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06’exm docniodicenHss — ACHIPUTHI TOUKOBO-KOHTAKTI HAHOCTPYKTYPH.
Ilpeomem Oocniodcennss — ePEKTH HENHINHOT €JIEKTPONPOBITHOCTI B KBAHTOBUX
JEHAPUTHUX TOYKOBHX KOHTaKTax SIHCOHA.
Y nepmomy po3aiji «CydaCHHM CTaH Ta MNEPCHEKTUBU PO3BUTKY KBAHTOBHUX
CEHCOpIB, IO MPAIIOI0Th HA MPUHITUII 3MIHU €JIEKTPUYHOI MTPOBIAHOCT» MAETHCS
npo ¢pyHAaMEHTaIbHI OCHOBU MiKpOKOHTakTHOI criekTpockorii (MKC) fAHcona ta
TOYKOBUX KOHTAKTIB fIHCOHA, siki € 0a30BUM €JIEMEHTOM CYyYaCHMX KBAHTOBHX
ceHcopiB. HaBeneno iHdopmarito mpo Mojeni TOYKOBHX KOHTAKTIB SIHCOHAa,
OMMCAHO  PEKUMHM  MPOTIKAHHA  CTPYMY, pO3IJISHYTO  (yHAaMEHTaJIbHI
XapaKTEPUCTUKU TOYKOBO-KOHTAKTHUX CTPYKTYD, TaKi SIK €JICKTPUYHUM MOTEHIIA
Ta (QYHKIS PpO3MOAUTY €JIEKTPOHIB 3a iMmyiabcamu. OmnucaHl TPUHIUNH
JIETEKTYBaHHS Tra30BUX cepenoBuill. OOroBOPEeHO OCOOIMBOCTI pOOOTH KBAHTOBHUX
CEHCOpIB, IO TMPAIOI0Th Ha TMPUHIUIN 3MIHU EJIEKTPUYHOI TPOBIAHOCTI TPH
KIMHATHIM TemMmnepaTypi.
Jpyruii po3ain «MeToaudHi OCOOJHMBOCTI JOCIHIIKEHb Ta CEKCIEPUMEHTAIbHE
oOnajHaHHA» PO3MOBIAAE TPO OCOOJMBOCTI MPOLECY CTBOPEHHS TOYKOBUX
KOHTAaKTIB SIHCOHA Ta METOIU MOCHIIKEHHS 1X XapakTepucTuk. Onucani nepeparu
Ta HEJOJIKH PI3HHUX CIHOCOOIB CTBOPCHHS KOHTAKTIB 3aJICKHO BiJ IMOCTABJICHHUX
3aBnaHb. HaBeneHo ommc 1abopaTopHOTO YCTaTKYBaHHS, OMUCAHO METOOJIOTII0
MIJITOTOBKH €JICKTPOJITIB Ta €ISKTPOIIB IS CTBOPEHHS ACHAPHUTHUX TOYKOBHUX
KOHTakTiB SlHCOHa. ONHMCAaHO METOJOJIOTII0 JHCEPTAIMHUX JTOCHIDKCHb B
razoBomy cepenoBullli. HaBeneHo MeToiuky oOpoOKU pe3ysbTaTiB Ta pO3paxyHKiB

ricTorpam mpoBiTHOCTI.



