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JucepraliiifHy po0OOTy NIPHUCBSIYEHO JOCIIIPKEHHSIM IPOIECIB TeHepallii Ta
TPAHCIIOPTYBaHHSI TOTOKIB 10HIB, €JEKTPOHIB 1 XIMIYHO AaKTUBHMX 4YaCTUHOK B
kiactepHiit ioHHO-a3MoBii cuctemi (KIIIC) Tta B koMOiHOBaHIi MarHeTPOHHIM
10HHO-TIpoMeHeBo# / Tna3moBii cucremax (MIIIC) 31 cxpemenumu EH monsimu s
CHUHTE3y CKJIAJHO-KOMIO3UIIIMHAX HAHOCTPYKTYPHUX TOKPHUTTIB. CTBOpCHHS
KJIACTEPHUX Ta KOMOIHOBAaHMX 10HHO-TUIA3MOBUX CHCTEM, SKI CKJIQJalOThCA 3
JEKUTBKOX IJIA3MOBHUX MOJTYJIIB € MEPCIIEKTUBHUM HAIIPSMKOM JJII OTPUMaHHS TIOTOKIB
aKTUBOBAHMX YACTHHOK 3 MOXIIMBICTIO HE3aJICKHOTO KEPYBAaHHS CHEPTi€l0 Ta
TYCTUHOIO CTPYMY, IO HEOOXITHO JyIsi pO3pOOKM HOBITHIX TEXHOJIOTIM CHUHTE3Y
HAHOCTPYKTYpHUX (QYHKIIIOHAIBHUX MOKPUTTIB 3 33JITaHUMU TTapaMeTpPaMH.

Ha nepmomy etamni po6otu 0ysio MpoBeAEeHO EKCIEPUMEHTANIbHI JOCI1KEHHS
IHTErpalIbHUX XapaKTepUCTUK MarHeTpoHHoro Ta BY inaykiiinoro pospsaais B KITIC:
HaIlpyTy 3amajloBaHHs, MpPOOOI0 1 3racaHHsl 3aJ€KHO BiJ THCKYy poOOYoro rasy,
TOTIOJIOTIi Ta HAMpPY>KEHOCTI MAarHiTHOrO TOJs, BOJBT - Ta BaT-aMIIEPHUX
XapaKTepUCTHK. J{JIs1 ITbOTO BUKOPUCTOBYBAIKCS IITATHI aHAJIOTOBO-ITU(POBI TpUOOpH
Ta aHAJOTOBO-YMCEIbHI METOJMKH, 3 BUBOJIOM JaHUX Ha KoMIT toTep. Takox Oymu
BUMIPSIHI JIOKQJIbHI TApAMETPH TJIa3MH 1 IOTOKIB 3apsAHKEHUX YaCTUHOK (TeMIIepaTypu

1 TYCTHHU €JICKTPOHIB 1 10HIB) METOIaMH OJMHOYHOTO 1 IOABIMHOTO 30HAa JIeHrMIopa;



BU3HAYCHHI EHEPreTHYHl CHEKTpU 10HIB 3a JIONMOMOrOI OJIHO CITKOBOIO Ta
0araTociTKOBOI'O 30H/I1B; MPOCTOPOBI

PO3MOIH TYCTUHHU 10HHOTO CTPYMY, SIKi BAMIPIOBAIHMCS PYXOMUM IIJIOCKUM 30HIOM Y
peXHMMiI HAaCHMYCHHS 10HHOTO CcTpyMy. BumiproBanHs Ta oOpoOka 30HIOBUX BOJIBT-
aMIEPHUX XapaKTEPUCTHK TMPOBOJAMIACS AHAJIOTOBUM METOJOM 1 YHCEIbHO-
aBTOMATH30BaHUM METOJIOM 3a TOMOMOToI0 ipuinany «llnazmomeTpy.

JUisi  BU3HAYEHHS ONTHUMAIbHHUX MapaMeTpiB CUCTEMHU B IPOLIECax CUHTE3Y
3aXUCHHUX 1 €NEKTPETHUX MOKPHUTTIB Ha 0cHOBI okcuaiB Al,O3 1 Ta,Os B KITIC 6ymnu
MIPOBENICHI Mac-CIEKTPOMETPUYHI JTOCTIPKEHHS Ta30BOi CyMiIlll B poO0Uu0i KamepH 3a
JIOTIOMOT010 Mac-criekrpomerpa POMC-4. Takox 0yJi0 TOCHTIIKEHO ONTUYHY EMICIIO 3
mia3mu criekrpomerpom Horiba iHR-320.

