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Cnenyer oTMeTuTh, 4YTO JKOH Ilenapu B 1999 romy
IIPeJJIOKUII IIOAX0M, K OIMMCAaHHUI0 KOHKPETHBIX MCKYC-
CTBEHHO CO3[JaHHBIX MaTepHa/ioB, OCHOBaHHBIM Ha
TOM, 4TO eC/IHM KOMITO3UTHBIM MaTepHasl, COCTOSIIMI
Y3 OUCKPETHBIX PAaCCeMBAIOIIMX 3JIeMEHTOB, pasmep
KOTOPBIX | MHOTO MeHbIIle ITTHUHBI BOTHBI U3Ty4YeHHUS A,
TO C TOYKH 3PEHHS 3JIeKTPOSUHAMHUKH MOKHO pac-
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This paper provides the results of studies on

the influence of the aluminum nanoisland
dimensions with a length I during the fractal
cluster formation on the polymer threads using
the carbon benzene ring fibers on the conditions
for the occurrence of “highly conductive off-
surface state” during breakdown with an electric
field strength of 1.6 kV/cm. The layer thickness
was calculated in the case of the skin-effect

in polymer threads with the metal fractal
clusters for electromagnetic radiation with

a wavelength ) and fulfillment of condition I <<A.
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SKIN-EFFECT IN THE POLYMER THREADS
WITH THE METAL FRACTAL CLUSTERS

It should be noted that in 1999 John Pendry proposed
an approach to describing the specific artificially cre-
ated materials based on the fact that if a compos-
ite material consists of discrete scattering elements
which size | is much smaller than the radiation wave-
length A, then electrodynamically it can be considered
as continuous within a limited frequency band, pro-
vided that I<<A.

In other words, a physical medium will be continu-
ous in the electromagnetic sense if its properties can
be described by the average parameters changing on
a scale much larger than the dimensions of the com-
ponents forming the material. Consequently, there is
also an inverse problem: for a higher frequency of elec-



CMaTPHUBATb €r0 KaK HeIIPePhIBHBIN B OTPaHUYeHHOMH
I107I0Ce YaCTOT IIPH YCTIOBHH | <<A.

JIlpyruMu crnoBaMu, Qu3HdYecKas cpema Oyzmer
HeIlpepbhIBHOM B 3JIeKTPOMAarHUTHOM CMBICTIe, eC/IH ee
CBOMCTBA MOTYT OBITH OITHCAHBI YCPeJHEHHBIMHU I1apa-
MeTpaMH, H3MeHSIOIUMHUCS B MaclTabe HaMHOIO
6onblleM, ueM pa3Mepsl KOMIIOHEHTOB, 06pa3yoNIyx
Matepuan. CaeoBaTe/bHO, CyllecTBYeT W obpaTHas
3afavya - J71s Oojee BBICOKOM YaCTOTHI 3/eTpoMar-
HUTHOTO H3/Iy4YeHHs] Pa3sMephl 3JIeMeHTOB | KOM-
II03UTa JO/KHBI OBITH 6ojee MeJNIKHMMH, BIUIOTh [0
HaHOPa3MepPHBbIX.

MUKPOMPOBOW ®PAKTAJIOB
M3 HAHOOCTPOBKOB AJIIOMNHNA
PASMEPOM 100-1000 HM
PaccmoTpuM 6oree meTanbHO CBOMCTBA GPAKTAIBHBIX
K/IACTePOB ISl PA3/IMYHBIX Pa3MepOB HAaHOOCTPOBKOB
W3 AJIIOMHMHHUS Ha IIOJIMMEPHBIX HHUTSAX M3 BOJIOKOH
6eH30/BHBIX KOJIEL] YIIeposl, KOTOpble paHee 0bCysKkaa-
nuch B [1-4].

doTtorpaduu GparmMeHTOB MOIHMMEPHOM HHUTH
C HAHOOCTPOBKAMH ATIOMHUHHUS (Oenblll I[BET) IIpU-
BeJleHbl Ha pHUC. 1 IpU Pa3sIHUYHOM yBeJIUYEHHU:
a) 1 mxM; b) 10 MrMm; c) 100 MrM, d) 1000 MKM, KOTO-
pBle CAe/laHbl Ha PAacTPOBOM 3JIeKTPOHHOM MHKPO-
ckormte CAMSCAN-S4 ¢ SHeprogucIepCHOHHOM
M BOJTHOAMCIIEPCHOHHOM ITPHCTAB-
kamu: Oxford INCA Energy 350
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tromagnetic radiation, the dimensions of elements
| of the composite material must be smaller down to
the nanoscale ones.

MICRO-BREAKDOWN OF FRACTALS MADE
OF ALUMINUM NANOISLANDS WITH THE
DIMENSIONS OF 100-1000 nm

Let us consider in more detail the properties of fractal
clusters for various sizes of aluminum nanoislands on
the polymer threads made of benzene ring carbon fibers
that have been previously discussed in [1-4].

The photographs of the polymer thread fragments
with aluminum nanoislands (white color) are shown
in Fig. 1 at different magnifications: a) 1 pm; b) 10 pm;
) 100 pm, d) 1000 pm. The photographs were made by
the CAMSCAN-S4 scanning electron microscope with
the energy-dispersive and wave-dispersive attachments:
Oxford INCA Energy 350 and INCA Wave 700 (Cambridge,
England) at the High Technology Center of the Synchro-
tron Shared Research Facility of the Federal State Uni-
tary Enterprise “Lukin Research Institute for Physical
Problems of the National Research Center “Kurchatov
Institute” [1-4].

In Fig.1la (at a magnification of 1 pm), the aluminum
nanoislands (white) of various sizes are clearly visible.
They can be classified into two typical groups: the first
one consists of elongated formations with the length

u INCA Wave 700 (Cambrige,
AHrnus) B LleHTpe BBICOKHX TeX-
Homorun IIKII «CHHXPOTPOH»
®I'YII Hay4HO-HUCCIef0BaTeIbCKUI
HMHCTUTYT QU3HUYECKUX ITpobrem
uM. ®.B.JlykuHa HalMoHa/JIbHOIO
KCC/Ie0BATEIBCKOr0 IieHTpa «Kyp-
YaTOBCKKMH MHCTUTYT» [1-4].

Ha puc. la npu yBeluYeHUH
1 MKM XOpOIIO BHAHBI HaHO-
OCTPOBKU anoMHUHHS (6ernoro
LIBeTa) Ppas3qINYHOrO0 pasmepa,
KOTOpble  MOXKHO  CIPYIIIIHpPO-
BaTb B [IB€ XapaKTepHble PYIIIIHL:
mmepBasi COCTOMT M3 o0bpas3oBa-
HUM BBITIHYTOM QOPMBI AJIHUHOHN
100-1000 HM; BTOpas - M3 IIApO-
obpa3HON GOPMBI C AHUAMETPOM
10-30 HM. Pa3meprl HaHO006pa3o-
BaHHUHN aJIOMHHHS MOILYT HMeTb
pa3ivuHbBle BIMSHUS HA YCIIOBHS
BO3HHUKHOBEHHS 11pobost (paspsiaa)
HaJl IIOBePXHOCTHIO I1OJIMMEPHOM
HHTH «Pycap».

Puc. 1. ®pazmeHmbl noAuMepHoLl HUMuU ¢ HaHoocmposKkamu aaomuHus (6eAbil
ueem) ¢ pasnuyHbIM yeeaudeHuem: a) 1 mMkm; b) 10 mkm; ¢) 100 mim; d) 1000 MKm
Fig. 1. Fragments of a polymer thread with aluminum nanoislands (white) with
various magnifications: a)1pm; b)10 pm; ¢) 100 pm; d) 1000 pm.
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CilefyeT OTMETUTb, YTO PaCCTOsSIHHUE, «IIpobuBae-
MoOe» MCKPOH B BO3[lyXe, 3aBHUCHUT OT HaIIPSDKEHHOCTH
3/IeKTPHUUECKOrO I10JIS § IIOBEPXHOCTH 3JIeKTPOJOB M UX
dopMmel. [l cdep, paguyc KOTOPHIX MHOro Oosiblie
Pa3psAHOIO IPOMEXKYTKAa, OHa CYHUTAeTCsl pPaBHOMU
30 xB/cM, a Aj1s1 UTOJIOK C HAaHOOCTPUSIMH COCTaBUT
10 kB/cmM [5].