Y Tperbomy po3aiji «KBaHTyBaHHS MPOBITHOCTI — HOBUW CENIEKTUBHUN MEXaHI3M
JETEKTYBaHHS Ta30BUX CEPEJOBHIN»  3aMpPONOHOBAHO HOBY  KOHIICHINIO
CEJICKTUBHOIO JIETEKTYBaHHS B ra30BUX Ta PIIKUX CEPEIOBHINAX, OCHOBaHY Ha
CTaHIB y AMHAMIYHOMY PEXHUMI 3a JOMOMOTOI0 JIEHAPUTHUX TOYKOBUX KOHTAKTIB
SHCcOHA, CHUHTE30BaHUX  CIEKTPOXIMIYHMUM INUIAXOM Y  JOCHIKYBAaHOMY
cepenoBuili. CHHTE3 HAHOPO3MIPHHUX IEHIPUTHUX TOYKOBUX KOHTAaKTIB SIHCOHA
BUKOHYETHCS B MPOIIECT IMUKIIYHOTO KOMYTAIIHHOTO e(eKTy, KU Mae Micle B
CJICKTPOJIITI, 110 KOHTAKTYy€E 3 CepeloBHUIEM, M0 aHamizyeTbes. Lleit edext
CYNIPOBO/DKYETBCS  TIOCHITOBHUMH  ITUKJIAMH ~ YTBOPCHHS Ta PYWHYBaHHS
CJIIEKTPOXIMIYHOI OE3UIIIMHHOI eNeKTPOaHOI cucteMu. [IpoBIAHICTh JEHAPUTHUX
TOYKOBUX KOHTAKTIB SI[HCOHA IEMOHCTPY€E KBAHTOBY ITOBEIIHKY, 10 BU3HAYAETHCS
ob0osionkoBUM edexrtom. KBanToBuii 0600HKOBHI edeKT popmye reoMeTpito Ta
OOYMOBJIIOE JUCKPETHY 3MIHY CTPYKTYpH TMPOBIJHUX KaHAIIB JACHAPUTHHUX
TOUYKOBUX KOHTAKTIB SIHCOHa B mporeci iX cuHTe3y. JUHaMIiYHUI pexuM
CKaHYBaHHS CHEPreTUYHMX CTaHIB TOYKOBO-KOHTAKTHUX KBAHTOBUX CHCTEM,
3aMpOINOHOBAHUH Y JIaHi poOOTI, 103BOJISIE PO3POOUTH YHIBEPCATbLHUI METOI JIJIst
BUOIPKOBOTO BHUSBJICHHSA 0OararboX Ta30moOAIOHMX 1 PIAKUX CEPEIOBMII,
BKJIFOYAIOYM TakKi BaXKi JJIS BUSBIICHHS PEUOBHHHU, K METaH 1 1HEPTHI Ta3u.
OuikyeTbcs, IO HOBUH TMIAX1J JOBEAE CBOK €(EKTUBHICTH Y JOCHIIKEHHI
KBaHTOBUX €(EKTIB MJisi PI3HUX 3aCTOCYBaHb CEHCOPIB 1 CTUMYJIOBaTUME
PO3pOOKY HACTYITHOTO MOKOJIIHHS BUCOKOCEICKTUBHIX HAaHOIIPUCTPOIB.

YerBepTHili po3ain aucepraniiHoi  poOOTH MPUCBAYEHUN  JTOCHIIKEHHIO
«MEXaHI3My aKTUBalli LHUKJIIYHOTO KOMYTAI[IHHOTO e(eKTy sl KBAaHTOBOTO
CCJICKTUBHOTO JICTEKTYBAaHHS 3a JIONOMOTOI0 JCHAPUTHUX TOYKOBUX KOHTAKTIB
Ancona». Po3poOka KBaHTOBHX CENEKTUBHUX CEHCOPIB BHUMAarae JeTaJIbHOTO
BUBYCHHSI MPUPOJIM, KIHETHUYHUX TMapaMeTpiB 1 MEXaHI3MIB akTWBaIlli Bcix (a3
UUKIIIYHOTO KOMYyTaliiiHOro egekty. ToukoBi KOHTakTh SIHCOHa € OCHOBHUM
IHCTPYMEHTOM JUIsl BUPINICHHS BUHUKAIOUMX 3aBAaHb. [Ipu po3MmilieHHI iX B