B pesynbrari BUKOHAHHS MEpPHIOro eTamy poOOTH OyJio CHUHTE30BaHO
OJIHOIIIAPOBI 1 OaraTomapoBi MOKPUTTS 3 OKCUJIIB allFOMIHIIO Ta TAHTATy 1 BUBUEHO 1X
(1314HI Ta TpUOOJIOTIYHI BIIACTUBOCTI, BUBHAYEHO ONTUMAJIbHE «TEXHOJIOTTYHE BIKHOY
Ta 3p00JIEHO PEKOMEHAAIIIT 00 OTPUMAHHS CTEXIOMETPUYHUX MOKPHUTTIB 3 MEHTO-
okcuny Ttantana B KIIIC. Takox, Ha OCHOBI JOCHIKEHb IUIa3MH MPOBEACHO
ocHamenHs KIIIC nomatkoBum 00aqHAHHSAM JJIi KOHTPOJIIO 1 MOHITOPUHTY B 4acl
KJIFOUOBUX MAapaMEeTPiB TEXHOJIOTIYHOTO MPOLIECY HAHECEHHS MOKPUTTIB HA 3pa3K Ta
MeJIMYHI BUPOOU JJIsl IMIJIAHTOJIOT 1.

Hpyruit etan poOOTH OYyJI0 MPUCBIYCHO KOMIUIEKCHUM E€KCIIEPUMEHTAIBHHUM 1
TEXHOJIOTIYHUM  JIOCTI/PKEHHSM HOBITHbOI KOMOIHOBAHOi MArHETPOHHOI 10HHO-
npomeneBoi cuctemu (MIIIC). B MIIIC marnerponnuit po3psin Oyno moegHaHO 3
JDKEpeJIoM  10HIB  XOJUTIBCBKOIO — THITy, HajalllTOBAHOMYy Ha  poOOTy B
MPUCKOPIOBATILHOMY pexuMi. B 11boMy pexuMi 0yJI0 MOKIMBO 3a0€3MEUUTH BUCOKE
CIIBBITHOIIICHHS JT0JJaTKOBOT HEPIBHOBAXXKHOI €HEprii Ha OJWH KOHJICHCOBAaHUN aTOM
(100-7000) eB/am. 3a paxynok 3HauHoi eHeprii ioHiB (500-7/000) eB. 1le no3Bonuio
dbopMyBaTH MILIBHI, HAATBEP/A1 MOKPUTTS 3 BUCOKOIO BHYTPIIIHIO HANIPYTroto tuny 7iN

Tta o Al[Os. Takox Oyn0 OBEIEHO MOXJIMBICTh KOHTPOJIFOBATH KIHETHKY POCTY



crexioMmeTpudHuX MOKpUTTIB 3 Al,O3 mpu 3HMKEHMX TemIepaTypax 1 OTpUMATH
amopdHi a6o HaHOKpHUCcTaIuH1 (po3Mipom 10-12 HM) uTiBKH 3 ¥ Ta o ha3aMU OKCUIY
amominis. Takox ogHOYacHa poOoTa

MarHeTpOHHOTO PO3pPsAY 1 JKepena 10HIB mpojieMoHcTpyBaia nepeBaru MIIIC nepen
MarHeTPOHHUM PO3PSAIOM, a CaMe:

- 3HIDKEHHS TUCKY poO0YO0To rasy AJis 3amaiioBaHHs po3psaay B 1,5-2 pasu;

- 3MEHBIIICHHS HANpyry MarHeTpoHHoro po3psaay Ha (50-100) B 1 craGimizaris ioro
poboTu mpu TUCKax raszy, MmeHmux 3a 1 mTopp;

- MOXJIMBICTh KOMIIGHCAllli CTPyMy 10HHOTO IIy4Ka TIOTOKOM €JIEKTPOHIB 3
MarHeTpOHHOT TUIa3MH 1 CHHTE3Y TOHKHUX JIIeIEKTPUYHUX IJTIBOK 0€3 MONTKOKEHb;

- MOXJIMBICTH MPOBOJUTH PEAKTUBHUNA 10HHO-TIA3MOBHM CHHTE3 CTEX1OMETPUIHHUX
MOKPUTTIB IIPH MapaMeTpax 1mo3a 30HH MMacuBallli MillieHI MarHeTpoHa.

