, a sta-
ble carbin nanofilm with unique physical proper-
ties has been obtained. This film has been named
linear-chain carbon (LCC) film, or sp! hybridised
carbon. An important area of further work was the
development of technologies for introduction of
metal atoms into the LCC film [3-6]. The study of
structural and optical properties of nanomaterials
obtained by the introduction of metal atoms into
the LCC film is of great fundamental and applied
importance, since the obtained hybrid nanosys-
tems may be of interest in medicine [3, 4], catal-
ysis and development of new nanosensors, nano-
electronics products [5-7]. Optical properties of
nano-thick films of metals and their nanoparti-
cles manifest themselves in appearance of a plas-
mon effect. For silver, this effect is characteris-
tic in the visible wavelength range. When the car-
bon matrix is doped with silver or silver films are
annealed as a result of diffusion processes and sur-
face tension forces upon heating, the dimensions
of nanoparticles and clusters change. In addition,
during formation of silver films and clusters by dif-
ferent methods their size depends significantly on
the synthesis parameters. For example, in thermo-
resistive sputtering the film growth takes place
according to the cluster mechanism: the first stage
is the formation of clusters and silver nanoparti-
cles on the substrate, which are the nucleation
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MeTOZaMHU UX pa3Mepsl CyIleCTBEHHBIM 06pa3oM
3aBUCAT OT IIapaMeTpoB cHHTe3a. Tak, IpU Tep-
MOPEe3UCTUBHOM HAIIBIIEHUU POCT IJIEHKHU IIPO-
XOOUT IO KJIACTEPHOMY MeXaHH3MY: Ha IepPBOM
3Tame 06pa3yloTCs KJIacTepbl U HAaHOYACTHIBI
cepebpa Ha MOJJIOKKe, SBISIOIIHECS I[eHTPaMHU
3aponblmeobpa3oBaHUS IIIeHKH. [IpH 3TOM cama
IJIeHKa He CIJIOIIHAS M IIPO3payvHasi, IIOCKOIbKY
COCTOMT U3 OTHe/bHBIX HAHOYACTHULL, a "TONIKUHA"
IJIEHKU OIlpefiesisieTcs pa3MepaMHM KIacTepos,
nubo pacCYUTHIBAETCS SKBUBAJIEHTHO, 10 H3MeHe-
HHIO MACCHl IJIEHKH. [IpU OTCYTCTBUU IIepPeKPHI-
THSI MeXY OTAeTbHBIMH HAHOYACTHUIIAMH €ee 3JIeK-
TpUYeCcKoe CONPOTHUBIIeHHE BeJTUKO. C pOCTOM TOJI-
IIMHBI KJIACcTephl cepebpa yBeJIUYHBAIOTCS B pas-
Mepax, NPOUCXOAUT UX IepPeKPBITHe, U IIJIeHKA
cepebpa CTAaHOBUTCS CIUIONIHOM, YTO IIPOSIBIISIETCS
B IIOSIBJIEHUU 3JIeKTPUYECKOHM IIPOBOJAUMOCTH.
MeHseTcsl MeXaHH3M 06pa30BaHUS MJ1Aa3MOHOB (0T
YACTHI] K IIJIEHKE), YTO IIPOSIB/ISIETCSI U B OIITUYe-
CKHX CBOMCTBAX.