PaccMOTpUM CTPYKTYypy HMTH 3aIIOJIHEHHYIO BIOJIb
[IOJIMMEPHBIX BOJIOKOH IIPOBOISAIIMMHM ILIeIIOYKaAMHU
HeperyasapHbIX HAaHOOCTPOBKOB aJIOMHHHS C pasmMe-
pamu 100-1000 HM M, AOMNYCTUM, C aHAaJIOTUYHBIMH
pasMepaMH IIPOMEXKYTKOB MeXAy HUMH. Takoe reo-
MeTpHUecKoe IIOCTpOoeHHe, MOXeT ObTb, 6ymeT
SIBJIATBCS IPUYUHON CHJIBHOTO CHM>KEHMS IPOOHB-
HOTO HAIIPSDKEHUS IOJIKMMEePHOM HHUTH. [l Hccie-
DOBaHMUI co3fafAuM obpasel] C pa3mMepaMH HaHOO-
CTpOBKOB aJloMHHHA 100-1000 HM Hu ompenenum
3HauyeHHe BeJIMYMHBI HAIIpsSKeHMs IIPU BO3HUKHOBE-
HUU paspsizaa (puc. 2).

JJ1s1 SKCIIeprMeHTa B KayecTBe ITOJJIOXKeK [JIS Mac-
CHBa HAaHOOCTPOBKOB aJIOMHUHHS KCII0/Ib30BAJIMCh 10/

KoHTaKTHBIe IUIOWAAKY | Bonding sites

3asop | Gap

ik

HaHOOCTPOBKHU aIIOMHUHUS

a) Aluminum nanoislands
10 MM | mm
b)

Puc. 2. Cxemamuueckoe u306paxkeHue 06pasud c Mmaccu-
80M HAHOOCMPOBKOS8 AAMUHUS Ha N0dAoXKKe cangupa (a)
u kpucmaana (b)

Fig. 2. Schematic layout of a sample with an array of alumi-
num nanoislands on a sapphire substrate (a)

and a crystal (b)
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of 100-1000 nm; the second one consists of spherical
formations with a diameter of 10-30 nm. The sizes of
aluminum nanoformations can have various effects
on the conditions for a breakdown (discharge) over the
Rusar polymer thread surface.

It should be noted that the distance broken down by
a spark in the air depends on the electric field intensity
at the surface of the electrodes and their shape. For the
spheres which radius is much larger than the discharge
gap, it is considered to be equal to 30 kV/cm, and for the
needles with nanotips it will be 10 kV/cm [5].

Let us consider the thread structure filled along the
polymer fibers with the conducting chains of irregu-
lar aluminum nanoislands with the dimensions of
100-1000 nm and similar gaps between them. Such
a geometric structure may be the reason for a strong
decrease in the breakdown voltage of the polymer
thread. For research, we will prepare a sample with
the aluminum nanoisland dimensions of 100-1000 nm
and determine the voltage value when a discharge
occurs (Fig. 2).

For an experiment, the sapphire substrates being the
high-quality insulators, were used as the substrates for
the array of aluminum nanoislands. When preparing
a sample with an array of aluminum nanoislands on
a sapphire substrate, the electron-beam lithography
processes were used, including application of an elec-
tron-beam resist, pattern exposure, resist development,
thin film application processes in a vacuum. Deposi-
tion of the bonding sites and aluminum nanoislands
required an additional development of the remaining
electron-beam resist in oxygen plasma and the surface
cleaning.

After formation of the bonding sites (Fig. 3) using
the electron beam lithography, the arrays of aluminum
nanoislands with a thickness of up to 50 nm were gen-
erated in the gap (Fig. 4).

Then, the sampled structures with aluminum
nanoislands on the rectangular sapphire substrates
and an aluminum nanoisland array length of 1 cm
between the bonding sites on both sides were studied.
The size of the aluminum nanoisland was 122.7 nm, and
the distance between the nanoislands was 64.49 nm
(Fig. 4). The aluminum nanoislands on the sample were
located in groups including from one to four nanois-
lands lengthwise (dark circles), with the several rows
formed from them. The SEM image of the nanoisland
array on the prepared sample is shown in Fig. 4.

The current-voltage characteristics (CVC) of samples
with a set of aluminum nanoislands generated on
a sapphire substrate were measured using the Curve
Tracer IWATSU CS-3200 setup. It was shown that when
increasing the constant voltage to 25 V, there is no cur-
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TIO>KKH CarIPUPa, SIB/SIOIIErocsl XOPOIIKM H30/ISITOPOM.
IIpu U3roToB/leHUH 06pasiia C MaCCUBOM HaHOOCTPOB-
KOB QJIIOMHHHS Ha IOJIOXKe candrpa KCIIOIb30Ba-
JIMCh IIPOLIeCCHl 3/eKTPOHHO-TIY4eBOH JHUTOTpaduH,
BK/IIOYAIOIIMe OIlepallMi HaHeCceHHs 3/1eKTPOHHOIo
pesrcTa, SKCIOHHPOBaHUE PHCYHKA, MPOSBIeHHUS
pe3ucTa, IpoLiecchl HaHeCeHHs TOHKHUX IIJIEHOK B BaKy-
yMe, a [I7Is1 OCaKAeHHSI KOHTAKTHBIX IUIOIAI0K KU HAHO-
OCTPOBKOB QJIIOMHHHMSI — JOIPOSIBKA B KHUCIOPOJHOM
IIJIa3Me OCTaTKOB 3/1eKTPOHHOI'O Pe3UCTa U OYMUCTKHU
[IOBEPXHOCTH.

Iloce GOpMUPOBAaHKS KOHTAKTHBIX IUIOIMIAIOK
(puc. 3) c IOMOIIBIO 3/1eKTPOHHO-/Ty4eBOk TUTOrpadUu
B 3a30pe GOPMHUPYIOTCSI MaCCUBBl HAHOOCTPOBKOB aJli0-
MHHUS C TONIIXHON 10 50 HM (pHc. 4).

3aTeM 6BUIM ITPOBeNleHBI HCCIENOBAaHMS 00pPa3loB
CTPYKTYP C HaHOOCTPOBKAaMHM AJIIOMHHHUS Ha IIOJJIOXK-
Kax candupa NpsiMOYroJabHOM GOPMBI U AIHHOM Mac-
CHMBa HaHOOCTPOBKOB /IIOMHHHS 1 CM MeXAy KOH-
TaKTHBIMH IUIOIIAJKaMH C [ABYX CTOpPOH. Pasmep
HAaHOOCTPOBKAa AJIIOMHHHUA 122,7 HM, a pPacCTOSIHUSA
MesKIly HaHOOCTpPoBKaMHu - 64,49 HM (puc. 4). Hanoo-
CTPOBKH QTIOMHHHSI Ha obpaslie pacrosioskeHbl TPyIl-
[IaMH, B KOTOpble BXOAU/IO B IJIMHY OT OJHOIO [0 YeThl-
Pex HaHOOCTPOBKOB (TeMHBIe KPYI'H), a TaKKe M3 HHX
bopMHPOBaoCh HECKONIBKO PsAfoB. SEM-1306paskeHMe
MaccHBa HaHOOCTPOBKOB Ha H3rOTOBJIeHHOM ob6pasle
IIpHBeIeHa Ha pucC. 4.

Hi3MepeHUe BOJIbTAMIIEPHOM XapaKTepUCTUKU (BAX)
06pa31oB c HA60OPOM HAaHOOCTPOBKOB ATIOMHHUSL, CHOp-
MHPOBaHHBIX Ha IIOAJIOXKKe candurpa, IIPOBOAUIHCH Ha
ycraHoBke Curve Tracer IWATSU CS-3200 M I10Kasaiu,
4yTo 47151 BAX Ipu yBeJM4YeHHH IIOCTOSHHOIO HaIlpsi-
>KeHHUs 10 25 B TOK OTCYTCTBYeT, T.e. HaHOOCTPOBKO-
BBII aJIFOMHUHUEBBIN MaCCHUB Ha IIOJJIOKKe caripupa He
IIPOBOAMUT TOK U KOMIIO3UTHAsI CTPYKTypaM SIB/ISIeTCSI
H30JIITOPOM.

Janee 06pasibl UCIIBITHIBAIMCH HA IIPOOOL HMITYJIb-
COM HaIpsDKeHHS Ha pa3paboTaHHOI yCcTaHOBKe. KOH-
TaKThI Ha 06pasIie ¢ KasKI0k CTOPOHBI ObITH paszeneHsl
Ha JiBe IOI0BUHEI (06pa3sers 1 u obpasery 2). [is obecrie-
YeHHs ITPo60s IIPUXOAU/IOCH YMEHBIIATh PACCTOSHUE
MeXy 371eKTPoJaMH Ha IIOBEPXHOCTH 06pa3LoB (3a30p
MeXy 3/MeKTPOAaMH) U 3aTeM IIPOBOAMIICS IIepecueT
Ha 1 cMm. B pesynbTaTe HcC/IefoBaHUM OIIPefielleHo, YTO
paspss B HaHOOCTPOBKOBOM a/JIIOMHUHHEBOM MacCHBe
Ha IOJIJIOKKe caridupa NPOHUCXOAUT IIPH HAIIPSDKEHUU
8-12 KB/cM, YTO COOTBETCTBYeT K3BECTHOMY IIpob6oIo
UIJIBI C HAHOpPa3MepHBIM pallycoM 3aKpyIJTeHHs IIpU
10 kB/cM, T.e. «HCKpoBOMY» pa3psany [5].

