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AHOTAIIA

Tonamkina M. O. EnextpodiznyHi Ta MarfiTHI BIACTUBOCTI TOMIIIOK 1 JeeKTiB
y BYIJICIIEBOMICTKMX aMOp(pHUX Ta MOHOKPHUCTaJIIUYHUX MaTepianax — Kpamidikaiiitna
HAyKOBa Ipallsd Ha MpaBax PyKOIUCY.

Huceprariss Ha 3700yTTS HAYKOBOTO CTYIeHS JokTopa (dinocodii 3a
cnemianpHicTIO 104 — di3uka Ta acTpoHOMis. — HarloHaapHUM TeXHIYHUN YHIBEPCUTET
VYkpainn «KuiBcbkuii momiTexHiyHUM 1HCTUTYT iMmeHi Irops Cikopcbkoro», MOH
VYkpainu, Kuis, 2025.

Jucepraliisi NOpUCBAYEHA JOCHIKCHHIO  €IEKTPOPI3MYHUX Ta MAarHITHUX
BJACTUBOCTEH JOMIMIOK Ta Je(EeKTIB Yy BYIVICLEBOMICTKHX aMOpQHUX Ta
MOHOKPHUCTAIIYHUX MaTepiaiiB METO/IaMU CHEKTPOCKOMIT €JIEKTPOHHOT'O
napamarHiTHoro pe3oHancy (EIIP) Ta enekTpuYHO-IETEKTOBAHOIO MAarHIiTHOTO
pesonancy (EAMP). V¥V skocti 00'ekTy nociigxeHHsT Oyiau oOpaHi MOHOKPHCTAIU
kapOiny kpemuito (SiC) 4H Ta 6H mnomitumiB, 13 pI3HUM CTYIIEHEM JIETYBaHHS
nomimkoro a3zoty (N), Ta aMopdHi TOHKI IUIIBKA O€3BOJHEBOTO aJIMa30No10HOTO
BYTJICLIIO, JIETOBaH1 JJOMIIIIKOIO T€PMaHII0.

CyvacHuil ctaH nmpodseM, [kl ICHYIOTh Ha TENEepilIHii MOMEHT CTOCOBHO BILTUBY
JOMIMIOK Ta JAedeKTiB Ha BIACTUBOCTI  BYTJICHEBOMICTKMX aMOppHUX Ta
MOHOKPHUCTAJIIYHUX MaTepialliB, BIAOOpaKEHHM y BCTymll JaHOi poOoTu. 3po0sieHO
BUCHOBOK, 1110, TIOTPU IHTEHCUBHI JIOCTIDKEHHS, 3aJIUIIAIOTHCA HE3 SICOBAHMMH TakKi
MUTaHHS SIK TPUPOJIa CIITHOBOTO 0OMIHY JIOKAJII30BaHUX 1 HEJIOKATI30BaHUX €JICKTPOHIB
Ta 3B’S30K MDK MAarHiTHUMH ¥ €IEKTPUYHUMHU XapaKTEPUCTUKAMHU y Te€KCarOHAIbHHUX
nomrtunax MoHokpuctamiB SiC 3 pi3HUM BMICTOM N, MardiTHI BJIACTUBOCTI
JIOMITIIKOBUX CTaHIB 1 BIUTUB JedeKTiB Ha elekTpoHH1 mpoiiecu y DLC-mmiBkax.

Y mepmioMy po3Aili  BUKOHAHO OTJISII  BJIACTHBOCTEH  BYTJICIIEBOMICTKUX
aMOop(pHUX Ta MOHOKPUCTATIYHUX MaTepialliB Ta METOJU 1X BUPOIYBaHHS. Po3risHyTO
TUNKA T10puau3aiii aTromMiB KapOOHY, 3a PaxXyHOK SIKMUX MOJKJIMBE YTBOPEHHS PI3HHUX

anoTponHux (GopM BYTJIELIO, Ta PI3HUIIO B TIOpUAM3AIl MOBEPXHEBUX 1 TIIMOOKHUX



HIapiB BYTJCIEBUX MaTepiaiiB. 3a3Haue€HO CYTTEBUW BIUIMB TriOpuau3amii Ha
BJIACTMBOCTI BYTJICIIEBUX MaTepiaiB.

Jpyruii po3aul OPHUCBSAYCHO OISy 3acTocyBaHHs crnektpockomii EITP s
JOCTI/PKEHHSI ~ BYTJICIIEBOMICTKMX ~ MarepiamiB.  Po3rimsiHyTo — TeopeTwuuHi  Ta
EKCIIEpUMEHTAJIbHI OCHOBH METOJY, 30KpeMa JEeTaIbHO OMKHCAHO OCHOBHI KOMITOHEHTH
cnexktpometpa EITP. 3a3HaueHo, ki mapamMeTpu MmapaMarHiTHUX CUCTEM MOXKYTb OyTH
BU3HAYCHI 3 aHATI3Y €KCIIEPUMEHTAIBLHUX ITapaMeTpPiB CIIEKTpa.

VY TpeThoMy pO3Jii NPEACTaBICHO Pe3yJIbTaTH JOCIHIKEHHS eNIeKTPOdI3NIHUX
Ta MAarHiTHUX BJacTuBocTed MoHOkpucTalniB 4H-SiC 13 pi3HOI KOHIIEHTPAIlIEIO
JTOHOPIB a30Ty. [IpoaHanizoBaHO MeXaHi3MH CIIIHOBOTO OOMIHY M1X JIOKaJTi130BaHUMU Ta
HEJIOKAJI30BaHUMHU  €JEKTPOHAMH, JOCIIKEHHS IPOBEJCHO 3a  JOMNOMOIOIO
OE€3KOHTAaKTHOIO MIKPOXBHJIBOBOI'O PE30HATOPHOr0 MeroAy Ta crnekrpockomii EITP B
CTaI[lOHAPHOMY Ta IMITYJILCHOMY PEKUMAaX.