METOAbl UCCIEAOBAHUA

IKCIIepUMEHT 10 BHeJIpeHUIO cepebpa B IJIEHKY
NTHHeHNHO-Ilelloye4yHOro yriepoga (JILY) cTpouncs
crnenymomuM obpa3soM. B BAKYyyMHON yCTaHOBKe
YBP-3M npu 0CTaTOYHOM JaBJIeHUH 0Koso 1072 I1a
Ha CTeKJ/ISHHBbIe IIOJJIOKKHU TePMHUYECKHUM HKCIla~
peHHeM B BakyyMe HAaHOCH/IU IIIEHKY cepebpa
MEeTO[0M TEePMOPEe3UCTHBHOTO MCIIAPeHU S TOILIH-
Hamu 10+100 HM. Ha yacTp 06pas1ioB [oBepx cepe-
6pa Ha MOJePHU3UPOBAHHOM BaKyyMHOMN HOHHO-
I1a3MeHHOM ycTaHOBKe "YPM.3.279.070 Anmas”
CHHTe3HUPpOBaIH IJIeHKY JIIY, 110 MeTogHKe H3J10-
>KeHHOH B [3]. TOMIIKMHBI H3MepPsAIHCh METOAOM
aTOMHO-CHJIOBOM MHUKPOCKOIIMH, IIyTeM H3Mepe-
HHS CTYIIeHbKM Ha IPaHUIe CTeK/IO0/IIJIeHKa cepe-
6pa. TonmuHa JILY onpenensiaach 0 KOJTHUYECTBY
HMIIYJIbCOB yIJIePOAHOM IIJIa3MBbl U COCTaBJsJIa
npuMepHo 100 HM. IToJlydeHHBIH ABYXCIOMHBIHN
obpasel] moMeIany B I1e4b U OTSKUTANIH IIPU TEM-
neparype 450 °C B cpene Bo3ayxa. OTKUT IIPOBO-
OUJICS OIS CTUMYJIMPOBAHMS BHeAPeHUS aTOMOB
cepebpa B JILLY.

CrieXTphl KOO PUIIMEHTA IIPONYCKAHUS IJIEHOK
YHUCTOro cepebpa M MeTajIOyIIePOJHBIX IIIeHOY-
HBIX MaTepuasioB cepebpo-JILlY, monydaeMeIX 10 U
I10CJIe OT>KMTa, UCC/Ie0BAIMCh Ha CIIeKTpodoTOMeE-
Tpe Lambda-25.

CneKTphl AHU3IeKTPUUYECKON IIPOHUIIAeMOCTH
IIJIEHOK YHCTOro cepebpa (IeCTBUTEIBHON U MHH-
MOM 4YacTel) MCCAe[0BaJNCh Ha CIeKTPaJlbHOM
37aIUAIcoMeTpe "Inmnumc-1891".

Hanuuyue MIM OTCYTCTBHE 3JIEKTPOIIPOBOL-
HOCTH IIJIEHOK IIOATBEPKIa/JoCh HA HHUPPOBOM

oM e 33—
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centres of the film. The film itself is not contin-
uous and transparent, as it is composed of indi-
vidual nanoparticles, and the "thickness" of the
film is determined by the cluster size or, calcu-
lated equivalently, by a change in the film mass.
If there is no overlap of the individual nanoparti-
cles, its electrical resistance is high. As the thick-
ness increases, the silver clusters increase in size,
their overlap occurs and silver film becomes solid,
which manifests itself in the appearance of electri-
cal conductivity. The mechanism of plasmons for-
mation changes (from particles to film), which is
manifested in optical properties as well.

RESEARCH METHODS

The experiment on silver embedding into the film
of linear-chain carbon (LCC) was constructed as
follows. In UVR-3M vacuum apparatus at a resid-
ual pressure of about 1072 Pa a 10+100 nm thick
silver film was deposited on glass substrates by
thermo-resistive evaporation in vacuum. On the
part of samples, a LCC film was synthesized on top
of silver in the upgraded vacuum ion-plasma unit
"URM.3.279.070 Almaz" using the method described
in [3]. Thicknesses were measured by atomic force
microscopy, by measuring a step at the glass/sil-
ver film interface. Thickness of the LCC was deter-
mined by the number of pulses of carbon plasma
and equaled approximately 100 nm. The result-
ing bilayer sample was placed in a furnace and
annealed in air at 450 °C. Annealing was carried out
to stimulate the introduction of silver atoms into
the LCC.

The transmission coefficient spectra of pure sil-
ver films and silver-LCC metal films obtained before
and after annealing were studied with a Lambda-25
spectrophotometer.