10HOIIPOBIJTHOMY CEpPEIOBUILI MPOBIJHUNA KaHall KOHTAKTy MOXe (PYHKI[IOHYBaTH



K eneKkTpoxiMmiuyHa Oe3mrnHHa enektpoana cucremMa (BEC). Ilokaszano, mio
Oe3IITMHHA €JEKTPOJHA CHUCTEMa B EICKTPUYHOMY TIOJi € CHCTEMOIO 3
MO3UTUBHUM 3BOPOTHUM 3B'A3KOM, III0 BH3HAYa€ JIMHAMIKY 3MIHH OIOPY
TOYKOBOTO KOHTakTy SIHCOHa B 10HONPOBIIHOMY CepemoBHINI. AHami3
EKCIIEPUMEHTAJIbHUX JaHUX 00 JWHAMIKK €JIEKTPONPOBITHOCTI Ta Yacy >KUTTS
JNEHIAPUTHUX TOYKOBHUX KOHTaKTiB SIHCOHA MiJ 4Yac IUKIIYHOTO KOMYTallIHOTO
edeKTy M03BOJIAE AOCTIAUTA OCOOTUBOCTI MPOLECIB, SKI MOXYTh YMOXIJIUBUTU
peaizallilo KBaHTOBOI'O MEXaHi13My BHOIPKOBOT'O JIETEKTYBaHHS Ta MPU3BECTH 0O
MIJBUIICHHS  YYTJIMBOCTI TOYKOBO-KOHTAaKTHMX CEHCOpPIB JO  PIAKUX 1
ra3onoAiOHUX aHajiTiB. 3alpOIIOHOBAHO Ta OOTOBOPEHO MAaTEMATHYHY MOJEIb
pyWHYBaHHS aHOY JCHJIPUTHUX MIJHUX TOYKOBUX KOHTAKTIB IiJl YaC IUKIITYHOTO
KOMYTaIlliTHOTO e(eKTy.

Y w’aromy po3giii  «KBaHTOBUIT CEHCOp — CEHCOp HOBOTO TOKOJIIHHS
PO3MIISIHYTO PE3yJIbTaTU JIOCHIPKeHb, IO OYyJIM CHpsSIMOBaHI Ha MEpPEBIPKY
MOJKJIMBOCTI MPAKTUYHOTO 3aCTOCYBAaHHSI CEJIEKTUBHOTO KBAHTOBOTO MEXaHI3MY
JIETEKTYBAaHHS Ta30BUX CEPEOBUIN, SAKUH OyJlO0 BIIKPUTO TMPU BUKOHAHHI
nucepraniitHoi podbotu. s mporo Oyia mpoBeaeHa po3poOka MPOTOTUITY HOBOTO
KBaHTOBOTO CEHCOpPA, UYYTJIMBUM €JIEMEHTOM SIKOTO € JICHIPUTHUN TOYKOBUMN
KOHTaKT SIlHCOHa, Ta JOCHIIPKEHO MOro CEHCOpHI BJIACTUBOCTI. BuHsATKOBa
OCOOJIMBICTh TOYKOBO-KOHTAaKTHHUX KBAaHTOBUX CEHCOPIB, OKpIM Oe€3mocepeaHbo
KBaHTOBOi TPHUPOJM TOYKOBUX KOHTAKTIB SIHCOHA, TOB’si3aHa 3 HU3KOIO
(byHIaMEeHTaIbHUX BiIacTUBOCTEH. [0 LMX BIACTHMBOCTEW HaJeXaTh CeLU(IUHUIMA
pO3MOAUT TMOTEHIIady B KOHTAKTI, AKUU CIHpUSE TMPOSIBY MIKPOKOHTAKTHOIO
ra3ouyTInBOro edekry, Ta Oe3NIUIMHHA eJIEKTPOJHA CHUCTEeMa, 1[0 BUHHUKAE Ha
KaHaJIl MPOBIAHOCTI TOYKOBOTO KOHTAKTy B PIAKOMY CEPEIOBHIII Ta 3abe3mnedye
MPOTIKAHHS ITUKIIYHOTO EJEKTPOXIMIYHOTO e(EeKTy, 3aBIsIKA SKOMY MOKIIHUBO
3apeecTpyBaTH IMUPOKUN HAOIp KBAaHTOBUX CTaHIB B JCHAPUTHUX TOUYKOBHUX
KOHTaKTax SIHCOHa, $Ki 3HAXOIATHCS B CEPEAOBHUINAX, IO JOCIiIKYIOTHCS.
[icrorpamMu MPOBIHOCTI, SKI BIAMNOBIAAIOTh KBAHTOBUM CTaHAM JICHAPHUTHHX