Takox B pe3ysibTaTi MPOBEACHUX AOCII)KEHb OTPUMAHO MOCIIIOBHUI CUHTE3
amopdHOi, Y - Ta o0 — Pa3 OKCUIy aJIOMIHIIO 32 y4acTIO 10HHOrO OomOapayBaHHS B
MIIIC npu Temneparypi 3pa3kiB menmoi 500° C.

Ha TtperboMy etami poboTH Oyj0 €KCIEPUMEHTAIbHO JOCIIIKEHO 10HHO-
mazMoBy moaudikamiro MITIC, sika npu3HavyeHa JJIsi CUHTE3Y TMOKPHUTTIB 3 HU3BKOIO
ereprieto ioHIB (10-7/00) eB nogatkoBoro 60MOapayBaHHsI, ajie 3 BUCOKOI I'yCTHHOIO
crpymy m0 20 mA/cm?. lleii piamazon mapaMerpiB i0HHOro OoMOapayBaHHS €
HEOOX1THUM JIsl HAHECEHHSI TOKPUTTIB 0€3 BHYTPIIIHIX HANIPYKEHb HA TEPMOUYTIIUBI
MaTtepiau.

Bbyno ekcriepuMeHTanbHO MOBEIEHO MOXJIHUBICTH (hOPMYBaHHS MPH AHOIHOTO
1apy eJIEeKTPOHIB B IJIA3MOBOMY PEXUMI poOOTI JKepesta 10HIB XOJUTIBCHKOTO THITY 03
PO3XKapIOBAILHOTO KATOJY 3aBSKH 1HXKEKILII €JEKTPOHIB 3 MarHETPOHHOTO PO3psIay.
Brepiue ekcrieprMeHTalbHO BCTAHOBJIEHO CaMOY3T0JKEHE KePYBaHHS HANPYTOlO MPH
aHOHOTO APy €JIEKTPOHIB B JPKEPEJIi 10HIB X0JUTIBCHKOT'O THITY B TIJIa3MOBOMY PEXKHUMI1

3a JIOMMOMOTOI MarHiTHOro mnoJist. TakuM yuHOM, B KOoMOiHOoBaHi MIIIC orpumano



HaIpaBJICHU KOMIIEHCOBAaHUN 10H-€JICKTPOHHUI MOTIK 3 KEPOBAHOKO €HEPTi€I0 10HIB B
nianasoni (30-500) eB i ryctunOIO cTpyMy 10 30 MA/CcM?.

Ha getBepTomy erami po6otu Oyi10 po3podiaeHo GEeHOMEHOJIOTIYHY TPOCTOPOBO-
yCepeIHeHY MOJIe)Ib KOMOITHOBAaHOTO Ta30BOro po3pany B EH noinsx, sika moOyaoBaHa
Ha 3arajbHO BH3HAHMX B ()i3MIll Ta30BOTO PO3PALY 1 HU3BKOTEMIIEPATYPHOI IJIa3MHU
BeTMYMHAX. ByJo BUSBICHO €HEPTreTUYHO ONTHUMAIBHHN PEXKUM POOOTH CUCTEMU 3
MaKCUMaJIbHUM CTPYMOM TIpH MIHIMaJIbHIA Harpy3li po3psiay Ta BHU3HAYECHO
napaMeTpH, Kl BIUIMBAIOTh HA BETUYMHY KaTOIHOTO 1 aHOJHOTO MaA1HHS MMOTSHIAIy.
HasBHICTh MIHIMYMY HANpyTH MOSCHIOE CTAOUTI3alIMHUN XapaKTep BOJIbT-aMIIEPHOL
XapaKTEPUCTUKH, a OI[IHKA BEJIMYMHU MOTEHIIANy IJIa3MH 33JI0BUIBHO BIMOBIIAIOThH
EKCTIIEPUMEHTAILHUM JJaHUM. B 111710My MO/1€J1b, SIKICHO Ta KUIbKICHO MOSICHIOE OCHOBHI
xapakTepuctuku pobotu kombOiHOBaHOi MIIIC Bijx 30BHINIHIX MapaMeTpiB: TUCKY
po0O0YOTO razy, eIeKTPUUHOI MOTYKHOCTI Ta MarHiTHOro nmosisi. OTpuMaHi pe3yibTaTH
MOXYTh OyTH 3aCTOCOBaHI1 Ji PO3PSIIB 3 P13HOIO reoMeTpieto enekTpoAiB i EH momnis,
a came,- po3psan IlenHinra, muNHAPWYHMK 10HHMM MarHeTpoH, JI «Pammkamy,
TOPLIEBUI MPUCKOPIOBAY Ta IHIIE.