The dielectric permittivity spectra of pure silver
films (real and imaginary parts) were examined on
an Ellips-1891 spectral ellipsometer.

Presence or absence of electrical conductivity of
the films was confirmed on a Keythley 2400 series
digital programmable multimeter.

RESULTS

For silver films sprayed on a glass substrate (or
quartz glass), at different thicknesses of the
sprayed silver layer, the optical transmission spec-
tra are as shown in Fig.1.

For continuous (completely covering the sub-
strate, low surface roughness), thin (up to 200 nm
thickness), transparent, electrically conductive sil-
ver films, without annealing, the maximum trans-
mittance is observed at a wavelength of 322 nm
(Fig.1, red spectrum).
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Fig.1. Transmission spectra of silver films: green spectrum - islet, thickness up to 70 nm, transparent, non-conductive film after annealing,
red spectrum - continuous, thickness up to 200 nm, transparent, electrically conductive film without annealing

nporpaMMupyeMoM MyabTuMeTpe Keythley
cepuu 2400.

PE3Y/IbTATDI

[ns miieHOK cepebpa, HallbIJIEHHBIX Ha CTEKJISH-
HYIO0 [IOJJIOKKY (MM KBaplieBoe CTeK/0), IPU pas-
JTUYHBIX TOJANMHAX HAaIbIJIEHHOIO C/I0s cepebpa
OIITHYeCKHe CIIeKTPHI IIPONYCKAHUSA UMEIOT BUJ,
MOKa3aHHBIM Ha puc.l.

J1s1 CIITOIHBIX (IIOJTHOCTBIO IIOKPhIBAOLHe IO
JIOXKKY, II€POXOBATOCTb [IOBEPXHOCTU Hebombmas),
TOHKUX (ToNImMUHA 10 200 HM), IIPO3PAYHBIX 3JI€K-
TPONPOBOASIIUX IIJIEHOK cepebpa, 6e3 oTkuUra,
MaKCUMyM K03pPHIIMeHTa NPonyckaHus Habnlo-
laeTcs Ha AJHHe BOJIHBI 322 HM (pUC.1 - KPacHBIH
CIIeKTP).

[l OCTPOBKOBBLIX (He MOTHOCTBIO MOKPBIBAIO-
I Me MO/ JIOKKY, 6o/bIIasi HIepOoX0BaTOCTh IOBEPX-
HOCTH C obpa3oBaHHeM OTHEJbHBIX KjacTe-
poB cepebpa Ha MOBEePXHOCTHU MOJJIOXKKH), TOH-
KHUX (TONIKHA 40 70 HM), IPO3PayHBIX He 3JIeK-
TPONPOBOASIIUX IIJIEHOK cepebpa, ¢ OTKHUIOM
B CpeJle BO3AyXa, KpoMme Oojee BEICOKOTO 3Haue-
HHS MaKCHMMyMa KO3QPHIIMeHTa MPOIYyCKaHUS
Ha JJIMHe BOJHBI 322 HM, HabnlomaeTcs MHUpoKas
1osioca 3KCTUHKIIMHU C LIeHTPOM B o61acTu 468 HM
(puc.1- 3eneHbIN crIeKkTp). IToce OTXKUTA, B Pe3yib-
TaTe npoueccoB AUPPY3UU U BO3OEUCTBUS CHUI
IIOBePXHOCTHOTO HATSKeHU S, IIPOUCXOLUT IIepe-
CTpOeHHe IIJIeHKH, CIJIONIHOCTh HapyllaeTcs,
IIJIeHKa CTAHOBMTCS OCTPOBKOBOM, IIOSABJISETCS
[IOBEPXHOCTHOe IIJIAa3MOHHOe IIoriomeHue [13].
I1py 3TOM LIeHTP I0JIOCHI IIOIJIOLeH M OIlpeJeisgeT
pasMep HaHOYACTHIL cepebpa [9].