TOYKOBUX KOHTAKTIB B MPOLECI X MEPETBOPEHB, € MAPKEPOM MEBHUX CEPEIOBUII 1



MOXYTh OYTH 3apeecTpoBaHi 3a JOMOMOIOI0 TMPOTOTHILY HOBOTO KBaHTOBOTO
CeHcopa, po3pobJeHOTO B ucepTaIliiHid poOoti. Jlie3gaTHICTH po3po0IeHOTO
npoToTUNy Oyia JI0BeJeHA B €KCIEPUMEHTaX B Ta30BUX CEPEOBHUIIAX APTOHY Ta
oTouyro4doro moBiTps. OTpuMaHi pe3ynbTaTH 3a0e3MedyloTh IMEePeAyMOBH s
PO3pOOKH KBAaHTOBUX CEHCOPIB HOBOI'O MOKOJIIHHS JIJISi CEJIEKTUBHOTO BU3HAYEHHS
PIIKHUX Ta Ta30BUX CEPEIOBHILL.

Kiio4uoBi cioBa: HaHOCTPYKTypa, €NEKTPUYHA MPOBIAHICTh, MIKPOKOHTAKTHA
CHEKTpPOCKOMisl SIHCOHA, MIKPOKOHTAKTHHM Ta304yTiIUMBUNA e(eKT, CeHCop,
JICHAPUT, CJIEKTPUYHHUNA OIMip, HAHOCTPYKTYpHI TEpPETBOPEHHS, KBAaHTYBAHHS
MPOBIJHOCTI, TMPOBIHICTh, TPAHCIOPTHI BJIACTUBOCTI, TOYKOBI KOHTAaKTH,
KBaHTOBUM  pO3MIpHUM  edeKT, CKaHylo4a  EJICKTPOHHA  MIKPOCKOIMIs,
HaHOMAaTepiaJid, KBAaHTOBI €(EeKTH, CIEKTpocKkormisa, PamaHIBCbKa CIEKTPOCKOIIS,
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ABSTRACT
Herus A.O. Sensory properties of dendritic point-contact nanostructures. —
Manuscript.
The thesis is submitted to obtain the scientific degree of Doctor of Philosophy in
specialty 104 "Physics and Astronomy". - B.Verkin Institute for Low Temperature
Physics and Engineering of the National Academy of Sciences of Ukraine,
Kharkiv, 2023.
The object of the study is the nanostructured point-contact sensor.
The subject of the study is the effect of nonlinear electrical conductivity in quantum
dendritic Yanson point contacts.
The first chapter, "Current state and prospects for the development of quantum
sensors which operate using the electrical conductivity changing principle”, is
devoted to the fundamentals of Yanson point-contact spectroscopy, which is the
essential element of modern quantum sensors. Information about Yanson's point
contact models is provided, current flow modes are described, and fundamental
characteristics of point contact structures, such as electric potential and electron
pulse distribution function, are considered. The principles for the detection of
gaseous media are described. Operation features of quantum sensors acting on the
principle based on electrical conductivity change at room temperature are
discussed.
The second chapter, "Methodological features of research and experimental
equipment", is about the features of the process of creating Yanson's point contacts
and the methods for investigation of their characteristics. The advantages and
disadvantages of different methods of contact creation are described depending on
the tasks. The laboratory equipment is described, and the methodology of
preparation of electrolytes and electrodes for the creation of Yanson dendritic point
contacts is given. The methodology of dissertation research in a gaseous
environment is explained. The method of processing results and calculations of

conductivity histograms is represented.