TakuM 06pa3oM, HaHOOCTPOBKH AJTIOMHHHUS C pas-
mepoM 100-1000 HM IIpy HampsbKeHHH 1,6 KB/cM He
MOTYT cGOPMHUPOBATh YCIOBHS [JIsl BO3SHUKHOBEHHS
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Puc. 3. ®omozpadus kpucmanaa-obpasua Ha canguposoll
n0dA0XKKe C KOHMAKMHBIMU NAOWAOKAMU
mumat/30n0mo (Ti/Au)

Fig. 3. Photograph of a sample crystal on a sapphire
substrate with titanium/qgold (Ti/Au) bonding sites

rent in terms of the CVC, i.e. the nanoisland aluminum
array on the sapphire substrate does not conduct cur-
rent and the composite structure is an insulator.

Then, the samples were subject to the breakdown test
by a voltage pulse on the developed setup. The sample

Puc. 4. SEM-u306pa>keHue maccugos cpopmupo8aHHbIX
HAHOOCMPOBKO8 aAtoMUHUS (MmemMHble MoyKU — Kpyau)

Fig. 4. SEM image of the arrays of formed aluminum nanois-
lands (dark dots - circles)
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HH3KOIIOIeBOK 3MHUCCUH 3IeKTPOHOB, 0OHApPYy>KeHHbIe
111 PPaKTATBHBIX KIACTepPOB M3 aJIIOMUHUS Ha IIOIH-
MepHOM HUTH «Pycap».

MUKPOMPOBOW ®PAKTAJ/IOB

M3 HAHOOCTPOBKOB AJTIOMUNHNUA
PASMEPOM 10-30 HM

MOKHO Mpe[IonoKUTh, YTO MHKPOIIPOOOM IOIH-
MepHBIX HHUTEH CBSI3aH C HM3KOIIOJeBOK 3MHCCHEeHN
3/IeKTPOHOB IIPH HMIIYJIbCHOM BO3JEHMCTBHU C IJIH-
TeJIBHOCTBIO 1-2 MC Ha IIOJIMMEPHYI0 HUTh U3 YITIePOJ-
HBIX OeH30/IBHBIX KOJIell M ITPOHUCXONUT depe3 HaHOoO-
CTPOBKH IapoobpasHoil GopMbl (HaHOKAILIK, chepbl)
anoMuHus (puc. 1a).

PaccMOTpUM  0CO6EHHOCTH IIOIMMEPHOM HHUTH
«Pycap», Ha KOTOpoH GOpMHPYIOTCI GpaKTalbHbIE
KJIACTepbl M3 HaHOKAIlelb AJIOMHHHUSA. IlolrMepHas
HHUTh AHUAMETPOM =1 MM CIIJIeTeHa M3 BOJIOKOH apo-
MaTH4ecKoro IojlxuaMuia AuaMeTpoM =10 MKM - apa-
Muza (aHITIMHCKoe HasBaHMe: aramid, aromatic
polyamide). Apammun mpecTaBnsioT B BUAE UIMH-
HOM LIEIIOYKKM CHHTEeTHYecKOoro IOIHaMHAA, B KOTO-
porl 85% aMUAHBIX CBSI3eM IPHUKpeIUIeHBl HeIo-
CPeNCTBEHHO K JBYM apOMAaTHYeCKHMM KOJIbLlaM H3
yrnepoza - 6ensona (CgHy) (puc. 5a).

CoBpeMeHHOe IpeficTaB/eHHe 00 3/1eKTPOHHOM IpH-
pore cBsizel B 6eH30/Ie OCHOBBIBAETCS Ha IMIIoTe3e JIak-

pins were divided into two halves on each side (sample
No.1 and sample No.2). To ensure breakdown, it was
necessary to reduce the distance between the electrodes
on the sample surface (the gap between the electrodes)
and then recalculate it by 1 cm. As a result of the studies,
it was determined that the discharge in the nanoisland
aluminum array on the sapphire substrate occurred at
a voltage of 8-12 kV/cm that corresponded to the known
breakdown of a needle with a nanosized curvature
radius at 10 kV/cm, i.e., a spark discharge [5].

Thus, the aluminum nanoislands with a size of
100-1000 nm at a voltage of 1.6 kV/cm cannot provide
the conditions for the low-field electron emission dis-
covered for the aluminum fractal clusters on the Rusar
polymer thread.

ncCl-ocC Cco-Cl + nHN NH, —>
—> Clt0C CO-NH NH+H
n
a)
b) (o)

Puc. 5. OcobeHHOCMU noAumepHoU Humu «Pycap»:

a) popmyaa noaydeHus apamuda, b) popmyna 6eH301bH020
Konbua CsH,; ¢) cmpykmypa 6eH30AbH020 KoAbUa

Fig. 5. Features of the Rusar polymer thread: a) aramid
development formula; b) formula of the benzene ring C6H6;
c) structure of the benzene ring

al
; 1o
u
cl o cu e U Auaa
v T T PR
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TTonHag mKkaaa 7186 UMII.

Puc. 6. N1306paxkeHue nogepxHoCMu HUMU € 0CMposKkamu
ANOMUHUS! U pe3yAbmdambl peHmM2eH0-CnekmpanbHo20
adanusa

Fig. 6. Image of the thread surface with the aluminum
islands and the results of X-ray spectral analysis
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Hyca [TolMHra, KOTOPBIH IIPeJIOKIII H3006paskaTh Moe-
Kyny 6eH30/a B BHJe LIeCTHYTOJBPHHKA C BIIMCAHHOK
OKPY>KHOCTBIO (pHC. 5b), IToAepKHBasi TeM CAaMBIM OTCYT-
CTBHe QHKCHPOBAHHBIX [IBOHMHBIX CBS3€H W Ha/lIHYHe
eIMHOro 3JIeKTPOHHOro 061aKa, OXBATHIBAIOIIETO BCE
IIecTb aTOMOB YITIEpPOAHOro LMKiIa (pHc. 5¢c). CTopoHa
IIeCTUYroNbHUKA 6eH30/1a MpUMepHO paBHa ~0,14 HM
wiu 0,154 HM, ToIIIKHA KOJIbLIA IIPHMEPHO PaBHA I10710-
BHMHE CTOPOHBI IIIECTUYIOJIBHUKA, T.e. 0,07 HM, BHeII-
HUM AuaMeTp GeH307IBHOrO KOJBIA ITPHMEPHO pPaBeH
~0,28 HM, a BHyTpeHHHH ~0,21 HM. ClefiyeT OTMeTUTb,
YTO JHAMETpP aToMa aJIIOMHHHUA paBeH 0,286 HM, a 1710~
Iaab CeYeHH 1o JuameTpy - 0,064 HM?.

Ha puc. 6 nmpuBeseHbl poTorpadpru aHaaK3a COCTaBa
[TIOBEPXHOCTH ITOJIMMEPHOM HUTH C HaHOOCTPOBKaMH
UIIOMHHUS U B Tabnuile 1 IoKa3aHO, YTO OCHOBY I10JIH-
MEPHBIX HHMTeH COCTaBIAIOT YIJIEPOA M KHCIOPOZ,
a Ha IIOBEPXHOCTH IIPOSIBJISIOTCA OTHE/IbHbIe BKIIIOYe-
HUSI QIIOMHUHHUS (CBeT/Ible BKIIOYeHHd). M3MepeHHs
nposoguikck B LKIT «Cunxporpon» ®I'YII HayuHo-
HCCe/IoBaTeNbCKUE MHCTUTYT Pusndeckux I[Ipobrem
M. &, B.JlykuHa HalMOHAJIBHOIO HCCIeL0BaTeNIb"
CKOrO 1eHTpa «Kyp4aTOBCKHI HHCTUTYTY.

Ha puc. la BuaHBI mapoobpasHble HaHOOCTPOBKH
(HaHOKamIK, cdepsl) aAOMHHHUSL C PasMepaMH
10-30 HM, KOTOpble MOTYT OOBEOUHSTH HECKOJIBKO
COTeH YINIePONHBIX OeH30/IBHBIX KOJEI KM CO3/1aBaTh
HaHOpa3MepHble CTPYKTYPhl TIOMHHHNI/OeH30/1bHOE
KOJIBLIO yIVIepofa. B KaKoM-TO YaCTH TaKOM CTPYKTYPBI
MOsKeT 0b6pa3oBaThCsl “HAHOTOYKA» HA ITOBEPXHOCTH
MIOJIMMepPHOM HUTH.