Jnsg Tou >Xe, 4TO W Ha pHC.l, OCTPOBKO-
BON IIJIeHKHU cepebpa (3emeHBIN CHEKTP),
Ha pHUC.2 NPHUBeAEeHBl CHEeKTPh 3HAYeHHU

For islets (not completely covering the substrate,
large surface roughness with the formation of indi-
vidual silver clusters on the surface of the sub-
strate), thin (up to 70 nm thick), transparent non-
conductive silver films, annealed in air, besides
a higher maximum transmittance at 322 nm, a
wide extinction band with a centre at 468 nm is
observed (Fig.1, green spectrum). After anneal-
ing, as a result of diffusion processes and surface
tension forces, the film is rearranged, the conti-
nuity is broken, the film becomes islet-like and
surface plasmonic absorption appears [13]. The
centre of the absorption band determines the size
of silver nanoparticles [9].

For the same silver islet film (green spectrum)
as in Fig.1, Fig.2 shows the spectra of the real and
imaginary parts of the dielectric permittivity of
the film: epsl and eps2 (by definition, the dielec-
tric permittivity eps = epsl+i-eps2).

As can be seen from Fig.2, starting with an
energy of 3.8 eV (322 nm) there is a step change
both in the dielectric constant and in the cor-
respondingly dependent values of the refrac-
tive index and extinction. This frequency corre-
sponds to the plasmonic frequency, i.e., the light
with a frequency below the plasma frequency is
reflected because electrons in the metal shield the
electric field in a the light electromagnetic wave.
The light with a frequency above the plasma fre-
quency passes through because the electrons can-
not respond fast enough to shield it. It is the bulk
plasmons that explain the transparency win-
dow (Fig.3) with a maximum at a wavelength of
322nm [9].

Figure 4 shows transmission spectra for 60 nm
thick silver film systems with the applied 100 nm
LCC film. The grey line corresponds to the system

Vor.15 No. 3-4 2022 NANO INDUSTRY



HAHOTEXHO/OrUU

JIeCTBUTENBHON U MHUMOM YacTel OU3IeKTpHU-
YeCKOM IIPOHUIIAEeMOCTH IIJIeHKHU: epsl u eps2 (1o
ompeneaeHHUI0, JU3IeKTPHUYecKas IIPOHUIIAeMOCTh
eps = epsl+ieps2).

Kaxk BUAHO M3 PHC.2, HAaUMHas C S9HepTruu 3,8 5B
(322 M) HabnromaeTcs cKkaukoobpa3Hoe M3MeHe-
HUe KaK 3Ha4eHHU U AU3IeKTPUUeCKOU IpOHHIlae-
MOCTH, TaK M COOTBETCTBEHHO 3aBUCAIIUX OT HUX
3Ha4YeHHUU Ko3OPHUIIMeHTa IIpeJoMIeHHUS KU 3KC-
THHKIHMHK. DTa 4YaCTOTa COOTBETCTBYET YacTOTe
06beMHBIX MJTa3MOHHBIX KOJeGaHHNI, TO eCTh
CBeT C 4YaCTOTOM HHUIKe IJIa3MeHHOMH 4YacTOTHI
OoTpa>kaeTrcs, IIOTOMY 4YTO 3JIeKTPOHBI B MeTaje
3KPaHHPYKOT 3/eKTPUYeCKoe II0Jie B CBeTOBOU
3JIeKTPOMarHUTHOM Bo/He. CBeT C 4aCTOTOM BhIIIe
IIJa3MeHHOHN YaCTOThl HPOXOAUT, IIOTOMY UTO
3JIeKTPOHBI He MOTYT JOCTAaTOYHO OBICTPO OTBe-
TUTH, YTOOBl 3KPaHUPOBATE ero. MMeHHO 06BeM-
HBIMHU IJIa3MOHAMHU U 06BSICHSIETCS OKHO IIpO3pad-
HOCTHU (pHC.3) C MAKCMMYMOM Ha JJINHe BOJIHHI,
paBHOU 322 HM [9].