Y uyerBepromy po3aiai  mnpoBeaeHo EINIP  mocmimkeHHss  O€3BOJHEBUX
aIMa30Mo0II0HMUX BYTJEUEBUX IUIIBOK, JErOBAHUX T'€pMaHIEM, B HMIMPOKOMY Jiama3oHi
temriepatyp. [IpoananizoBaHO TemmepaTypHi 3aj€KHOCTI CIIHOBOI CIPUUHATIUBOCTI,
MOJIOKEHHS! PE30HAHCHOTO MArHITHOTO NOJIA Ta IUpHUHH JiH1i criekTpy EITP.

[stuit  po3min  TPHUCBIYEHO BUBYEHHIO 3B’A3KYy MDK MArHITHUMH —Ta
CJICKTPUYHUMH BJIACTUBOCTSAMH JIOHOPIB a30Ty B MoHOkpuctanax 6H-SiC 3 HU3bKUM
MUTOMUM OMOpPOM. 3 JaHOK METOK JOCHiKeHO mnpupony curdHany EJIMP vy
MoHokpucTasax 6H-SiC 3 BUCOKUM BMICTOM a30TYy.

KurouoBi csoBa: EIIP, mardiTHi BiacTHBOCTI, KapOlJl KpPEMHIIO, CIIIHOBa
JMHaMiKa, TOHKI IUTIBKM, OlHApH1 CIUIaBM, MarHeTU3M, MapaMarHeTHU3M, PE30HAHCHI
KpUBi, MarHiTHE TIOJ€, aHTU(PEPOMarHETU3M, IapaMarHeTU3M, MIKPOXBUIHLOBE
MOTJIMHAHHS.
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ABSTRACT

Holiatkina M. O. Electrophysical and magnetic properties of impurities and
defects in carbon-containing amorphous and single-crystalline materials — Qualification
scientific work on manuscript rights.

Dissertation for the Doctor of Philosophy degree, specialty 104 — Physics and
astronomy. — National Technical University of Ukraine "Igor Sikorsky Kyiv
Polytechnic Institute", Kyiv, 2025.

The dissertation is devoted to the study of the electrophysical and magnetic
properties of impurities and defects in carbon-containing amorphous and mono-
crystalline materials by electron paramagnetic resonance (EPR) and electrically detected
magnetic resonance (EDMR) spectroscopy methods. The objects of study were silicon
carbide (SiC) monocrystals, 4H and 6H polytypes, with different levels of nitrogen (N)
doping, and germanium doped hydrogen-free diamond-like carbon (DLC) amorphous
thin films.

The current state of the existing problems in the impurities and defects impact on
the properties of carbon-containing amorphous and monocrystal materials topic is
reflected in the introduction. It is concluded that despite intensive research, such issues
as the nature of localized and unlocalized electrons spin exchange and the magnetic and
electrical characteristics correlartion in hexagonal polytypes of SiC single crystals with
different N contents, the magnetic properties of impurity states, and the defects impact
on electronic processes in DLC-films remain unclear.

The first section reviews the properties of carbon-containing amorphous and
monocrystal materials and their obtaining methods. The types of hybridization of
carbon atoms, due to which the formation of different allotropic forms of carbon is
possible, and the difference in the hybridization of surface and deep layers of carbon
materials are considered. The significant hybridization impact on the properties of
carbon materials is noted.

The second section is devoted to a review of the application of EPR spectroscopy

to the study of carbon-containing materials. The theoretical and experimental



foundations of the method are reviewed, in particular, the main components of an EPR
spectrometer are described in detail. It is noted that paramagnetic systems parameters
can be determined by analyzing the experimental parameters of the spectrum.

The third section presents the results of the study of 4H-SiC monocrystals with
different concentrations of nitrogen donors electrophysical and magnetic properties. The
mechanisms of spin exchange between localized and unlocalized electrons were
analyzed. The study was carried out using the non-contact microwave resonator method
and EPR spectroscopy in steady-state and pulsed modes.

In the fourth section, EPR studies of germanium doped hydrogen-free DLC-films
were carried out in a wide temperature range. The temperature dependences of the spin
susceptibility, the position of the resonant magnetic field and the width of the EPR
spectrum line were analyzed.

The fifth section is devoted to the magnetic and electrical properties connection
of nitrogen donors in 6H-SiC monocrystals with low resistivity study. For this purpose,
the nature of EDMR in 6H-SiC single crystals with a high nitrogen content was
investigated.

Key words: EPR, magnetic properties, silicon carbide, spin dynamics, thin films,
binary alloys, magnetism, paramagnetism, resonance curves, magnetic field,

antiferromagnetism, paramagnetism, microwave absorption.
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INEPEJIIK YMOBHMUX IIO3HAYEHBb TA CKOPOYEHb

APY — aBTOMaTH4YHE PETYJIFOBAHHS YaCTOTH

B3 — BasienTHa 30Ha

BHT (CNT) — ByriienieBi HaHOTpyOKHU

EJ1 EITP — exo-eTeKTOBaHUM €IEKTPOHHUMN MMapamMarHiTHUNA pe30HaHC

ECP — enekTpoHHMI CHIIHOBUN pE30HAHC

ECE — enexktpoHHe CIIHOBE €XO

EITP — enexTpoHHUM MapamMarHiTHUN pE30HAHC

3I1 — 30Ha MPOBITHOCTI

IO — imniynibCHE JIa3epHE OCaKEHHS

Y — 1n¢pavepBoHuii

JIE — nokani3zoBaHi €JICKTPOHHU

MEMC (MEMS) — MikpoeJIeKTpOMEXaHI4YHI CUCTEMH

MOH-tpan3ucrop, MOSFET - I10JIbOBUM TPaH3UCTOP TUILY
METAJIOOKCUIHUM HAMIBIIPOBITHUK

MII — marsiTHe moJie

HEMC (NEMS) — HaHoenekTpoMeXxaHi4H1 CUCTEMHU

HE — HenokanizoBaHi €JIEKTPOHU

HBY — nanBucoka yacrora

CCM - cyOmiMariiHui CeHIBIY METO.T

A — KOHCTaHTa HAATOHKOI B3aeMO11

a — crana Kopiaru

ap — paniyc bopa

B — marniTHe nosie

B,cs — pe30HaHCHE MarHiTHE TOJIe

CVD — chemical vapor deposition, XiMidHe OcaJKEHHS 3 TapoBoi (a3u

DLC — diamond-like carbon, anma3omnogioamii Byrieis

DLC:Ge — anma3ono/1i0Hi ByTJIEleB] IJIIBKH, JIETOBaH1 TepMaHieM

Er — enepris ®@epwmi, piBerb Depmi
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h — rexcaronanbha mo3uitist rpatiti SiC