[IpuBememM mpuMep o6pasoBaHMsI ChepHUUeCKHUX
HaHOOOpa3s0BaHHMM IMPH CMAUYMBAHUH >KHUJKOCTBIO
TBEPIOU IOBEPXHOCTH AJI1 GOPMHUPOBAHUS CPepHUe-
CKUX Karlesb (puc. 7). IIpuMep A - KpaeBoE yTojl MHOTO
bonbire 90° M, KaK CIACTBHE, IUIOX0€ CMauyHBaHUeE
(Karisi MMeeT IOYTH LIapoobpasHyio, cheprUUecKyro
dopMy) 1 cnaboe B3aHMMOIEHNCTBIE C TBEPAOM II0BEpX-
HOCTBIO ITPOBOAAT K YMEHBIIEHHIO IIJIOMAIM KOHTAKTA
SKUJKOCTH C Hell; B 1 C - KpaeBoM yroa MeHslle §<90°,
TOrJa KaIlUTM SKUJIKOCTH IIPHOOpEeTaloT MeHHCKOO0-
6pasHylo ¢opmy (HabnromaeTcs jydllee B3aHMOJeM-
CTBHE C TBEPIOU II0OBepXHOCTBIO, IUIOIIAJAb KOHTAKTa
JKUIKOCTU 6osnbllle, YeM B IpuMepe A); S - KpaeBOH
yron 0=0° (110 CyTH ero HeT), IOJHOe CMadyHBaHHe
BeJleT K PACTeKaHUIO KMAKOCTH I10 TBepIOU II0BEPXHO-
CTH, IUIOIIAJb KOHTAKTA KUIAKOCTH C TBepAOL IT0BepX-
HOCTBIO B JAHHOM C/Iy4ae MaKCHMasibHa. IIpoilecc pac-
TeKaHUs SKUIKOCTH SIB/ISIeTCS IIpeNebHbIM Cly4Yaem
CMay4yMBaHUA.

I HaxXOKXAEHUS IUIOIIALH IOBEPXHOCTH Cephl
(¢HaHOKAIUIM») AJIOMHHHS HCIONb3yeM QOpMYyy:
S=4nR?, roe S - IIOWAAb IIOBEPXHOCTU CHEPBI; Tt ~ KOH-

)4

Tabnumua 1. CocTaB 371eMEHTOB HA MOBEPXHOCTM NOAMMEP-
HOM HUTWM C HAHOOCTPOBKAMM ASTIOMUHUS

Table 1. Composition of elements on the polymer thread
surface with the aluminum nanoislands

SNeMeHT BecoBas gons ATOMHas gonsa
Element Mass fraction Atomic fraction

C 66,43 76,36

(@) 19,68 16,98

Al 7,25 3,71

Si 5,19 2,55

cl 0,49 0,19

Cu 0,95 0,21

MICRO-BREAKDOWN OF FRACTALS MADE
OF ALUMINUM NANOISLANDS WITH THE
DIMENSIONS OF 10-30 nm

It can be assumed that the micro-breakdown of poly-
mer threads is related to the low-field emission of
electrons during the impulse action with a duration
of 1-2 ms on a polymer thread made of carbon benzene
rings that occurs through the spherical aluminum
nanoislands (nanodroplets, spheres) (Fig. 1a).

Let us consider the features of the Rusar polymer
thread, on which the fractal clusters of aluminum
nanodroplets are generated. The polymer thread with
a diameter of ~1 mm is made of aromatic polyamide
fibers with a diameter of ~10 pm, namely aramid
(aromatic polyamide). Aramid is represented as a long
chain of synthetic polyamide where 85% of the amide
bonds are attached directly to two aromatic rings of
carbon and benzene (C.H,) (Fig. 5a).

The modern concept of the electronic nature of
bonds in benzene is based on the hypothesis of Linus
Pauling who proposed to depict the benzene molecule
as a hexagon with an inscribed circle (Fig.5b), thereby
emphasizing the absence of fixed double bonds and

A B C S

Puc. 7. Mpumep cma4usaHus Xuokocmsio maepooll
nosepxHocmu
Fig. 7. Example of wetting a solid surface with liquid
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CTaHTa paBHaf 3,14; R - paguyc cdepsl. s chepuye-
CKOM “HaHOKAIUIM» JIIOMHHHUS C JHaMeTpom 30 HM
(pamuyc R, =15 HM) IUIOIaAb IIOBEPXHOCTH Oymer
paBHa: S, =4nR,,2=2826,0 HM?.

Ecniu mmomazb COIPHUKOCHOBEHMSI C IIOBEPXHO-
CTBIO BOJIOKHA M3 6eH30/IBHBIX KOJIell YIJIePoAa B YCII0-
BHUAX HECMAaYMBaeMOCTH COCTABUT OAUH IIPOLIEHT OT
ofLied IUIOIAAN “HAHOKAIUIHY (Sc,q,=28,26 HM?), TO
[UIS Hee paauyC COIPHKOCHOBEHHS BBIYMC/ISIETCS U3
IJIOIIAAKM Kpyra, 3aHHMaemoro chepoil Ha IOBepX-
HOCTH, Sconp=Tconp” ¥ COCTABUT IIPUMEPHO fopp=3 HM.
Ha Tako IUIOIIAAM COIIPUKOCHOBEHMSI MOIYT IIOMe-
CTUTbCS, HaIIpUMeP, HECKOJIbKO COTeH aTOMOB aJIIOMHM-
HUS 11 GOPMUPOBaHUSA “HAHO30HIA» IJII HECKOJIb-
KHUX COTeH 6eH30/IbHBIX KOjell yrjaepoja M CO3[aHHs
“HAaHOTOYKH» Ha IIJIOCKOCTH. EC/IK Yepes «HaHOKAIUIIO»
ATIOMHHHS OyIeT IIPHIIOSKEHO HMITY/IBCHOE BBICOKO-
BOJIbTHOE HaIIPsUKeHHe JIMTeIbHOCTEIO 1-3 MC K TaKOH
“HAaHOTOYKe», TO 3TO MOKET IIPUBECTH K GOPMHUPO-
BAaHHIO YCIOBUH [JIsI BO3HHUKHOBEHHSI HH3KOIIOJIe-
BOM SMMCCHH 3/IeKTPOHOB M3 6eH307BHOI0 KOJIBIIA
yIaepoza.

HaHoKaIuiv aIlOMUHYS BBIIIONHSIOT POJIb HAHO30H-
IOB /15 IIOfIBeleHUsI MMITy/IbCa HaIpsDKeHHsl K 6eH-
30/IbBHBIM KOJIBLIAM M3 yrIiepoga U (GpOPMHPOBAHUIO,
IIPeIIoIOKUTENIbHO, ¢HAaHOTOYEeK» Ha IIJIOCKOCTH,
KOTOPBIe CIIOCOBCTBYIOT GOPMHPOBAHUIO YCTIOBUH /IS
HM3KOII0JIEBOM SMHMCCHUH JIeKTPOHOB M3 IIOTHMEPHBIX
HUTeHN IIpU Iofaue HampsbkeHUs 1,6 KB Ha obpaselr
IUIMHOK 1 CM M CO30aHHIO IZIa3MBI. B pe3ynbTaTe BO3-
HHKaeT 3Q(eKT «BbICOKOIIPOBOAALILIO HAIIIOBEPXHOCT-
Horo cocrosHusa» (BITHIIC) Han HOHHMepHOI;I HHTBIO
«Pycap». [laHHas KOMIIO3UTHas CTPYKTypa Ha IIOH-
MEpHOHM HHUTH MOKeT 00/1afiaThb CBOMCTBAMH MeTaMa-
Tepuaia [6-8].

TakuM o06pa3oM, MOXKHO CYHUTATh, OTBETCTBEH-
HBIMH 32 obpa3oBaHKe HM3KOIIOJIEBOM 3/1eKTPOHHOL
SMHCCHUHU SBIAIOTCA (pakTansl, CGOpMHPOBAHHBIE
13 chepuYeCcKHX HaHOKAIlelb JTIOMUHHS C pasMe-
pom [=2R=10-30 HM 4 B KOHEYHOM CYeTe CO3LAIoLIue
IwasMy u 3¢¢$eKkT HaAIIOBePXHOCTHOIO BBICOKOIIPOBO-
JSIIero COCTOSIHUSA i 37IeKTPOMATrHHUTHOTO H3/Iyde-
HUS C YTMHOM BOJIHBI A IIPH YCIIOBUH, UTO [=2R<<A.