Ha puc.4 npencTaBaeHbl CIIEKTPHI IIPOIIyCKa-
HHS 151 CUCTeM IIJIeHKa cepebpa TONMUHON 60 HM
C HaHeCeHHOH IJIeHKoH JIIY TonmiuHou 100 HM.
Cepasd IMHUS COOTBETCTBYET CUCTEME [0 OTKHUra,
YepHas JIMHUSA ~ II0CJIe OTKMTIa B Cpejie BO3AyXa.

Kak BUIHO U3 puc.4, B cucTeMe cepebpo - JILY
I10CJIe OTKUTA IIPOM30IIIU CYIleCTBeHHbIe M3Me-
HeHHs CIIeKTpa IPOonycKaHus. IIoMUMO yBeIH-
YeHUSI KO3PPUIMEHTA IPONYCKAHUSA IIPaKTHUYe-
CKH BO BCeM JHalla3oHe AJHUH BOJH U MAaKCHMyMa
IIPO3PAYHOCTH Ha JJIMHE BOJHBH 322 HM, IIOSBU-
J1aCch BRIPaskKeHHas I10JI0Ca IIOIJIONeHU S C LIeHTPOM
B obmacTu ~420 HM.

TakuMm 06pa3oMm, IONyUYeHHBIe SKCIIEPUMEHTaIb-
HbIe pe3yJbTaThl [IOKA3bIBAIOT CIAYIOIee:

1. HaHonneHKHU cepebpa MMeIOT MaKCUMyM K03b-
bunMeHTa NPONYCKAHUSA Ha [OJHMHE BOJHEI
322 um.

2. OTRUT IJIEHOK cepebpa U cucTeM cepebpo - JILIY
IIPUBOAUT K YBeIUYEHHUIO KOSQOUIIMEHTA IIPOILY-
CKaHUS B 06/1aCTH CIIeKTpa C LileHTPOM Ha JJIhHe
BOJIHBI 322 HM.

3. OTRUT IJIeHOK cepebpa U cucTeM cepebpo - JILIY
INPHUBOLUT K IIOSBJIEHUIO IIOJOCH IIOTJIOIeHH A
C LeHTpPOM B obmactu ~420 HM, XapaKTepHOH
JUISL IOBEPXHOCTHOTO I1JIa3MOHHOI0 ITOIJIOI e HH S
cepebpa.

TakuM ob6pa3omM, IPU TepMHUUYECKOM OTXKHUTe
mieHKHU cepebpa c JILY HabnogaeTcs mepecTpoe-
HUe OCTPOBKOBOM IlIeHKHU cepebpa, compoBo-
KOamolieecs yBeJIMYeHHEM pa3MepoB KjacTe-
poB cepebpa, UTO OTpa’kaeTCs Ha CIeKTpaX IPo-
IIyCKaHUA. DTOT IIPOLECC COIPOBOXKAAETCS BHE-
JpeHHeM KJIaCTepoB U HaHOYACTHUIL B CTPYKTYPY
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Puc.2. Cnekmpbl delicmeumeAbHoli (eps1l, moacmas AUHUS) U
MHUMOL (eps2, MOHKAs AUHUS) Yacmeli dusnekmpuyeckoli npo-
Huuaemocmu oCcmpoeKkoseol, Npo3payHoll, He 3AeKmponposo-
dsuweli naeHKU nocae omxkuza (3moli naeHke Ha puc.1 coom-
gemcmayem 3eneHblli cnekmp)

Fig.2. Spectra of the real (eps1, thick line) and imaginary (eps2,
thin line) parts of the permittivity of an islet, transparent, non-
conductive film after annealing (the green spectrum corresponds
to this film in Fig.1)
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Puc.3. Cnekmp cnaowHot, "moacmol”, Henpo3payHol, 3neK-
mponposgodsiuel 08yxcAoliHOU nAeHKU cepebpa MoAULUHOL
250 HM u naeHKU JILY moaujuHol 200 Hm