H — crinoBuii ["amizibTOHIaH

-

[ — omepatop CIiHOBOTO MOMEHTY SIpa

k — kBazikyOiuHa no3utis rpatku SiC

Me-C:H — meranomicai DLC-1utiBkH

(Ng — N,) — KOHIIEHTpAIIisl TOHOPIB

Nt — KpUTHYHA KOHIIEHTpaIlisl HOC11B

N}, — ToHOpH a30Ty, IO 3aMINIYIOTh Te€KCaroHaIbHY Mo3uilifo y rpatii SiC

Nk — IoHOpH a30Ty, 1110 3aMIITYIOTh KBa3il-KyOi1uHy mo3ulito y rpatii SiC

PACVD — plasma assisted chemical vapor deposition, xiMiyHE OCaJKEHHS 3
napoBoi (a3, akTHBOBAaHE IIA3MOIO

PLD — pulsed laser deposition, iMITyIbCHE JIa3epHE OCAHKCHHS

PVD — physical vapor deposition, ¢pi13uuHe ocajkeHHs 3 TapoBoi (a3u

PVT — physical vapor transport, MeToJ1 (hi3U4HOTO MIEpEeHOCY NapiB

Q, Q-daxTop — 1OOPOTHICTH PE30HATOPY

-

S — NOBHMII MOMEHT KUIBKOCTI pyXy, OIIEpAaTOpP CIIIHOBOIO MOMEHTY €JIEKTPOHA
SiC — kap0ia KpeMHiro

S102 — ni0KCU KPEMHII0, KBapI]

T — Temneparypa

VRH - variable-range hopping, cTpuOku 31 3MIHHOIO JaJIBHICTIO
0, — IapamMeTp aCUMeTpii

AB,, — mupuna nixii EITP

AE, _, — eHeprisi 10IuH-0pOITAIBHOTO PO3IIETICHHS

& — GHEepris aKTHBaIlii

0 — MPOBIJIHICTH 3pa3KiB MOHOKpuUcTaaigHoro SiC

Vepr — vacrota EIIP

T, — Yac CIHIH-IPATKOBOI penaKcailii

T, — Yac CIIH-CIIHOBOI peTaKcarii
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BCTYII

AKTyaJbHiCTh TeMH. JlOCHiPKEHHSI €JEKTPOHHMX 1 MAarHiTHHX BJIAaCTUBOCTEH
JIOMIIIOK Ta e()eKTiB y BYTJICIEBOMICTKHX aMOP(HUX 1 MOHOKPUCTAIIYHUX MaTepiaiax
€ AaKTyaJbHMM 4Yepe3 IXHE€ IIUPOKE 3aCTOCYBaHHS B CY4YacHUX €JIEKTPOHHUX,
OINTOENIEKTPOHHUX 1 KBaHTOBO-iHpopMamiitHux texHojorisx [1, 2]. Hapasi ogniero 3
KJIFOYOBUX 3a/1ad MaTepiajlo3HaBCTBA € KepoBaHe MOJU(iIKyBaHHS (Hi13UKO-XIMIYHHX
XapaKTEepUCTUK MaTepialliB I[IJISAXOM BBEACHHS JIOMIIIOK Ta KOHTPOJIHOBAHOTO
ctBopeHHs nedekTiB [3]. OcTaHHI KiIbKa AECATUIITH BYTJICHIEBMICHI CIIOJIYKH IIUPOKO
3aCTOCOBYIOTBCS B TEXHOJIOTISIX OJIep>KaHHS (YHKIIOHATBHUX 1 CTPYKTYPHUX
KOMITO3UTIB 3aBJIIKM CBOIM BUJATHUM (D13MKO-MEXAHIYHUM BJIIACTHUBOCTSIM.

ByrieneBomicTKI Matepialiv € NEPCIEKTUBHUMHU JJIS1 3aCTOCYBAHHSI B €JIEKTPOHIL],
O10MEMYHUX TEXHOJIOTIAX 1 €HepreTulll, a ix (hi3MyYHl BIACTUBOCTI 3HAYHOKO MipOIO
BU3HAYAIOTHCA JE(EKTHOIO CTPYKTYPOIO Ta JTOMIIIKOBUMHM LieHTpamu [4]. 3acTocoBaHMI
y po0oTi METOJl elIeKTPOHHOro napamarHiTHoro pe3onancy (EINIP) nns mocmimkeHHs
aIMa30Mo0II0HMX TUTIBOK 1 MOHOKpHUCTaNiB KapOiny kpemHio (SiC) HamaB MOKIMBOCTI
JUTsl BCTAHOBJIEHHSI MEXaH13MIB MarHiTHOTO BIOPSAJIKYBaHHS, BCTAHOBJIEHHS 3B’ 3Ky MIXK
CIIHOBMMHU BJIACTUBOCTSIMU Ta €JIEKTPOHHOIO MPOBIAHICTIO, a TaKOX ONTHUMI3aIlii
napameTpiB MaTepialiB A iX MaHOYTHbOIO BUKOPHUCTAHHS B CIIHTPOHILI, KBAHTOBUX
TEXHOJIOTISX 1 CCHCOPHUX MTPUCTPOSX.