Takum 4YMHOM €KCHIEPUMEHTAIBHO JTIOBEJCHO 1 TEOPETUYHO OOIPYHTOBAHO HOBY
koHuenuiro komoiHoBanoi MITIC, sika 103BoJIsi€ TeHEPYBATH MOTYKHI 10H-E€JIEKTPOHHI
MPOTOKOKU 3 KEPOBAaHOI €Hepricro. TemaTuka poOOTH 1 OTpUMaHI pe3yJbTaTH
CTaHOBJISITh 1HTEPEC HE TIUIBKHU I (PyHIaMEHTAIBbHOI (PI3UKU Ta30BOTO PO3PSAy 1
HU3BKOTEMIIEPATYPHOI MJIa3MU B MArHiTHOMY TIOJIl, & € aKTyaJbHUMHU JJIsl PO3POOKHU
HOBOIT reHepailii 10HHO-TJIA3MOBOT0 00JIaTHAHHSA JJIsl MIKPO- 1 HAHOTEXHOJIOT1H.

KirouoBi ciaoBa: 10HHUN Ty4OK, JDKEPEIO 10HIB, MarHETPOHHUU PO3Ps,
HU3BKOTEMIIEpATypHa TUTa3Ma, I10HHO-IIA3MOBI CHCTEMH, Ta30BHH pO3pSAT Y

Mar"iTHOMY I10JIi, HAHOTE€XHOJIOT 1.



ABSTRACT

Yefymenko N.O. The formation of combined flows of activated particles in
plasma systems with crossed EH fields for the synthesis of nanostructured coatings —
Qualification scientific work on the rights of a manuscript.

Dissertation for the degree of Doctor of Philosophy in the specialty 105- Applied
Physics and Nanomaterials (Field of Knowledge 10 - Natural Sciences)
V. N. Karazin Kharkiv National University of the Ministry of Education and Science
of Ukraine, Kharkiv, 2023.

The dissertation is devoted to the research of the processes of generation and
transport of flows of ions, electrons and chemically active particles in the cluster ion-
plasma system (CIPS) and in the combined magnetron ion-beam / plasma systems
(MIPS) with crossed EH fields for the synthesis of complex-composite nanostructured
coatings. The creation of cluster and combined ion-plasma systems , which consist of
several plasma modules, is a promising direction for obtaining flows of activated
particles with the possibility of independent control of the energy and current density
of ions, electrons and chemically active particles, which is necessary for the
development of the latest synthesis technologies nanostructured functional coatings
with specified parameters.

At the first stage of the work, experimental studies of integral characteristics of
magnetron and RF induction discharges in CIPS were carried out: ignition voltage,
breakdown and extinction depending on the working gas pressure, topology and
magnetic field strength, current - voltage and current - watt characteristics. For this,
standard analog-digital devices and analog-numerical methods were used, with data
output to a computer.

The local parameters of the plasma and flows of charged particles (temperature
and density of electrons and ions) were also measured using single and double
Langmuir probe methods; determining energy spectra of ions using single-grid and

multi-grid probes; spatial distributions of the ion current density



were measured by a moving flat probe in the ion current saturation mode. Measurement
and processing of probe current-voltage characteristics was carried out by an analog
method and a numerically automated method using the "Plasmameter" device.

In order to determine the optimal parameters of the system in the processes of
synthesis of protective and electret coatings based on Al,O3; and Ta,Os oxides, mass
spectrometric studies of the gas mixture in the working chamber were carried out using
the ROMS-4 mass spectrometer. The optical emission from the plasma was also
investigated with a Horiba iHR-320 spectrometer.