CKUH-2ODEKT HA ®PAKTAJNIAX

M3 HAHOOCTPOBKOB AJTIOMNHNA

Ba>kKHO OTMETUTb, UTO «LIe[I0UKH» HAaHOOCTPOBKOB aJIi0-
MMHHUS Ha IMOJTHMMEPHON HHUTHU IPeACTaB/SIOT COOOM
HeIlpepbIBHbIE “HAHOIIPOBOLHUKU» JJISI CBEPXBBICOKO-
YACTOTHBIX 3/IeKTPOMAarHUTHBIX BOJH, HO IS IIOCTO-
SHHOTO HaIpsDKeHHS IOTHMMepHasi HUTb — 3TO U3~
JIeKTPUK, TaK KaK B3aHMMOJEHCTBHS HaHOOCTPOBKOB
UIIOMHUHUS He IIPOMCXOAMUT. B paborax [1-4] mpuBe-
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the presence of a single electron cloud covering all
six atoms of the carbon cycle (Fig. 5¢). The side of
the benzene hexagon is approximately ~0.14 nm or
0.154 nm, the ring thickness is approximately equal
to half the side of the hexagon, i.e. ~0.07 nm, the
outer diameter of the benzene ring is approximately
~0.28 nm, and the inner diameter is abour ~0.21 nm. It
should be noted that the aluminum atom diameter is
0.286 nm, and the cross-sectional area along the diam-
eter is 0.064 nm?.

Fig. 6 shows the photographs of the surface com-
position analysis of a polymer thread with aluminum
nanoislands. Table 1 demonstrates that the basis of the
polymer threads is carbon and oxygen, and the indi-
vidual aluminum inclusions (light inclusions) appear
on the surface. The measurements were performed at
the Synchrotron Shared Research Facility of the Fed-
eral State Unitary Enterprise “Lukin Research Institute
for Physical Problems of the National Research Center
“Kurchatov Institute”.

In Fig. la, the spherical aluminum nanoislands
(nanodroplets, spheres) with the dimensions of
10-30 nm are visible. They can combine several hun-
dred carbon benzene rings and develop the nanosized
aluminum/carbon benzene ring structures. In some
part of such a structure, a “nanopoint” can be formed
on the polymer thread surface.

Let us give an example of the generated spherical
nanoformations when a solid surface is wetted with
a liquid to develop the spherical droplets (Fig. 7), where
A is the contact angle much greater than 90°. As a con-
sequence, there is poor wetting (the droplet has an
almost spherical shape and weak interaction with the
solid surface, therefore. there is a decrease in the liquid
contact area with it). B and C are the contact angles
less than 8<90°, the liquid droplets obtain a meniscus
shape (better interaction with the solid surface, the
contact area of the liquid is greater than in the example
A). S is the contact angle 6=0° (essentially it does not
exist) with the complete wetting, when the liquid
spreads over the solid surface, the contact area of the
liquid with the solid surface in this case is the larg-
est. The liquid spreading process is the limiting case of
wetting.

To determine the surface area of an aluminum
sphere (“nanodrop”), we use the following formula:
S=4nR?, where S is the surface area of the sphere; m is
a constant equal to 3.14; R is the radius of the sphere.
For an aluminum spherical “nanodrop” with a diam-
eter of 30 nm (radius R, =15 nm), the surface area will
be equal to: S =4nR;>=2826.0 nm?.

If the contact area with the surface of a fiber made
of carbone benzene rings under non-wettability con-



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
= M ETATRONICS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

IeHbl poTorpadusi TaKKMX KOMIIO3ULIMOHHBIX MaTepH-
aJIoB, KOTOpBIe MOKHO OTHeCTH K MeTaMaTepHajlaM
C OTPHULATeJIbHOM [AHIeKTPUYECKOM IIPOHHIIAeMO-
CTBIO. [IJIS IIOJTMMEPHBIX HHUTEH C HAaHOOCTPOBKAMH
AIIOMHHUS B BHJe GPaKTaJIbHBEIX KIACTepOB IUIa3MeH-
Has 4YacToTa paBHa IpuMepHo 1-10 TI'L.

Eciy BO3HMKaeT HM3KOIIONEBAast SMHUCCHS 3JIeK-
TPOHOB M3 IIapoobpa3HbIX HaHOKAaIlelb ATIOMHUHUS
C PagHuycoM R U MPOHCXOAUT GOPMHUPOBAHME I1JIa3Mbl
Ha/Jl [IOBePXHOCTBIO ITOJIUMEPHOM HHUTH, TO 3JIeKTPO-
MaTrHHUTHOe H3Jy4eHHe C [JIMHON BOJIHBI A MOXKET
PACIIpOCTPAHATCS 4Yepe3 HaHOOCTPOBKU ANIOMHUHHSA
C pa3MepoM MHOIO MeHbllle, YeM [JIHMHA BOJHEL, T.e.
|=2R<<\. Hampumep, mns 4actorsl 10 TT=108 I
JUIMHA BOJIHBI COCTaBUT IpUMepHO 30 MKM, a pas-
Mep HaHOOCTPOBKa /sl 0becriedeHus 371eKTPOMarHHT-
HOW HeIPephIBHOCTH MOXKeT ObITh B 100 pa3 MeHbIIe,
T.e. 300 uMm. Ha puc. la BUAHO, YTO OCHOBHBIE Pa3-
Mepbl HaHOOCTPOBKOB QJIIOMUHHS HaXOOATCA B JHa-
masoHe 10-1000 HM, [O3TOMY YaCTOTHI BBIIIE I1jIa3-
MeHHOM YaCTOThI TAKOM KOMITO3UIMIOHHOM CTPYKTYPBL
(1-10 TI'y) 6yayT cBOGOAHO PACIIPOCTPAHSTHCS 10 HAHO-
OCpPOBKaM aJIIOMHHHS.

HHTepecHO OTMETHUTD, YTO A1 AJIMHBL BOAHBL 30 HM
MHHHMaJIbHBIE Pa3Mepbl KOMIIOHEHTOB OyoyT paBHBI
0,3 HM, KOTOpBbIe IIPaKTHYeCKH PaBHBL pa3sMepy aToMa
AUTIOMHHUS WM AHaMeTpPy 6eH30/IbHOI0 KOJbIia yIjie-
poza, a YacToTa B 3TOM C/Iy4ae fAocTuraet 10% 1y, koTo-
pasl COOTBETCTBYeT IPaHHMLIe PeHTTeHOBCKOIO M raMma
H3JIyueHHH.

PacCMOTpUM BO3MOXHOCTb (QOPMHPOBAaHHS Ha
$pakTaZpHBIX KlacTepax CKUH-3QPeKTa HIKU II0BepX-
HOCTHOTO 3¢QeKTa, CBI3aHHOIO C yMeHBIIeHHeM
AMIIIUTYABI 3/IeKTPOMarHUTHEIX BOJIH I10 Mepe HX IIpo-
HHUKHOBEHUS BIJ1yOb ITPOBOASILEH CPebl. B pe3ybraTe
3TOro 3¢ deKra, HallpuMep, [lepeMeHHbIN TOK BHICOKOM
YaCTOTHl IIPH IIPOTeKAaHHH II0 IIPOBOAHUKY pacIipe-
Jle/is1eTCsl He paBHOMEPHO II0 CeUeHHI0, a IIperMylle-
CTBEHHO B [I0BEPXHOCTHOM CJIO€.

MexaHM3M BO3HHKHOBEeHUSI CKUH-3bdexTa (puc. 8a)
CBsI3aH C GOpMHPOBAaHHEM 3JIEKTPOMArHUTHBIX KOJjle-
OaHUMI B Pe30HAHCHOM CHCTEMe U BO3HHKHOBEHHEM
[IepeMeHHOr0 TOKa B IIPOBOAHHKE, KOTOPOe IIOPOKIAeT
[lepeMeHHOe BHXPeBOe MarHHMTHOe II0Jie, CHJIOBhIe
JIMHUKM KOTOPOIO IepIeHIMKYISIPHbl K OCH IIPOBO-
OHHKA. 3a c4eT 3/IeKTPOMarHUTHOM HHAYKIUH IIepe-
MeHHOe MarHMTHOe II0jIe IIOPOKAAeT BUXPeBoe 3JIeK-
TpPHYeCKOe I10JIe, BhI3bIBalolllee IPOTeKAHUe BUXPEBOIo
ToKa PyKo, IprUYeM Ha I10BePXHOCTH IIPOBOJHHUKA BUX-
PeBOH TOK HaIlpaB/IeH II0 HaIlpPaB/IeHHIO TOKa IIPOBO-
JHHKA, a BHYTPH IIPOBOJAHMKA — IIPOTHBOIIOJIOXKHO.
9To ABJIeHHe CHIDKAeT TOK B CepAlieBUHE ITPOBOAHMKA
U YBeIMYHMBAaeT [I0BEPXHOCTHBIM TOK.

ditions is one percent of the total area of the “nano-
droplet” (s.,,=28.26 nm?), then its contact radius is
based on the area of the circle occupied by the sphere
on the surface, s, =Tr.,,> and will be approximately
lone=3 NmM. For example, several hundred aluminum
atoms can be placed on such a contact area to gener-
ate a “nanoprobe” for several hundred carbon ben-
zene rings and develop a “nanopoint” on the plane. If
a high-voltage impulse with a duration of 1-3 ms is
applied to such a “nanopoint”, then it can lead to the
formation of conditions for the low-field emission of
electrons from the carbon benzene ring.