Pe3ynbrati BUKOHAHOTO HAYKOBOT'O JIOCIHIJKEHHS BUPIIIYIOTh BaXJIMBE HAYKOBE
3aBJaHHS BCTAHOBJICHHS B3a€MO3B’A3Ky MK €INeKTPOPI3UMYHMMH Ta MAarHiTHUMHU
BJIACTUBOCTSIMU  JIOMIIIOK 1 JIePEeKTIB y BYIVICHICBOMICTKUX aMOphHUX Ta
MOHOKPHCTAJIIYHUX MaTepiajax MIITXOM KOMIUIEKCHOTO aHalli3y CIIHOBOI JMHAMIKHU Ta
CJIEKTPOHHOTO TPaHCHOPTY 13 3acTtocyBaHHsAM Metony EIIP Ta emekTpudHo-
JETEKTOBAHOT'O MarHiTHOTO PE30HAHCY.

Kap6ing kpemHilo, MHMPOKO30HHA HAMIBNPOBIAHUMKOBa crnoiayka IV-IV, €
OCHOBHUM €JIEMEHTOM Yy MPOMHUCIOBOMY BHPOOHUIITBI MOHOKPHCTAJIIYHHUX IUIACTUH
BEIIUKOTO PO3MIpYy Ta emiapiB BHCOKOI SKOCTI, IO BEIE /0 TOIIUPEHHS Y CBITI

BUPOOHMIITBA BUCOKONPOAYKTUBHUX MOAYJIB 1 mpucTpoiB Ha ocHOBI SiC. BrnactuBocTi
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SiC [03BONSAIOTH MPUCTPOSM HA MOro OCHOBI, IO MPALIOIOTh MPU BUCOKHUX
TEMIIepaTypax 1 Hampyrax, MaTh BHCOKY CBITJOBiJady, BHUCOKI 3aHUYCHHS
e(DeKTUBHOCTI Ta TMOTYXXHOCTI, BHCOKY TEpPMOCTAOUIbHICTh Ta BHCOKYy pPoOOUy
TeMmneparypy [5].

Monokpuctamunuii SiC, 30kpema ioro nomitunu 4H ta 6H, € nepcnekTuBHUMHU
MaTtepiaiamu sl OTY>KHOI €JIEKTPOHIKH, BUCOKOYACTOTHUX 1 BUCOKOTEMIIEPATYyPHUX
npucTpoiB. BoHM MaiTh MUPOKY 3a00pOHEHY 30HY, BHUCOKY TEIUIONPOBIIHICTD 1
CTaOUIBHICTh Y CKJIQAHUX EKCIUTyaTallliHUX yMoBaxX. BogHouac, MarHiTHI Ta CIIiHOBI
BJIACTUBOCTI TOYKOBHX Ae(eKTiB y SiC BIIKpUBAIOTh MOXKJIUBOCTI ISl 3aCTOCYBAaHHS
bOTO MaTepialy y KBaHTOBIW €JIEKTPOHIL, 30KpemMa JJisi CTBOPEHHS CIIHOBUX KYOITIB
Ta CEHCOPIB MArHIiTHOTO TOJII Ha OCHOBI a30THO-BakaHCIHHUX IeHTPiB (NV-1IeHTpIB)
a00 kpemHieBUX BakaHCIA (Vg-1leHTpiB). Yci 11 0COOJUBOCTI POOJISITH 1IeM Marepial
OPUJAATHUM JUIs 3aCTOCYBAaHHsS 3a BHCOKHX TEMIIepaTyp, B AaepOKOCMIYHIA Ta
aBTOMOOUTBHIN TTPOMHUCIOBOCTI, arpECUBHUX CEPEIOBUIIAX, CIIEKTPOHHHUX MPHUCTPOSX,
BUCOKOYACTOTHUX  NPUCTPOSIX, JUISI BUTOTOBJCHHS OOOJIOHOK TMAaJMBHUX Ta
TEIUIOBUAUIBHUX €JIEMEHTIB aTOMHHUX EJEKTPOCTaHIIN, JUIsi KOCMIYHUX JIOCHIIKEHb,
dboToHiku, Ta 0ioceHcopiB [6 — 17]. YV HemonasHiii poOoTi [18] Takoxk moBigoMIIsIIOCS,
10 SiC € mepCcrneKTUBHUM MaTepiajoM sIK HOBUH JETEKTOpP TEMHOT MaTepii.

Jleroanmii azotom (N) 4H-SiC Mae mumpoke 3acTOCYyBaHHS B CHJIOBHUX
enexkTpoHHux mpuctposx (mioau lottki, cunoBi MOH-Tpan3uctopu (MOSFET), Ta
OIMOJISIpHI  TPAH3UCTOPH),  CBITJIOBUIPOMIHIOIOYMX  MPUCTPOsIX  (MOTYKHI  Ta
BHUCOKOSICKpPaBl  CBITJIOJIOAM, Ja3epHl J10Au), (OTOENEKTPUYHUX MPUCTPOSX,
JIETEKTOpax BUIIPOMIHIOBAHHS, BUCOKOTEMIIEPATYPHIN €JIEKTPOHIILl Ta JaTuvkax [19 —
27]. Sx nacmigox, N-neroBannii 4H-SiC € nmepcrneKTHBHUM KaHIUIATOM JJIS TIPUCTPOIB
HACTYIMHOTO TOKOJIHHS, SIKI MOTpPeOyIOTh BHCOKOI MPOAYKTUBHOCTI Ta HAJIHMHOCTI.
Taxkum yuHOM, BUBYEHHSI MarHiTHUX U ejaekTpuuHux BiaactuBocted 4H-SiC 3 pisHuMU
KOHIIEHTpaIIsIMU JTOHOPIB N CHpUSATUME KPaAIIOMy PO3YMIHHIO MEXaHI3MIB JeTyBaHHs
a30TOM 1 JO3BOJUTH OMNTHUMI3yBaTH TpPOIEC JIETYBaHHS a30TOM IS KOHKPETHUX

