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Pedepar:

1. Incepraliito pUCBsIY€HO BUBYEHHIO IPOCTOPOBUX, CTPYKTYPHUX Ta (a30BUX 3MiH HAHOPO3MIPHUX 00’€KTIB y
TBEPAOMY TiJIi Mif Oi€lo My4YKiB IPUCKOPEHMX iOHIB y NpoLiecax Mac-ClIEKTPOMETPUYHOTO aHali3y Ta iOHHOI
iMmaHTanii. Meta po60Tu nosisrae y BCTAHOBJIEHHI yMOB B3a€EMOZii iOHHNX 30H/iB 3 TOBEPXHEIO, IPUAATHUX 117151
BH3HA4YeHHS Qi3MYHUX XapaKTEePUCTUK HU3KHU aKTyaJIbHUX HAHOPO3MipHUX 06'eKTiB. [lepmuii po3nin nprucBsiieHo
aHasizy mogudikalii noBepxHi My Ai€lo NpHUCKOPEHUX 10HIB pPi3HUX €Hepriil i TumiB. BCTaHOBJIEHO JBa €HEpreTUYHi

IIOPOTH B3a€MOJIii iOHIB 3 TOBEPXHEIO TBEPHOTrO Tija, M0 BU3HAYAIOTh JOCTOBIPHICTb IIMOMHHOTO NPO(PiNI0BaHHS



OCHOBHUX €JIEMEHTIB Ta AOMilOK. EHeprii Bulle nepmoro nopory CIpUYMHSIIOTb KDUTUYHE PO3MUTTS TPOGITIiB y
GaraTouapoBUx MepioguYHUX HaHOPO3MipHUX cTpyKTypax (BITHC), yHeMOXIINBIIIOIOUN TOYHE Kali6pyBaHHS apiB
PiBHOI TOBIMHY IO [IUO6MHI. 3HMXEHHS €HePTii 3MeHIIye aTOMHE [1epeMilllyBaHHS], a IPY €HEPTisiX HUXK4Ye IPYyroro
nnopory popmMyeThCs HAHOPeJIbe, 110 NOoripulye IXMOMHHY PO3LiIbHY 31aTHICTh. ONTUMAJIbHA €HEpris, 3a SIKOi
BPiBHOBaXYyIOTbCS €(DEKTU MePEMIIIYBaHHS Ta PO3BUTKY HaHOPebedy, 3a6e3neuye 1OCTOBipHE BU3HAYEHHS (pOpMU
npodiniB, TOBUIMH 11apiB i BU3Havae QizyHy MeXY BiITBOPEHHSI IPOCTOPOBOIO PO3IO/iNY €JIEMEHTIB i JOMIIIOK Y
HaHOCTPYKTypax. IIpyruil po3nis NpucBsiYeHO po3pobLi HOBOI (i3MiHOI MOJieli B3aeMOIii HU3bKO-€HEPreTUYHUX
iOHIB 3 HAHO-PO3MipHUMHU 00’€KTaMU IIif Yac aHali3y METOAOM Mac-CIEKTPOMETPii BTOpDUHHUX HEUTPAJIbHUX
YaCTHUHOK. 3alpONIOHOBAaHO HOBY METOJUKY HU3bKO-€HEPreTUYHOIO MaC-CIIEKTPOMETPUYHOTO aHali3y pO3Nominy
KOHLIEHTpalliil OCHOBHUX eJleMeHTiB i moMimmok y BITHC. Po3po6sieHo yHiBepcaslbHUI NMifXif, 0 ONTHUMI3alii yMoB
[IOCJIiIOBHOTO PO3NMJIEHHS Nap LIapiB Pi3HUX MaTepiasiB HAHOMETPOBOI TOBLUIMHY Ha NPUKJIAi 6araTomapoBoi
HAHOCTPYKTypu Mo /Si. TperTiii po3[iis MpUCBsSYE€HO AOCTiIXEHHIO MexaHi3miB gerpagauii Mo /Si BITHC, mo
BHUKOPHUCTOBYIOTHCS SIK IUQpaKLifiHi HaArpaTku. Briepiie BCTaHOBJIEHO, 1110 O/IHI€I0 3 IPUYMH MOTipHIeHHS
BiZIOMBHUX BJIACTUBOCTEH PEHTTEHIBCbKUX [I3€PKAJI I1iJ] 4aCc TPUBAJIOTO HArpiBaHHS IIPU TeMIlepaTypax, OJIM3bKUX 1O