The aluminum nanodroplets play the role of nano-
probes for applying a voltage impulse to the car-
bon benzene rings and presumable generation of
“nanopoints” on the plane that contribute to the for-
mation of conditions for the low-field emission of
electrons from the polymer threads when a voltage of
1.6 kV is applied to the sample with the length of 1 cm
and development of plasma. This results in the effect
of “highly conductive off-surface state” (HCOSS) over
the Rusar polymer thread. This composite structure on
a polymer thread can have the properties of a metama-
terial [6-8].

Thus, it can be considered that the fractals made of
the spherical aluminum nanodroplets with a size of
1=2R=10-30 nm are responsible for the formation of
low-field electron emission. Ultimately, they develop
plasma and the effect of off-surface highly-conductive
state for electromagnetic radiation with the wave-
length A, provided that [=2RA.

a) b)

Puc. 8. CKUuH-3¢¢pekm: a) MexaHu3m 803HUKHOBEHUS CKUH-
3¢pgexma; b) pacnpedeneHue nAomMHocMu MoKd 8 UUAUHOpU-
4eCcKOM NPOBOOHUKE 8 NONEPEYHOM CeHeHUU

Fig. 8. Skin effect: a) skin effect mechanism; b) distribu-

tion of current density in a cylindrical conductor in the
cross-section
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PacrpenmeneHye IUIOTHOCTH TOKa B LIMJIMHAPHYe-
CKOM IIPOBOOHHKE B IIOIIEPeYHOM CEYeHHH II0Ka3aHOo
Ha puc. 80. [l mepeMeHHOro TOKa IUIOTHOCTh TOKA
SKCIIOHEHIIMA/IBHO YObIBaeT OT IIOBEPXHOCTH BITIYOb
IIpOBOAHMKA. ToNMINMHA CKUH-C/I0S OIIpelesisieTcs Kak
r1ybrHa OT IIOBEPXHOCTH, Ha KOTOPOH IUIOTHOCTh
TOKa YMEHBIIAeTCS 0 1/e (okomo 37%) OT 3HAUeHUS
Ha IIOBePXHOCTH. JTa TOJILHHA 3aBHCUT OT YaCTOTHI
TOKa M 37eKTPUYEeCKUX U MarHUTHBIX CBOMCTB IIPOBO-
OHHUKA. HimrocTpanyss MeXaHH3Ma BO3HUKHOBEHMS
CKUH-3¢deKTa MpuBefeHa Ha pucC. 9.

PacripegesieHrie TOKAa BHYTPHU IIPOBOJHMKA KMMeET
3KCIIOHEHIIMATbHBIN XapaKTep, I103TOMYy B IIepBOM
IIPUOIMKEeHUHY MOSKHO CYHTATh, YTO 3IeKTPUYECKHUH
TOK HMeeT OTHOCHUTEeIbHO PaBHOMEPHYIO 3aBHCH-

CKHH-CI0H
Skin layer

LMINHIPUYeCKUHN
IIPOBOAHUK
pajmycar,
Cylindrical
conductor
with the
radiusr,

Tpadux
IIJIOTHOCTH
TOKa
Current
density
graph

a)

50 I'1y | Hz

50 KTy | kHz

QOO0

JlnaMeTp YCI0BHOIO IIPOBOAHMKA 0,51 MM
b) The diameter of the conditional conductor is 0.51 mm.

1MIy | MHz 50 MI'l | MHzZ

Puc. 9. 3asucumocmb pacnpedeaeHusl NAOMHOCMU moxa 0Asl
UUAUHOpUYECKO20 NP080AHUKA: d) No 2ay6uHe; b) om yacmombi
Fig. 9. Dependence of the current density distribution for a
cylindrical conductor: a) by depth; b) by frequency

22 ®OTOHUKA TOM 19 Ne1 2025

SKIN-EFFECT ON THE FRACTALS MADE

OF ALUMINUM NANOISLANDS

It is important to note that the chains of aluminum
nanoislands on a polymer thread are the continuous
“nanoconductors” for ultra-high-frequency electromag-
netic waves. However, for a constant voltage the poly-
mer thread is a dielectric material, since there is no
interaction of aluminum nanoislands. The papers [1-4]
provide photographs of such composite materials that
can be classified as the metamaterials with negative
dielectric constant. For the polymer threads with alu-
minum nanoislands in the form of fractal clusters, the
plasma frequency is approximately 1-10 THz.

If the low-field emission of electrons occurs on the
basis of spherical aluminum nanodroplets with the
radius R and the plasma is generated above the polymer
thread surface, then the electromagnetic radiation
with a wavelength A can propagate through the alumi-
num nanoislands with a size much smaller than the
wavelength, i.e. [=2RA. For example, for a frequency of
10 THz=10B Hz, the wavelength will be approximately
30 pm, and the nanoisland size to ensure electromag-
netic continuity can be 100 times smaller, i.e. 300 nm.
In Fig. 1a, it is evident that the main dimensions of
aluminum nanoislands are in the range of 10-1000 nm,
therefore, the frequencies above the plasma frequency
of such a composite structure (1-10 THz) will freely
propagate through the aluminum nanoislands.

It is interesting to note that for a wavelength of
30 nm, the minimum dimensions of the components
will be 0.3 nm that is almost equal to the size of an
aluminum atom or the diameter of a carbon benzene
ring. The frequency in this case reaches 10 Hz that
corresponds to the boundary of X-ray and gamma
radiation.

Let us consider the possibility of a skin-effect (or sur-
face effect) on the fractal clusters related to a decrease
in the amplitude of electromagnetic waves as they pen-
etrate deep into the conducting medium. As a result of
this effect, for example, the high-frequency alternat-
ing current flowing through a conductor is distributed
not uniformly across the cross-section, but predomi-
nantly in the surface layer.

The skin effect mechanism (Fig. 8a) is associated
with the development of electromagnetic oscillations
in a resonance system and occurrence of alternating
current in the conductor that generates an alternating
vorticity magnetic field, the lines of force in which
are perpendicular to the conductor axis. Due to the
electromagnetic induction, the alternating magnetic
field generates a vortex electric field, causing the flow
of Foucault eddy current. Moreover, on the conductor
surface, the eddy current moves in the direction of the



FLAMN-25

( OTKPbITA PEFTNUCTPALMHNSA ) __

MexoyHapooHaa KoHdepeHUWA B 0BNacTi NazepHblX TEXHONOMMA, Ha KOTOPROW 0BCYHOaKT HOBERLUKWE PazpadoTrH
B MUPEe NazepHblX TEXHONOrMH, BONPOCH B3aWMOOSRCTEMA NaszepHoro ManydeHWa C BelUecTBoM, Npobnemel
06pa3loBaHWA B 06NacTU Naszepok W hoToHWMKK, BHeOpeHWe MCKYCCTEEHHOMO HHTENMNEKTa B MHOYCTRHIO.
MexcayHapoOHBIA cHMNo3yM FLAMN npoxonuTt ¢ 1996 r.roga kak NpoaonxeHMe OBy KoHgepeHUMA — «flazepHue
TEXHONOMMHY M «Hepe3oHaHCHoe B3aWMOOeMCTEME NAa3epHOro MINyYeHWsa ¢ BELWECTEOM», HAUABLUWXCA B CEpauHe
60-x rogoe 20 epeka. CuMnozvyM FLAMM-25 noceawéd 60-My 0OMNED HaYUYHOW LWKOMNL NaZepHeX TEXHONOMMA
B YHMBepcuTeTe MTMO, KoTopan 3a 3To BpeMA NpeTepnena pad ecTecTEEHHLIX TpaHodopMaUWia U Ha cerofHALWHWRA
peHe apnaeTca MHCTUTYTOM NazepHbixX TEXHONOMMA - 0OHKMM M3 cTapelwmny dakyneTeToR B YHUBepcuTeTe MTMO,