3aCTOCYBAaHb.
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Ha cpboroanimHiii 1eHb IHTEHCUBHO BUBYAIOThCA AedekTHI nentpu y SiC Ta ix
CmiHOBa JAuHamika. YMCIeHHI JOCHIHKEHHS MIATBEPAWIN HAsABHICTh CTaOUIbHUX
cininoBux ctaHiB y 4H-SiC ta 6H-S1C, 1110 € nmepcrneKTHBHUMH /IS peaizallii KBaHTOBHX
O0YHCIIEHb Ta CIIHTPOHIKU. 30KpeMa, METOAH €JIEKTPOHHOTO NapaMarHiTHOTO PE30HAHCY
(ETIP) mo3Boauiam AeTajibHO AOCIIIUTH OCOOJMBOCTI CIiH-pesIaKcallii Ta KOrepeHTHOCTI B
pizaux nomitunax SiC. [Ipore B3aeMopisi CiHOBUX CTaHiB Ta ixHs AuHamika y 6H-SiC
BCE I1I€ MOTPeOYIOTh TIUOIIOro AocmipkeHHs [28 — 30].

AMopdHi ToHKI uTiBKY anmazononaionoro Byriemto (DLC, diamond-like carbon)
NPUBEPTAIOTh 3HAYHY YBary 4epe3 YHIKaJbHE MO€JHAHHS BUCOKOI TBEPAOCTI, XIMIYHOI
1HEPTHOCTI Ta 3MIHIOBAHUX €JIEKTPOHHHUX BJIACTUBOCTEMH.

DLC-mmiBKH € MaTepialoM, SIKHil 3alleKHO Bij CIIBBiAHOIICHHS sp’- i sp’-
BYTJICIICBUX 3B'SI3KIB 1 JIETYBaHHS DPI3HUMHU €JIEMEHTAMH MOXXE€ MaTH CTPYKTypy W
BJIACTUBOCTI 3a3BUYail MPUTAMaHHI PI3HUM aJIOTPOMHUM (opMaM BYTJICII0 — BiJl
anMaszy 10 rpadity, To0TO 3MiHHI B mMpokoMy niama3oHi. JleryBanns DLC-miiBok
J03BOJISIE LJIECTIPSIMOBAHO 3MIHIOBATH 1XHIO MPOBIAHICTh Ta ONTHYHI XapaKTEPUCTHUKH,
0 € BaXIUBUM JUJII  CTBOPEHHA HOBUX  (DYHKI[IOHAJIBHUX  TOKPHUTTIB,
HAHOCTPYKTYPOBAHUX EJICKTPOHHUX €JEMEHTIB Ta OloceHcopiB. Takox nedexrtu, ski
3’SBIAIOTBCSA Ha 1HTEepdeNci MDK MIAKIAAUHKOK Ta BYTJEIEBOMICTKOIO IUIIBKOIO,
TPalOTh BAXKIIUBY POJIb Y MOJAIBIIOMY 3aCTOCYBaHHI ITUX CTPYKTYp y mpmianax [31].
ToMy akTyaJIbHUM 3aBIaHHSM € BUBYCHHS MAarHiTHHUX Ta €JIEKTPOHHUX BIIACTUBOCTEH
JOMIMIOK 1 NMe(deKTIiB y TakuxX IUTIBKAaX, a TaK0X BUBYCHHS BIUIMBY JIETYBaHHS Ha
CIiBBiZHOLICHHS sp° /sp° BYIJICNEBHX CTaHiB, IO CHOPUATHME PO3POOIH HOBHX
MaTepiaiiB 3 KepOBaHUMH (DYHKI[IOHAIbBHUMH BIACTUBOCTIMHU [32 — 34].

Ho6pe Binomo, mo EINTP € moTyxHUM 1 HEpYHHIBHUM METOJIOM JIJISl TOCIIIKEHHS
MarHiTHUX ¥ €JIEKTPOHHUX BIACTUBOCTEH ByrieneBux MarepiaiiB [35], 3okpema it DLC
wiiBok [36]. ¥V Ttonkux DLC-miniBkax i3 pi3HHM BMICTOM Ta KOHIIEHTPAIUIEIO TOMIIIOK
merogoM EINP mokHa BH3HAUWTH XapakTep OOMIHHOI B3a€MOJIl y CIIHOBIM CHUCTEMI
BYIJICIICBO-TIOB’ SI3aHUX IIEHTPIB Ta 1X JIOKAJbHY €JIEKTPOHHY CTPYKTYpY [37].

Ha ceoroguimmHiii AeHh 3HAYHUN MPOTPEC JNOCATHYTO y BUBYEHHI €JIEKTPOHHOI

CTPYKTypHu Ta ontuuHux BiaactuBoctedl DLC-mmiBok. Hampukiaza, BigoMo, 10 iCHYE
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KOpEJSALis MK IPUCYTHICTIO HAHOTOYOK/HAHOKJIACTEPIB BYIJICLIO Y BYTJICLIEBOMICTKUX
HAHOKOMITO3UTaX Ta ePeKTUBHICTIO QoTomominecteHii [38]. Takoxk HemoaaBHO Oyi0
BCTAHOBJICHO, 10 TepMmiuHa o0poOka DLC-miBok 3HA4YHOIO MIpOIO BIUIMBA€E Ha iX
ONTWYHI, eNeKTpodi3uyHi Ta MarHiTHI BractuBocTi [39]. BoaHowac HemocTaTHBO
JOCITIKEHO MAar”iTHI BJIACTUBOCTI JIOMIIIKOBUX CTaHIB, a TaKOXX MEXaHI3MH BILIUBY
nedeKTIiB Ha eJeKTPOHHI MpolecH y Takux Matepianiax. OkpeMy yBary INpUBEpTae
MUTAHHS B3a€EMOJII CIIHOBUX CTaHIB y aMOp(HUX BYTJCIEBUX CTPYKTypax, IO
BIJIKPUBAE MEPCIIEKTUBH X BUKOPHUCTAHHS B HOBUX KBAaHTOBHX MpHUCTposix [40 —42].