0,212 TeMniepaTypu IJIaBJIEHHS KPEMHIIO, € KpUCTai3allis rpaHuLll pO31iny 3 yTBOPEHHAM IOABIMHOI HAATPATKY,
LIEHTP SIKOi 30arayeHui reTepoBaHUM KHCHEM. [HIII0I0 TPUYMHOIO Jerpanallii € BAHUKHEHHS BUIaIKOBUX
JIOKasIbHUX objacteil qudysii aTOMiB KpEMHIIO Ta KMCHIO Yepes3 TPaHuULIi0 PO3ily BI/IM6 MapiB MOJiOAEHY.
YeTBepTuil po3ia posriisfae BIVIMB MEXaHIYHYX HANPY>KeHb HA WBUKiCTh po3nuiaeHHs BITHC. Briepiie nokasaHo,
110 MifiBUILIeHHS KoedillieHTa po3NnIeHHs 30BHilIHIX WapiB y cuibHO HanpyxeHux BITHC nig giero ioHHOro nyyka
obymoBiieHe pOopMyBaHHSIM fedopMaLlifftHO-CTUMYJIbOBAHUX MTOTOKIB €J1a0KO 3B's13aHUX aTOMiB. Yepes maiy
TOBLIMHY MapiB (5-10 HM) IKepesio TaKUX aTOMIB IMIBUAKO BUYEPITyETHCS, 1110 IPU3BOUTH O 3pOCTaHHS JIOKAIbHOI
IIBUAKOCTI PO3NUJIEHHS B MEXKax OKpeMoro mapy. [T'aTtuii po3in NpucBI4eHO BUBYEHHIO IEPEPO3NOLITY
3aJIMIIKOBOTO KUCHIO B 00'€éMi KpeMHi€BUX IJIACTUH Y0OXpaJibChKOrO Mif 4yac pOpMyBaHHS HaIMIJIKUX N /P-
Iepexo/iiB, CTBOPEHUX iMIIJIaHTallielo As ab6o Sb. Briepiue BUsIBI€HO, 110 iMILJIaHTallisl AS CIIPUYMHSE IPUCKOPEHY
I1y3ilo Ta reTepyBaHHS 3aJIMIIKOBOTO KMCHIO B 30Hi iMITJIaHTAlLii, [0 CTUMYJIIO€ PiCT OKCUAHO] IJIiBKY Ha
[IOBEPXHi, Ha BiAMiHY Bif, BUNIaAKy Sb. 3arrporiOHOBaHO MO/IEJb, SIKA MOSICHIOE 110 Pi3HULI0 OCOOINBOCTIMU T10JIiB
MeXaHIYHUX HallpyKeHb i MexaHizmamu nudysii gomimoxk. IllocTuil po3fin cripssiMOBaHO Ha YCYHEHHS CTPYKTYPHUX
HEJIOCKOHAJIOCTEN CTOBIIYACTUX HAHOILIIBOK ZNO, CUHTE30BaHUX 32 KIMHATHOI TeMIIepaTypu. BcTaHOBIEHO
[IOPOTOBY TOBIIMHY KpucTtanizdanii ZnO (~50 HM) i mokaszaHo, o ioHHa iMILJIaHTallis PiIKiCHO3eMeIbHUX €JIEMEHTIB
(P3E) icToTHO nOKpalye KpUCTaJiuHICTh. 3alIPONIOHOBAHO MaCO3aJIeXKHUI MeXaHi3M KpUCTai3aliii, 3yMOBIeHUI
pagzianiHuM HarpiBoMm. JJociimpKeHo BigMiHHOCTI TeMmniepatyp Buxony P3E 3a mexi rpatku ZnO nif 4ac Bignaiy, a
TaKOX [IPOJEMOHCTPOBAHO IIOKPaIleHHs (POTOUYTINBOCTI Ta €JIEKTPUYHUX XaPAKTEPUCTUK reTepONepexoiiB
ZnO/Si, cuHTE30BaHMX 32 KIMHATHOI TeMnepaTypu. JlucepraiiiiHa po60Ta Mae KOMILJIEKCHUI XapaKTep, I0eQHye
eKCIIEpMMEHTAaJIbHI Ta TEOPETUYHi MiTX0H, 1 Blleplile BCTaHOBJIIOE HU3KY (DI3MYHUX MeXaHi3MiB, 1110 BU3HAYAlOTh
IIPOCTOPOBY PO3AiJbHY 3aTHICTh, CTA0L/IBHICTD i CTPYKTYPHY JOCKOHAJICTh HAHOPO3MipHUX OO'€KTIB Mif Ai€lo