As a result of the first stage of work, single-layer and multilayer coatings from
aluminum and tantalum oxides were synthesized and their physical and tribological
properties were studied. The optimal "“technological window" was determined, and
recommendations were made for obtaining stoichiometric coatings from tantalum
pentoxide in CIPS. Also, on the basis of plasma research, CIPS was equipped with
additional equipment for control and monitoring in time of key parameters of the
technological process of coating samples and medical products for implantology.

The second stage of the work was devoted to comprehensive experimental and
technological research of the latest combined magnetron ion-beam system (MIPS). In
the MIPS, the magnetron discharge was combined with a Hall-type ion source
configured to operate in the accelerating mode. In this regime, it was possible to provide
a high ratio of additional non-equilibrium energy per condensed atom (100-1000) eV/at.
due to the significant ion energy (500-1000) eV. This made it possible to form dense,
superhard coatings with high internal stress such as TiN and a Al,Os. It was also proven
that it was possible to control the growth kinetics of stoichiometric Al,O3 coatings at
low temperatures and obtain amorphous or nanocrystalline (10-12 nm in size) films
with y and o phases aluminum oxide. Also, the simultaneous operation of the magnetron
discharge and the ion source demonstrated the advantages of MIPS over the magnetron
discharge, namely:

- reducing the working gas pressure for igniting the discharge by 1.5-2 times;



- reduction of magnetron discharge voltage by (50-100) V and stabilization of its
operation at gas pressures less than 1 mTorr;

- the possibility of compensating the ion beam current with the flow of electrons from
the magnetron plasma and synthesizing thin dielectric films without damage;

- the possibility to carry out reactive ion-plasma synthesis of stoichiometric coatings at
parameters outside the passivation zone of the magnetron target.

Also, as a result of the conducted research, a sequential synthesis of amorphous,
v - and a - phases of aluminum oxide was obtained with the participation of ion
bombardment in MIPS at a sample temperature of less than 500°C.

At the third stage of the work, the ion-plasma modification of MIPS was
experimentally investigated, which is intended for the synthesis of coatings with low
ion energy (10-100) eV of additional bombardment, but with a high current density of
up to 20 mA/cm?. This range of ion bombardment parameters is necessary for applying
coatings without internal stresses on thermosensitive materials.

The possibility of forming the anode layer of electrons in the plasma mode of

operation at the Hall-type ion source without a glowing cathode due to the injection of
electrons from a magnetron discharge was experimentally proven.
For the first time, self-consistent control of the voltage at the anode layer of electrons
in the Hall-type ion source in the plasma mode using a magnetic field was established
experimentally. Thus, a directional compensated ion-electron flow with a controlled
ion energy in the range (30-500) eV and a current density of up to 30 mA/cm? was
obtained in the MIPS.

At the fourth stage of the work, a phenomenological spatially averaged model of
the combined gas discharge in EH fields was developed, which is built on generally
recognized values in the physics of gas discharge and low-temperature plasma. The
energetically optimal operating mode of the system with the maximum current at the
minimum discharge voltage was found, and the parameters that affect the magnitude of

the cathodic and anodic potential drop were determined.



The presence of a voltage minimum explains the stabilizing nature of the current-
voltage characteristic, and the estimates of the plasma potential correspond
satisfactorily to the experimental data. In general, the model qualitatively and
quantitatively explains the main characteristics of the combined MIPS operation from
external parameters: working gas pressure, electric power and magnetic field. The
obtained results can be applied to discharges with different geometries of electrodes
and EN fields, namely, Penning discharge, cylindrical ion magnetron, DI "Radical”,
end accelerator and others.

In this way, a new concept of combined MIPS, which allows generating powerful
ion-electron flow streams with controlled energy, was experimentally proven and
theoretically substantiated. The topic of the work and the obtained results are of interest
not only for the fundamental physics of gas discharge and low-temperature plasma in a
magnetic field, but are relevant for the development of a new generation of ion-plasma
equipment for micro- and nanotechnologies.

Key words: ion beam, ion source, magnetron discharge, low-temperature plasma, ion-
plasma systems, gas discharge in a magnetic field, nanotechnology.