[Torenmian 3actocyBanHsi DLC-miBok y pi3HHX cdepax 3apa3 € NpeIMEeTOM
HAyKOBOTO IHTEpECY B YCbOMY CBITI. Xoua JEsKI pO3pPOOKH IMOKHU MepedyBarOTh Ha
cTaaii  JoCHiDKeHb (Takl sk, Hampukiaa, 3acrocyBaHHs DLC-mimiBok  y
MikpoeniekTpoMexaHiyHux cuctemax (MEMS)), iHin Hapasi moBHICTIO po3poOJieHi Ta
3aCTOCOBYIOTBCS B KOMEPIIIMHUX Maciitabax (Hampukiaa, piLKydl 1HCTPYMEHTH 3
aJIMa3HUM TOKPUTTSIM, OpuTBeHHI Jyie3a 3 DLC-mokpuTTsiM, aBTOMOOLIBHI JAeTali Ta
KOMITOHEHTH, MEXaHIYHl YUIUIbHIOBadl, XIPYpriuHl 1HCTPYMEHTH, MAarHiTHI >KOpPCTKI
JIMCKHU, O10MEUYHI IMIUTAaHTaTH, ONTHYHI BiKHA, PO3CiOBayl TEIUIA, TaTUYUKH, PUIBTpH
aKyCTUYHUX XBWJIb, IUIOCKI JuCIUIe], (DOTOMOMHOXYBadi Ta MIKPOXBHJIbOBI JIAMIIH,
npwiIaayd HiYHOro OadeHHs Ta pi3HOMaHiTHI ceHcopu). Ha nanuit moment DLC-miBku
TaKOX B1JIOMI HayIll CBO€0 010CYMICHICTIO Ta T€MOCYMICHICTIO, SIKY MOKHA TTOKPAITUTH
IIISIXOM 30iMIBIICHHS CITiBBiHOMIEGHHS 3B’A3KiB sp° / sp’. BiocymicHOCTi mOTpeGyioTh
MOKPUTTS B IMIUIAHTaTaX 1 MPOTE3HMX MPUCTPOSIX, TOOTO 3aCTOCYBaHHS B CHIIBHO
KOPO31MHUX CepeOBUIIAX — BUCOKA XIMIYHA CTaOUIbHICTh Ta iHepTHICTh DLC-1miiBok
pPOOUTH 1X 1€aTIbHO MIAXOIAIIUMHU JI TAKOTO BUKOPUCTAHHS [43 — 46].

ITocTiiftHO BeaeThCA PO3pOOKAa HOBHX 1 OLIBIN HAIIMHMX METOJIIB OCADKCHHS i B
OCTaHHI POKHM OYIKY€THCS, 10 BUPOOHUIITBO BUCOKOSIKICHUX aiiMa3zHuX 1 DLC-mmiBok
CTaHe ayXe PeHTaOeNbHUM 1 HAAIMHUM IS IIHPOKOMACIITA0OHOTO 3aCTOCYBaHHS B
MEJUIMHI, TPAHCIOPTI Ta B JIETKiM mpomwucioBocTi. HemonaBHo (yHmamMeHTambHE
PO3yMIHHS XIMii Ta TPUOOJIOTIi UX TUIIBOK HAA3BUYANHO PO3IMUPUIOCh. Lle po3ymiHHsS
BUKOPUCTOBYETHCS IS TU3aiiHy Ta po3poOku me kparmx DLC-mokpuTis, sKi 31aTHI

BIIMOBIJIATH  moTpedaM B 0araTOPyHKI[IOHAJIBHOCTI JJii BCE€ BUMOTJIMBIIIKX
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3actocyBaHb [47, 48]. Okpim ¢azoBo-unctux anmazHux Ta DLC-muniBok, Oynu cTBOpeHi
Buad DLC-mmiBOK 13 JIETYBaHHSIM METATIYHUMH Ta HEMETATIYHUMH €JIEMEHTaMH, IO
JTO3BOJISIE IOCSTTU KpaIIUX €JIEKTPUYHUX, MEXaHIYHUX, 1 TPUOOJOTTYHUX BIACTHUBOCTEN
[49, 50].

Takum 4MHOM, AOCTIHPKEHHS €IEeKTPOHHUX Ta MAarHITHUX BIACTHUBOCTEH JTOMIIIOK
1 1edekTiB y BYTJICLIEBOMICTKHX Marepiajlax € aKTyaJlbHHUM 3 TOYKH 30py PO3BHUTKY
CY4YacHOI €JIeKTPOHIKU, CIIHTPOHIKMA Ta KBAHTOBUX TEXHOJOTI. OTpuMaHi pe3ynbTraTtu
CIPUATUMYTh NMOJANBIIOMY PO3IIMPEHHIO 3HaHb PO (GyHAaAMEHTaIbHI BIACTUBOCTI X
MarepiaiiB, M0 € BAXIMBUM JUIsl CTBOPEHHS HOBHX MPUCTPOIB 13 3aJaHUMU
XapaKTePUCTHKAMH.

3B’A30K po00TH 3 HAYKOBUMM NpoOrpaMamm, IjianamMmu, tremamu. PobGora Han
JUCepTalli€el0 BUKOHyBajacs B HalloHaabHOMY TEXHIYHOMY YHIBEPCUTETI YKpaiHU
"KuiBcbkull MoMiTeXHIYHUM THCTUTYT 1MeH1 [ropst CikopchKoTo", a TakoX 3a TPYHOBUM
rpaHToM y pamkax KoHkypcy «Magnetism for Ukraine 2023» Bix IEEE Magnetics
Society min erimoro YHTL[ Ta Inctutyry Marnetusmy HAH VYikpainm ta MOH
Vkpainu. [ToBHa Ha3Ba rpanty: “Magnetic interactions and spin dynamics in heavily
nitrogen-doped 6H-SiC monocrystals™ (01.12.2023-30.11.2024, Ne 9918), kepiBHUK —
n.¢.-m.H., nou. J.B. CaBueHko Ta B pamkax IHII[IaTUBHOI TeMH Kadeapu 3arajibHOi
b3uKkH Ta MojemtoBaHHS (I3UMYHUX TpoleciB «Mar"iTHi B3aemMoii Ta CIIHOBA
nuHaMiKa y MoHOKpucTamiyHoMy 4H-SiC 3 BUCOKMM CTymneHEM JIeryBaHHS JTOHOpaMu
azoty» (Ne 01190100485, 01.01.2023-31.12.2023).