Fig.3. Spectrum of continuous, "thick", opaque, electrically con-
ductive two-layer silver film with a thickness of 250 nm and an
LCC film with a thickness of 200 nm
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Puc.4. Cnekmp nponyckaHus cucmem cepebpo — JILY do om-
Kuza (YepHas AUHUS) U nocAe omxkuza (cepas AUHUS)

Fig.4. Transmission spectra of silver-LCC systems before annealing
(black line) and after annealing (gray line)

JILIY. H3BecTHO, 4YTO IPH HNPSIMOM B3aHMOJEL-
CTBHUHU yTIepoja c cepebpom He obpasyeTcss XUMHU-
YeCKOTO COeJUHEeHUS MeXAY YKa3aHHBIMH 3Jie-
MeHTaMHu. [TonydyeHHas B paboTe [10] 31eKTpoOH-
HOIPpaMMa M JaHHBle aTOMHO-CHJIOBOK MHUKPOCKO-
nuu [11] 1aT ocHOBaHHe YyTBepXKAATh, YTO, HECMO-
TP Ha M3MeHeHHUS IOBePXHOCTHOM CTPYKTYPEI
IJIeHKH, CBSI3aHHOMU C IepeHOCOM BellleCTBa, Iek-
CaroHasibHas CTpyKTypa JILY He pas3pyliuaach npu
MHTepKaJHUPOBaHUU, MOCKOJbKY HabnromawTCA
IIeCTh pepIeKCOB, XapaKTePHBIX AJd IIJIeHOK JILIY.

OBCY)XXAEHUE

C menbro 06061eHU s BCeX IOMYUeHHBIX dKCIIePU-
MEHTAJIbHBIX JAaHHBIX (He TOJBKO Te€X, UTO OIH-
CaHBI BBIIIIE) C IOMOLIBI0 HCKYCCTBEHHBIX HEHPOH-
HbIX ceTen (MHC) 6Bl CO34aH KOMIIJIEKC MHOTO-
GaKTOPHBIX BEIYHCIHUTENbHBIX Moziene. OCHOBH
HMHC u MeTtonnl ucrnoab3doBaHusg MHC gass mome-
JIUPOBAHMUS 3KCIIEPUMEHTAIbHBIX JAHHBIX IIPeJ-
CTaBJEeHBl U OOMCAHB B [14-17]. a1 co3maHud
MoJelel HCIOJIb30BAJIUCh HEeHMPOHHBIE CETH,
BKJIIOUeHHBle B aHAJUTHUUYECKYIO IMIaTOopMy
Deductor Academic 5.3 Build 0.88 (www.baseg-
roup.ru). Mcronap30BasnCch HEUPOHHBIE CeTH IIPs-
Mmoro pacunpoctpanenus (feed forward neural net-
works) c ofTHHUM BXOZHBIM C10eM (YHCJIO HEHMPOHOB

before annealing and the black line to the system

after annealing in air.

As can be seen from Fig.4, in the silver-LCC
system after annealing there were significant
changes in the transmittance spectrum. In addi-
tion to an increase in transmittance over almost
the entire wavelength range and a maximum of
transparency at 322 nm, a pronounced absorption
band centered at ~420 nm appeared.

Thus, the obtained experimental results show
the following:

1. Silver nanofilms have a maximum transmit-
tance at 322 nm;

2. Annealing of silver films and silver-LCC sys-
tems leads to an increase of transmittance in
the spectral region centered at 322 nm;

3. Annealing of silver films and silver-LCC sys-
tems leads to appearance of absorption band
centered at ~420 nm, which is typical for sur-
face plasmonic absorption of silver.