IOHHUX IYYKiB.

2. This dissertation is devoted to the investigation of spatial, structural, and phase transformations of nanoscale
objects in solids under the action of accelerated ion beams during mass-spectrometric analysis and ion
implantation. The objective of the work is to establish the conditions of interaction between ion probes and
surfaces that are suitable for determining the physical characteristics of a range of contemporary nanoscale
materials. The first chapter analyzes surface modification under the action of accelerated ions of various energies
and types. Two energy thresholds in ion-solid interactions have been identified, which determine the reliability of
depth profiling of main elements and impurities. Energies above the first threshold cause critical broadening of
profiles in multilayer structures, preventing precise calibration of layers with equal thickness. Reducing the energy
decreases atomic mixing, while energies below the second threshold induce nanorelief formation, which degrades
depth resolution. The optimal ion energy, at which interlayer mixing and nanorelief effects are balanced, ensures
reliable determination of depth profile shape, layer thicknesses and defines the physical limit for reproducing the
spatial distribution of main elements and impurities in nanostructures. The second chapter is dedicated to the



development of a novel physical model describing the interaction of low-energy ions with nanoscale objects during
secondary neutral mass spectrometry (SNMS) analysis. A methodology for low-energy mass-spectrometric
profiling of elemental and impurity distributions in multilayer periodic nanoscale structures (MPNS) is proposed.
Furthermore, a universal approach for optimizing sequential sputtering conditions of nanoscale layers of different
materials is developed, exemplified on multilayer Mo /Si nanostructures. The third chapter investigates the
degradation mechanisms of Mo/Si MPNS used as diffraction superlattices. For the first time, it is established that
one of the causes of reduced reflectivity of X-ray mirrors during prolonged heating near 0.212 Toooo of silicon is the
crystallization at the interface, leading to the formation of a double superlattice with its center enriched in hetero-
oxygen. Another cause of degradation is the formation of random localized regions of silicon and oxygen diffusion
across the interface into the molybdenum layers. The fourth chapter examines the influence of mechanical
stresses on the sputtering rate of MPNS. It is demonstrated for the first time that the increased sputtering
coefficient of outer layers in highly stressed MPNS under ion beam irradiation is caused by the formation of
deformation-stimulated fluxes of weakly bound atoms. Due to the thinness of the layers (5-10 nm), the supply of
such atoms is rapidly depleted, resulting in a localized increase in the sputtering rate within individual layers. The
fifth chapter focuses on the redistribution of residual oxygen in the bulk of Czochralski silicon wafers during the
formation of ultrathin n/p junctions created by As or Sb implantation. It is revealed for the first time that As
implantation accelerates the diffusion and heterogenization of residual oxygen in the implantation region,
promoting surface oxide growth, unlike Sb. A model is proposed to explain this difference based on the
characteristics of mechanical stress fields and impurity diffusion mechanisms. The sixth chapter addresses the
elimination of structural imperfections in columnar ZnO nanofilms synthesized at room temperature. The
threshold thickness for ZnO crystallization (~50 nm) is established, and it is shown that ion implantation of rare-
earth elements (REEs) significantly enhances crystallinity. A mass-dependent crystallization mechanism induced
by radiation heating is proposed. Differences in the out-diffusion temperatures of REEs from the ZnO lattice
during annealing are analyzed, and improvements in photosensitivity and electrical performance of ZnO /Si
heterojunctions grown at room temperature are demonstrated. This work is comprehensive, combining
experimental and theoretical methods, and for the first time identifies a set of physical mechanisms that determine
the spatial resolution, stability, and structural perfection of nanoscale objects under ion beam irradiation.
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