Meta i 3aBaaHHsi JaocjilzKeHHsl. MeToro poOOTHM € BU3HAYEHHS BIUIMBY
JOMIIIOK Ta Je(EeKTIB Ha eNeKTPO(]Pi3nyHI Ta MarHiTHI BIACTHUBOCTI BYIJIELIEBOMICTKHUX
aMOp(HMX Ta MOHOKPHUCTAIIYHUX MaTeplajgiB Ha OCHOBI iX CHCTEMaTUYHOTO
JOCIIIKEHHS €1eKTPO(PI3UYHUMU METOJAMH Ta METOAaMHU MarHiTHOIO PE30HAHCY.

Jlist peanizaiiii mocTaBaeHOT METH Mepe0avanocs: BUPIIIICHHS HACTYITHUX 3a]1a4:

1. TlpoBectn cucTeMaTWyHi JOCHTIDKEHHS €JIEKTPOHHUX Ta MAarHiTHHX
BJIAaCTUBOCTEN Jomimok Ta AedektiB y DLC-miiBkax Ta momiTunax cruiaBy kapOimy

kpemHito MmoHOKpucTanigHoro 4H-SiC ta 6H-SiC, neropaHux a30ToM, MiKpOXBHUILOBUM
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PE30HATOPHUM METOJOM Ta METOJOM E€JEKTPOHHOTO MapaMarHiTHOTO PE30HAHCY Yy
MIMPOKOMY TemrepaTypHoMy iHTepBaii 5 — 295 K.

2. BUBUMTH MeXaHI3MU B3a€MOJIii CIIHOBUX CTaHIB y BUCOKOJETOBAHUX a30TOM
mMoHokpucTanax 6H-SiC nuisixom 3icTaBiIeHHS TaHUX, OTPUMAHUX €KCIEPUMEHTANbHO,
13 TEOPEeTHUYHUMH pO3paxyHKaMmH, JITEPaTypHUMH JIaHUMHU Ta TEXHOJIOTTYHUMU
yMOBaMHU OJIepKaHHS MaTepiaiy.

3. Jocmiautu cmiHOBY jauHamiky B MoHokpuctainax 4H-SiC i3 pi3HOIO
KOHIIEHTPAIIEI0 JOMIIIOK a30Ty IUIAXOM 3ICTaBJIECHHS EKCIEPUMEHTAIbHUX JIaHUX 3
MOJICTTIOBAHHSIM Ta TEOPETUIHUMH PO3PAXYHKAMH.

4. BcTaHOBUTH €NEKTPOHHI MOJENl JOMIMIOK Ta AedEeKTiB, MarHiTHUX Ta
CJICKTPUYHUX BJIACTUBOCTEH BYTJIEHEBOMICTKMX aMOP(PHUX Ta MOHOKPHUCTAIIYHUX
MaTepiais.

006’exktom nocaimkenns € nomitunu 4H ta 6H MoHOKpucTaniuHOro KapoOimgy
KpeMHil0 Ta amop(dni Oe3BOJAHEBlI TOHKI IUTIBKM aJMa30moji0HOTO ByTieloo 0e3
JIOMIIIIOK Ta JieroBaHi Ge.

IIpeaMer gocaigxeHHsI: €JIEKTPOHHA CTPYKTypa, €lIeKTpo(]i3uyHI Ta MarHiTHI
BJIACTUBOCTI BYTJIELIEBOMICTKUX aMOP(HUX Ta MOHOKPUCTAJIIYHUX MaTeplaiB.

Metoau aochaigkeHHsi. [ BUKOHAHHS IIOCTABJICHMX HAYKOBUX 3aja4
BUKOPHCTOBYBAJIUCH SK CKCIIEPUMEHTAIBbHI, TaK 1 TEOPETUYHI METOMHM TOCIIIKCHHSI.
ExcrniepuMeHTanbHl METOAM BKJIIOYAIM: CTAl[lOHAPHUA Ta €XO-IE€TEKTOBAHUM PEXUMU
merona EIIP, MIKpOoXBWIbOBUW PpPE30HATOPHUM METOJ Ta METOJ EIEeKTPUYHO-
JIETEKTOBAHOI'O MAaHITHOTO pe30HaHCy. TeopeTH4Hi METOIU MAOCHIKEHHS — IIe
MozenmoBaHHsl cnekTtpiB EIIP Ta anami3 TeMmepaTypHUX 3aJ€KHOCTEW MapaMeTpiB
OTPUMAHUX CHEKTPIB. Takox MoOXHa BHAUIMTA Taki 3acTOCOBaHI B POOOTI
3arajJlbHOHAYKOBl ~TEOPETHYHI METOJIU SIK CXO/PKEHHS BiJ aOCTpakTHOrO J0
KOHKPETHOTO, (hopmMaltizallisi Ta KOHKpeTH3alisl.

VY naniif pobOTI CUMYJISILIIIO Ta MIATOHKY €KClepuMeHTalIbHuX criekTpis EITP
OyJI0O MpOBEAEHO 3 BUKOPUCTAHHSM IMpOorpaMHOro monayis Easyspin cepemoBwuiia

MatLab R2017a (MathWorks®, CIIIA).
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[adopmarriitHoro 6a3010 TOCHIKEHHS CTalld Pe3yabTaTH BIACHUX JOCIIIKEHb Ta
HAYKOBI ImyOiKarii.