Thus, during thermal annealing of a silver film
with LCC there is a rearrangement of silver islet-
like film accompanied by an increase in the size
of silver clusters, which is reflected in the trans-
mission spectra. This process is accompanied by
introduction of clusters and nanoparticles into
the LCC structure. It is known that direct interac-
tion of carbon with silver does not form a chemical
compound between these elements. The electro-
nogram obtained in [10] and atomic force micros-
copy data [11] suggest that despite the changes in
the surface structure of the film associated with
the substance transfer, the hexagonal structure
of LCC has not been destroyed during intercala-
tion, as six reflexes characteristic of LCC films are
observed.

DISCUSSIONS

In order to summarize all the obtained experimen-
tal data (not only those described above), a set of
multifactor computational models has been cre-
ated using artificial neural networks (ANNs). The
basics of ANNs and methods of using ANNs for sim-
ulating the experimental data have been presented
and described in [14-17]. Neural networks included
in the Deductor Academic 5.3 Build 0.88 analyt-
ics platform (www.basegroup.ru) were used to cre-
ate the models. We used feed forward neural net-
works with one input layer (the number of neurons
was determined by the number of factors), one hid-
den layer with different number of hidden neu-
rons (from 5 to 8), and a single output layer (with
one neuron). The target functions of the models
were: transparency coefficient and imaginary and
real parts of dielectric constant. The factors of the
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ompepnensiioch YUCA0M GaKTOPOB), OZHUM BHY-
tpeHHuM (hidden) ciioem ¢ pasHBIM YHCIOM CKPBI-
THIX HEMPOHOB (0T 5 710 8), OMHKUM BBIXOJHBIM CJI0eM
(c opHUM HeHpoHOM). LleneBBIMU QYHKIUSIMHU
MoJeJel SIBISIIUCh KO3QPHUIIHEeHT IIPO3PAUYHOCTH,
MHHMasl U JeUCTBUTENbHAS YaCTH AU3IEKTPHU-
4eCcKOH IpoHHIIaeMoCTH. PaKTopaMHU MojeseH
OB OJIHMHA BOJTHBI CBeTa, IOBePXHOCTHAS CTPYK-
Typa IJIeHKH cepebpa (CIIIOMHAS HIH OCTPOBKO-
Bas), TOJNIIHHA [IJIeHKH cepebpa, TONMIMHA IIJIEHKHU
JILTY, 3/IeKTpOIIpOBOAHOCTD (ma, HeT), IIpoBeJeHHEe
OTKHTIa IJIeHOK (ma, HeT). [losydyeHHBIe MOJeIH
IpeACTaBIsiiu cob0¥ cBoeobpa3Hble ([T0NyUyeHHBIe
B mpolecce o6ydyeHUs HEHPOHHBIX CeTEHM) KaJlb-
KYJISTOPHL (BBIUKUCIUTEbHBIE CTPYKTYPBHI), II03BO-
nsrpomue A nroboro Habopa 3HaYeHUN PaKTO-
POB OIlpefensiTh LeleBYI QYHKIHIO KOHKPEeTHOM
MOJIeIH.

Kpome Momenu KalbKyasiTOpa OBIIM TaK>Ke CO3-
OAHBl BBIUHCIHTENbHbIe MOJeNH OlpeleleHus
JNelCTBUTENbHON U MHHUMOM YaCcTH AHU3JIeKTpHUUe-
CKOM IIPOHHUIIAeMOCTH Pa3JIHYHBIX IIJIEHOK cepebpa
Yepe3 [HapaMeTPhI IIJIEHOK, a TaK>Ke BBIUMCAUTEb-
Hasi MOZesb CBSI3H KO3QPHIIMeHTa NPO3PAYHOCTH
U IU31eKTPUYeCKOM IPOHUIAeMOCTH (LeHCTBHU-
TeJIbHOM M MHHUMOH YaCTH) [/ Pa3JIU4YHBIX IlJe-
HOK, IIOJIy4YeHHBIX C IIOMOIIbI0 PA3IMYHBIX TeXHO-
JIOTUM CUHTe3a.