«Hayka He MoMeT pazauBaTtecd Ge3 obMeHa vHdopMauWer. ECNM yUYeHBIM 3aHWMAETCH MCCNeAOoBaHWAMK 1 NPKM
ATOM HE NYSNMKYETCA W HE PACCKAILIBAGT O NONYUYSHHBIX Pe3yNETATAX, HUKAKOID BKNana B Nporpece YenogeyecTaa
OH He BHeceT, A ecnv Mel 00MeHHMBaeMCA MHDOPMALMER TONEKD BHYTPW CTPaHB, Mel OrpaduyrEacM cebn, NoatoMy
BaMHO NOAASDMWEATE CBA3ZE C MMPOBRIM COOBLLECTEOMY,

NazepHble MUKPO- U HAHOTEXHONOTMHK
BzavmogencTEME NAa3epHOre U3NYYeHWA C BELLECTBOM,

+ DYHOAMEHTANbHEBIE OCHOBR NPOUSCCOE BE3aMMOO2iCTEMA CBETa M BellecTBa

+ BaavMoOeACcTEME YNBTRAKOPOTKKMY NazepHblX MMNYNLCOE C BELWLECTBOM M TEXHONOMMK Ha OCHOBE 3THX NPOoUecCcoR
+ NazepHo-WHAYUMPOBAHHAA MUKPONNA3Ma M CBA3aHHLIE C Hel TexHonorvd (LIFT, LIPAA, LIMP w T.0.0

+ NazepHas QyHKUMOHANHM3aUWA NOBEPXHOCTH RDa3NMUHEIX MaTepranos: (u3ndecke OCHOBLl M NpHUMeEHeHKWA

+ HaHoMoTOHWKa W HAHOPa3MepHele CHCTEMb

+ BHOMedWUMHCKKME NaszepHble TEXHONOT A

* MCTOUHMKK CBETa M ONTHYECKWE DELUEHMA ONA Na3epHbIX TEXHONOr WA
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MOCTb TOJIBKO B IIOBEPXHOCTHOM
C/10e, Ha3blBaeMOM CKHH-CI0eM,
a B OCTaJIbBHOM Ce4YeHHH HACTOIBKO
MaJI, YTO UM MOXKHO IIpeHebpedus.
CnenoBaTenbHO, B 0bpasliax IOIH-
MepHBIX HHTeH CBepXBBICOKOYA-
CTOTHasI 3/IeKTPOMarHHUTHas BOJIHA
TepareplLieBoro [JHama3oHa pac-

300 MKM"

IIPpOCTpaHseTCda Ha/, [IOBePXHOCThIO

300 pm

apaMuga Yepe3 HaHOOCTPOBKHU
QAUTIOMHHHUS.

Hanpumep, TonmuHa (rnybuHa)
CKUH-CI0sL 111 0OpasmoB IIOJIH-
MepHOI HUTH JUaMeTpoM 1 MM U3
BOJIOKOH apaMuja C Lemo4YKaMH
HeperyasipHeIX  HaHOOCTPOBKOB
QAIIOMUHHA Ha yacrtorte 5 TT1 cocTa-
BUT §=40 HM U COOTBETCTBYeT TOJI-
IIKMHe HAHOOCTPOBKOB AJIIOMUHMS.

YCTaHOBJ/IEHO, YTO B 3KCIIePH-
MeHTax y [T0JIMMepHbIX HUTeH AJIU-
HOM 1 CM IIPH HUMITy/IbCe HaIpsKe-
HHS 1,6 KB ¢ 4JIUTEIBHOCTBIO 1-3 MC
IIPOUCXOAMI IIpobor, HO IIoCIe
HECKOJIBKUX MOAKIIOUEHUHI BBICO-
KOro HaIIPSIKeHHUS (ot 3 mo 5 pa3)
1 IIOSIBJIEHUS IIPobost IIPU CTIefyIo-
IIUX [TOAKITIOYEHHUSX IIPOOOH ysKe
oTcyrcTBoBas. Ha ortorpadpusax
II0BEPXHOCTH IOJKMMEpPHBIX HUTEH
mocine mpobost (puc. 10) BUIHEL
OIlJIaB/IeHHble HAaHOOCTPOBKH aJIIO-
MHHUS, a LIapoobpasHble HaHO-
KaIllk aJIIOMUHHS PACTEKIHCh
IIOJIHOCTBIO, T.e. HCYe3/IH, 4YTO

100 MKM
100 pm

Jlo Ipo6ost HUTeH
Prior to the thread breakdown

Puc. 10. ®omozpaguu nosepxHoCmu NoAUMEpHbIX HUmel ¢ HAHOOCMPOBKAMU
antoMuHus: 00 npo6os HUMel - cAeda U nocae npobos HUmet — cnpasa

Fig. 10. Photographs of the surface of polymer threads with the aluminum
nanoislands: prior to the thread breakdown (on the left) and after the thread
breakdown (on the right)

100 MKM

100 pm. ¢
—

TToce mpo6ost HUTeH
After the thread breakdown

[IPUBEJIO K IMpeKpalleHUuI0 HU3-
KOHOJ’IEBOfI SMHUCCHUHU BJ'IEKTPOHOB

[ OTCYTCTBHUIO HaJAIIOBEPXHOCTHOI'O BBICOKOIIPOBOZS-
IIIer0 COCTOSIHUS B BUE IJIa3MBI.

IIpy 3KCIlepHMeHTe YCTAHOBJIEHO, YTO IIPHU 3JeK-
TpU4YecKoM ITpoboe Ha BO3[yXe IOIKMMepHble HUTHU
C HaHOOCTPOBKOBOM MeTaJIIM3allkuell aTIOMHUHHUEM He
neperopatoT. Cerka obyrJIMBaIOTCS KOHIIBI IIOTHMeEp-
HOM HHUTH, NPHUKpeIUIeHHble K 1eKTpPoJaM, Ha KOTO-
Ppble IoJaeTcsl HallpsDReHHe ISl OCYINeCTBIeHHS 3/IeK-
TPHUYECKOro IIpobosi.

CremyeT OTMETHTb, UTO I/Ia3Ma ITPeCTaBIIsIeT CO60H
HOHU3UPOBAHHBIN Ta3, OJHO K3 HYeThIpex KIaccHuue-
CKHUX arperaTHblx COCTOHHI/II:I BelllecTBa, U CO,E[EP}KI/IT
cBobOHbIe 37IEKTPOHBI U IIOJIOKUTENbHbIE U OTPHULA-
Te/lbHBle HMOHBI. IIOCKONBKY 3apsDKeHHBble YacTHIIbI
B IUIa3Me 06/1afaloT IIOABHKHOCTEIO, II/Ia3Ma obiagaer
CITOCOOHOCTBIO ITPOBOAMTD TEKTPUYECKHUN TOK. B cTa-
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conductor current, and inside the conductor, it has an
opposite direction. This phenomenon reduces the cur-
rent in the conductor core and increases the surface
current.

The current density distribution in a cylindrical con-
ductor in its cross section is shown in Fig. 8b. For
alternating current, the current density is decreased
exponentially from the surface into the conductor. The
skin layer thickness is determined as the depth from
the surface at which the current density is decreased
to 1/e (about 37%) of the surface value. This thickness
depends on the current frequency and the electrical
and magnetic properties of the conductor. The skin
effect mechanism is shown in Fig. 9.

The current distribution inside the conductor is of
exponential nature, therefore, at the first approxima-
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LIOHAPHOM C/ly4ae IUIa3Ma SKPaHHUPYeT IIOCTOSHHOe
BHEIIIHEe I10 OTHOIIEHMIO K HeH 3JIeKTPHUYecKoe I10JIe
3a CYeT IIPOCTPAHCTBEHHOIO Pa3/ie/ieHus 3apsIoB.

OTMeTHM, YTO HMCKPOBOM pas3psil HpelCTaBiseT U3
cebsl HeCTallMOHAPHYI0 (OPMY 3IeKTPHUUYECKOro pas-
psifa (3/1eKTpHUYecKoro ToKa), IIPOMCXOISIIEro B ra3ax.
PaccTosiHUe, «IpobuBaemMoe» HCKPOM B BO3LYXe,
3aBUCUT OT HAIIPSDKEHHOCTH 37IeKTPHUYECKOro IIOJS
y IIOBEPXHOCTH 3IeKTPOAOB U UX GOpMEI. B mpupon-
HBIX YC/IOBHSIX HMCKPOBBIe Pa3psibl BOSHUKAIOT B BHJE
MoMHHuK. TeMIlepaTypa B IIABHOM KaHajle HCKPOBOTO
paspsizia MoKeT OCTUTaTh 3HaueHws 10 000 K [5].