The third chapter, "Conductance quantization as a new selective sensing
mechanism in dendritic point contacts”, introduces a new concept of selective
detection in gaseous and liquid media. This concept is based on forming an
original quantum system and registering its energy states in a dynamic mode using
dendritic Yanson point contacts synthesized electrochemically in the studied
environment. The synthesis of nano-sized dendritic Yanson point contacts is
performed in the process of a cyclic switching effect that takes place in the
electrolyte in connection with the medium being analyzed. This effect is
accompanied Dby successive cycles of formation and destruction of the
electrochemical gapless electrode system. The conductance of dendritic Yanson
point contacts exhibits quantum behavior determined by the shell effect. The
quantum shell effect shapes the geometry and causes a discrete change in the
structure of the conducting channels of Yanson dendritic point contacts in their
synthesis. The dynamic mode of scanning the energy states of point-contact
quantum systems, proposed in this work, makes it possible to develop a universal
method for the selective detection of many gaseous and liquid media, including
such difficult-to-detect substances as methane and inert gases. The new approach is
expected to prove effective in investigating quantum effects for various sensor
applications and stimulate the development of the next generation of highly
selective nanodevices.

The fourth chapter studies "Activation Mechanism of the Cyclic Switchover
Effect for Quantum Selective Detection with Dendritic Yanson Point Contacts".
The development of quantum selective sensors requires a detailed analysis of the
nature, kinetic parameters, and activation mechanisms of all phases of the cyclic
switchover effect. Yanson point contacts are the main tool for solving emerging
problems. The conductive contact channel can function as an electrochemical
gapless electrode system (GES) when placed in an ion-conducting medium. It is
shown that the gapless electrode system in the electric field is a system with
positive feedback, which determines the dynamics of the resistance change of the

Yanson point contact in an ion-conducting medium. The analysis of experimental



data on the dynamics of electrical conductivity and lifetime of dendritic Yanson
point contacts during the cyclic switching effect makes it possible to investigate
the features of processes that can ensure the implementation of a quantum
mechanism of selective detection and lead to the increased sensitivity of point-
contact sensors to liquid and gaseous analytes. A mathematical model of anode
destruction of dendritic copper point contacts during the cyclic switchover effect is
proposed and discussed.

In the fifth chapter, "Quantum sensor — sensor of a new generation", the research
results aimed at verifying the possibility of the practical application of the selective
guantum mechanism of detection of gaseous media, which was discovered during
the dissertation work, were considered. For this purpose, a prototype of a new
quantum sensor was developed, the sensitive element of which was a Yanson
dendritic point contact, and its sensor properties were investigated. The exceptional
feature of point-contact quantum sensors, in addition to the quantum nature of
Yanson point contacts, is related to several fundamental properties. These
properties include a specific distribution of the potential in the contact, which
contributes to the manifestation of the point contact gas-sensitive effect, and a
gapless electrode system that occurs in the conduction channel of the point contact
in a liquid medium and provides a cyclic electrochemical effect, thanks to which it
is possible to register a wide set of quantum states in dendritic Yanson point
contacts located in the environments under investigation. Conductivity histograms,
which correspond to the quantum states of dendritic point contacts in the process of
their transformations, are a marker of certain environment compositions and can be
registered using the prototype of a new quantum sensor developed during the
study. The performance of the developed prototype was proven during experiments
in gas environments of argon and ambient air. The obtained results provide
prerequisites for developing -generation quantum sensors to select liquid and
gaseous media.

Keywords: nanostructure, electric conductivity, Yanson point-contact

spectroscopy, point contact gas-sensitive effect, sensor, dendrite, electric



resistance, nanostructured transformations, conductance quantization, conductivity,
transport properties, point contacts, quantum size effect, scanning electron
microscopy, nanomaterials, quantum effects, spectroscopy, Raman spectroscopy,

transport properties, electrical resistivity.
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