TakuM 06pa3oMm MonydeHHbIe BEIYUCIUTETbHbBIE
HeHpoceTeBble MOJe/IH COOTBETCTBYIOT IIOTyUYeH-
HBIM 3KCIIEpMMEHTAJIbHBIM AAHHBIM. BelH4YKHA
CpeqHeKBAaPAaTUYHON OMMUOKU OIpemensieTcs
B aHAJIUTHYeCcKoN muaTtopme Deductor Academic
B IIpolecce 06y‘{8HI/IH HNHC, omHOBpeMeHHO,
I71s1 06y4aromen U TeCTOBOK BEIOOPKU SKCIIEPUMEH-
TaJIbPHBIX JaHHBIX [18]. Pe3yabTaThl BEIUHCIEHUH
IJIsL CAMBIX Pa3/TUYHBIX KOMOMHAIIUN 3HAYEeHU N
bGaKTOPOB HAXOLSTCS B XOPOIIeM COOTBETCTBUH
C pe3y/abTaTaMU IIpOBeJeHHbIX 3KCIIePUMEHTOB.

BbIBO/AbI

[IpoBeneHBl NOApo6HbIe ONTHUYECKHUE HCCAEe0-
BaHUS IJIeHOK cepebpa U THOPUAHBIX MeTaJIo0-
yI7IepodHbIX cucTeM cepebpo - JILLY. ITony4deHHEbIe
pe3yabTaThl IIO3BOJIU/IM BBISIBUTh 0COOEHHOCTHU
CIIeKTPOB IPOIYCKAHUS U AUIeKTPHUYECKOU IIpo-
HHI[aeMOCTH. IIoKa3aHO CU/IbHOE BIUSHUE OT)KUTa
Ha creKTphl. C MIOMOIIBIO UCKYCCTBEHHBIX HEHPOH-
HBIX CeTeH CO3/[aHbl MHOTOPaKTOPHBIE BEIYHC/IH-
TeJbHbIe MOJe/IH [I0JIyYeHHBIX CIIEKTPOB.

ABTOpHEL paccMaTpUBalOT nmpumeHeHue MHC
O MOLEIHPOBAHUSA 3KCIIEPHUMEHTAJIBHBIX JaH-
HBIX M CO3JaHHSA MHOTOPAKTOPHBIX BHIYHC/IUTE/b"
HBIX MOJeJler KaK O4YeHb NepCIeKTUBHBIN IYTh
0606111eHM I pe3y/IbTaTOB SKCIIEPUMEHTA.
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models were: a light wavelength, surface struc-
ture of the silver film (solid or insular), thickness
of the silver film, thickness of the LCC film, elec-
trical conductivity (yes, no) and annealing of the
films (yes, no). The obtained models were peculiar
(obtained in the process of neural networks train-
ing) calculators (computational structures), allow-
ing to determine the target function of a particular
model for any set of factors values.

In addition to the calculator model the devel-
oped computational models determine the real
and imaginary parts of the dielectric constant of
different silver films through film parameters, as
well as a computational model showing the rela-
tion between transparency coefficient and dielec-
tric constant (real and imaginary parts) for dif-
ferent films produced by different synthesis tech-
niques were also created.

Thus, the obtained computational neural net-
work models correspond to the obtained experi-
mental data. The value of the RMS error is deter-
mined with the aid of the analytical platform
Deductor Academic in the process of ANN train-
ing, simultaneously for the training and test
sample of the experimental data [18]. Calculation
results for the most different combinations of fac-
tor values are in good agreement with the experi-
mental results.

CONCLUSIONS

Detailed optical studies of silver films and silver-
LCC hybrid metal-carbon systems have been car-
ried out. The obtained results enabled to high-
light the peculiarities of transmission and dielec-
tric permittivity spectra. Strong influence of
annealing on the spectra has been demonstrated.
The artificial neural networks helped to develop
the multifactorial computational models of the
obtained spectra.

The authors see the use of ANNs in modelling
experimental data and creating multivariate com-
putational models as a very promising way to gen-
eralize the experimental results.
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