Kpome Toro, BBICOKAasi TeMIlepaTypa MIPHUBOIMT 3a
BpeMsI MMIIYJIbCA K PACIUIaBy YacTHUYHO ATIOMUHUe-
BBIX HAaHOOCTPOBKOB, YTO MOSKeT ITPUBECTH K GpopMH-
POBAHHUIO JKUAKOMETAIINYecKoro 3¢dexra Pebrnpepa,
B OCHOBe KOTOPOTO JIEKHUT IIpe[iCTaBIeHHe O BO3MOKHO-
CTH JIOKQIM3aLMH 37eKTPOMArHUTHOIO IO/ B CKIaf-
KaxX TpaHMLBI pazfena a3 U KOMIIOHEHTOB SKHUIKOM
IBTEKTUYECKOM CMECH, 3aIOJHSIOMEN TpellHHbI
B I[IOBEPXHOCTH TBEepIOro MeTala. II0CKOJIBKY B KasK-
IO IIPOCTPAaHCTBEHHOM TOUKEe COCeACTBYIOT TPH pas-
JTUYHBIX CyOCTaHIIUM (OMHOPOAHBIN pacIuiaB Al, TBep-
IOBIN Al 1 TBEpABIN - IOTIMEPHOr0 BOJIOKHA), CUCTEMA
CKJIa[IOK TAaKOTo MHTepderica MOAeNHPYeTCs H3BeCTHOM
B TOIIOJIOTUM CTPYKTypor Bamsl-Bpayspa - IIOBepXHO-
CTBIO, Pa3fe/IsIoIlell TPU PA3IHMYHBIX 001acTH B Kak-
IO¥ CBOeH TouKe. [IpH SKHIKOMeT/UTHYecKoM 3bdeKrTte
Pebunpepa [9] BO3MOKHO HCIIyCKAaHHE JIOKAIH30BAH-
HOTO CBeTa.

BbIBOAbl MO YACTU 1
MOKHO CYMTaTh, YTO OTBETCTBEHHBIMHU 3a 0b6pa3oBa-
HHe HU3KOII0JIeBOU 3/IeKTPOHHOM SMHUCCHH SIBIISIOTCA
MeTajl/InYecKre ¢QpakTajbHble KIacTephl, COOPMU-
pOBaHHbIe M3 CPepHUUYeCKHUX HaHOKAIleIb aJIIOMHHHUS
C pamuycom R=10-30 HM Ha IIOBePXHOCTH IIOJIHIME]P-
HBIX HHUTEeH U3 BOJIOKOH 6eH30JIbHBIX KOJlell yIieposa
Y, B KOHEYHOM CUYeTe, CO3Jaroliye iasMy U 3¢pdexr
«HAJIIOBEPXHOCTHOIO BBICOKOIIPOBOJSAIEIO COCTOS-
HHS» JJIS 1eKTPOMarHUTHOIO M3/IydYeHHUs C JJIMHOMU
BOJTHBI A IIPU YCTIOBHH, 9TO [=2R<<A.
CBepXBBICOKOYACTOTHAS 3JIeKTPOMarHUTHAas BOJIHA
TeparepleBoro JHalla3oHa PpacIpoCTpaHsAeTCs Hal
[I0BEPXHOCTBIO IIOJIMMEPHOM HUTH 4Yepe3 MeTaJl/Ih-
yeckye QpaKkTa/JbHBIE KJIACTephl, CGOPMHUPOBaHHBIE
13 HaHOOCTPOBKOB alOMHUHMS. TonmuHa (rnybuHa)
CKHH-C/104 [J1S1 II0JIMMEPHON HUTH JHaMeTpoM 1 MM
13 BOJIOKOH apaMHjJa C LelIoYKaMK HeperyisipHbIX
HAHOOCTPOBKOB a/JIIOMUHUS, HaIlpUMep, Ha YacroTe
5 Tru cocrasiasier 6=40 HM B cJoe HaHOOCTPOB-
KOB aJIIOMHHHS, YTO COOTBETCTBYeT IIPHMEPHO HX
TOJIIIHHE.
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tion, it can be considered that the electric current has
a relatively uniform dependence only in the surface
layer (that is called the skin layer), and in the remain-
ing cross-section it is so small that it can be neglected.
Consequently, in the polymer thread samples, the
ultra-high-frequency electromagnetic wave of the
terahertz range is propagated over the aramid surface
through the aluminum nanoislands.

For example, the the skin layer thickness (depth)
for the polymer thread samples with a diameter of
1 mm made of aramid fibers with the chains of irregu-
lar aluminum nanoislands at a frequency of 5 THz will
be §=40 nm and corresponds to the thickness of alu-
minum nanoislands.

It was established that in the experiments with
polymer threads with the length of 1 cm, a break-
down occurred with a voltage pulse of 1.6 kV with
a duration of 1-3 ms. However, after several high volt-
age connections (from 3 to 5 times) and occurrence
of a breakdown, the breakdown was already absent
with the following connections. The photographs
of the polymer thread surface after the breakdown
(Fig. 10) show the melted aluminum nanoislands.
The spherical aluminum nanodroplets have spread
out completely, i.e. disappeared that leads to the ces-
sation of low-field electron emission and the absence
of off-surface highly-conductive state in the form of
plasma.

During the experiment it was determined that in
the case of electrical breakdown in air, the polymer
threads with nanoisland aluminum metallization did
not burn out. The ends of the polymer thread attached
to the electrodes to which the voltage was applied for
electrical breakdown were slightly charred.

It should be noted that plasma is an ionized gas,
one of the four classical aggregate states of matter. It
contains free electrons, as well as positive and nega-
tive ions. Since the charged particles in plasma are
mobile, the plasma has the ability to conduct electric
current. In the fixed condition, plasma screens a con-
stant external electric field due to the spatial separa-
tion of charges.

It should be noted that a spark discharge is a non-
steady form of electric discharge (electric current)
occurring in the gases. The distance broken down by
a spark in the air depends on the electric field strength
at the surface of the electrodes and their shape. In
natural conditions, the spark discharges occur in the
form of lightning. The temperature in the main chan-
nel of a spark discharge can reach 10,000 K [5].

In addition, high temperature leads to the partial
melting of aluminum nanoislands during the pulse
that can result in development of the liquid metal
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PaccMOTpeHHbIe B CTaThbe KOMIIO3UTHBIE MarTe-
PHAIBl K3 IIOJMMEPHBIX HUTEH C MeTa/UIMYeCKUMH
GpaKkTaIPHBIMH KJIACTePAaMM MOTYT OBITh OTHECEHBI
K MeTaMaTepuajaM C OTPHULIATEIbHON IHU3TIEKTPH-
YeCcKOM IIPOHUIIAeMOCThI0 [6], OmHAKO BO3MOSKHO
CO3MaHHe Ha I[IOJMMEPHBIX HHUTSIX KOMIIO3UTOB
KaK C OTPHULIATEJIbHON MAarHUTHOH IIPOHHIIAeMO-
CTBIO [7], TaK WU KOMIIO3HUTOB C OZHOBPEMeHHO OTpH-
LIATeIPHBIMHU JHU3IeKTPUYeCKOM K MarHUTHOM
[IPOHHUIIAEMOCTSIMH [8].
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Rehbinder effect. This effect is based on the concept
of possible localization of the electromagnetic field
in the folds of the interface between the phases and
components of the liquid eutectic mixture filling the
cracks in the solid metal surface. Since three vari-
ous substances (homogeneous Al melt, solid Al and
solid polymer fiber) are adjacent at each spatial point,
the fold system of such an interface is simulated by
the Brauer structure well-known in topology, namely
a surface separating three various regions at each of
its points. With the liquid metal Rehbinder effect [9],
the localized light can be emitted.

CONCLUSIONS FOR PART 1

It can be assumed that the metal fractal clusters made
of spherical aluminum nanodroplets with a radius of
R=10-30 nm on the surface of polymer threads made of
carbon benzene ring fibers are responsible for the gen-
eration of low-field electron emission. Ultimately, they
develop plasma and the effect of “off-surface highly-
conductive state” for electromagnetic radiation with
a wavelength A, provided that [=2R<<A.

An ultra-high-frequency electromagnetic wave of
the terahertz range propagates over the polymer thread
surface through the metal fractal clusters made of alu-
minum nanoislands. The skin layer thickness (depth)
for a polymer thread with a diameter of 1 mm made of
aramid fibers with the chains of irregular aluminum
nanoislands, for example, at a frequency of 5 THz is
8=40 nm in a layer of aluminum nanoislands that cor-
responds approximately to their thickness.

The composite materials made of the polymer
threads with metal fractal clusters considered in the
article can be classified as the metamaterials with
negative dielectric constant [6]. However, it is possible
to develop both the composites on the polymer threads
with the negative magnetic permeability [7], as well as
the composites with simultaneously negative dielec-
tric constant and magnetic permeability [8].
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In the second part of the article, we will consider the
Interaction of Optical Radiation with Metal Fractal
Clusters.
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