HaykoBa HOBHM3HA OTPMMAaHUX pPe3yJIbTATIiB:

1. Brepie npoBeieHO KOMITJIEKCHE JOCTIIKEHHS BILUTUBY JOMIIIKU T€pMaHiio Ha
CJICKTPOHHI Ta MAarHITHI BJIACTUBOCTI OCE3BOJHEBUX aJIMa30MOMIOHMX BYIJICIIEBUX
TOHKUX IUTIBOK 3a jgomnomoroto metony EIIP B mianma3zoni wactor X-iamna3oHy B
mUpoKoMy niama3oni Temmepatyp Bim 5 K mo 295 K. Ile no3Bommio BUSBUTH
0COOJIMBOCTI CMIHOBOT AMHAMIKY Ta MarHITHOTO BIIOPSAKYBAaHHS B IIMX MaTepiaiax.

2. Brepiie npoBeeHO aHalli3 CHEKTPIB €IIEKTPUYHO-IETEKTOBAHOTO MAarHiTHOIO
pe3onancy y 6H-SiC 3 BUCOKMM BMICTOM a30Ty, IO J1aJI0 3MOTY BUSIBUTH 3B’S30K MIX
KOHIIEHTPALIEIO JOMIIIOK Ta €JIEKTPOHHUM TPAHCIOPTOM, a TaKOXK CIPHUSIIO PO3BUTKY
TEXHOJIOT1H JIJIsl CHIHOBOT €JIEKTPOHIKH.

3. Bnepiiie BCTaHOBIIEHO MEXaHI3MHU CIIHOBOTO OOMIHY MIXK JIOKaJII30BaHUMU Ta
nenokanizoBaHuMu enekrpoHamu y 4H-SiC, 1o 103BoJisie Kpaiie po3yMiTH iX BIUIMB Ha
€JIEKTPOIPOBIAHICTE MaTepially.

TeopernuHe 3HAYEHHS Pe3yJIbTATIB:

. Po3mmpeHo ysBiIeHHS MNpO €JIEeKTPOHHI Ta MarHiTHI BJIaCTHUBOCTI
BYTJICIIEBOMICTKMX MaTepiajiB, 30KpeMa BCTAHOBJICHO BIUIUB JIOMIIIOK 1 Me(EeKTiB Ha
CJICKTPOHHY CTPYKTYpPY BYTJCIEBOMICTKMX MarepiaidiB Ta BH3HAYEHO MEXaHI3MU
B3a€MO/IIi JIOKATI30BAHUX 1 IEJIOKAN130BaHUX €JIEKTPOHHUX CTaHIB.

. BusnaueHo MexaHi3Mu CIIHOBHUX MPOIIECIB, a cCaMe: BCTAHOBJICHO MarHiTHE
BIIOPSIAKYBAHHS Ta CIIHOBI peJlakcalliiiHl MpoLecHu y JOMOBaHUX BYIJIELIEBOMICTKUX
MmaTepiamax, a TakKoX  3B’S30K MDK  MAarHITHUMH  BJIACTUBOCTSIMH  Ta
CJIEKTPOITPOBIAHICTIO.

. [Tornu6neno po3yminus EINP sik iHCTpyMEHTY HOCTIAKEHHS JOMIIIKOBHX 1
nedeKTHUX CTaHIB Ta BU3HaueHO ocobOimmBocTi 3actocyBanHs EINP mns ByrmemneBux
CTPYKTYp, Takux ik DLC-mniBku ta SiC.

IIpakTuyHe 3HAYEHHSI OTPUMAHMX Pe3yJIbTATIB:

. BcraHoBieHHS BIUTMBY JOMIIIKM repMmaHito Ha BiacTuBocTi DLC-mitiBok

JIO3BOJISIE 3pO3YMITH MEXAHI3MU BIUIMBY J€(EKTHOI CTPYKTYpH Ha enekTpodi3nyHi
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napamMeTpu ITUTIBOK Ta OIIIHUTH MOXJIMBOCTI iXHBOI Moaudikarii, M0 CIPUATAME
po3po0I1li HOBUX MaTepiaiiB Il AHTUKOPO3IMHHMX MOKPHUTTIB, ONTOEJIEKTPOHIKA Ta
OloMeIUYHUX IMIUIAHTIB.

. BceranoBieHHS MexaHI3MIB B3a€MOJii a30THO-MOB’s3aHUX LEHTpPiB y SiC
COPUATUME YJOCKOHAJICHHIO HAIIBOPOBIIHUKOBUX MPHUCTPOIB: BUCOKOUYTIMBUX
CEHCOPIB, MOTY>KHUX J10/IB Ta TPAH3UCTOPIB, 1110 MPAIIOIOTh Y CKIATHUX YMOBaX.

. BusnadeHHs BIUIMBY KOHIICHTpAIi a30THUX JOMIMIOK Ha E€JICKTPOHHHM
TpaHCIOPT 1 MarHiTHI BiactuBocTi SiC €  KJIIOYOBUM IS ONTHUMI3aIlii
HaIlIBIPOBIJTHUKOBUX MPUCTPOIB, BUpoOIeHnXx Ha ocHOBI SiC. OtTpuMaHi pe3yibTaTu
TaKOXX MOXYTh CHPHATH PO3pOOIll HOBUX CXEM 3UYMTYBAaHHS Ta KEPYBaHHS CIIHOBHMU
CTaHaMH JIJI1 KBAHTOBHX CEHCOPIB 1 CIIIHOBUX KYOITIB.

Oco0ucruii BHecok 3100yBavya. ABTOPKOIO AMCEPTaLIMHOI poOOTH MPOBEIECHUN
aHai3 HAyKOBOI JITEpaTypu 3 TeMHU JOCIIIPKCHHsS BIUIMBY JOMIMIOK 1 Je(dEeKTiB Ha
eNeKTpo(i3WYHI Ta MarHiTHI BJIACTUBOCTI  BYIVICIICBOMICTKUX amMopdHHX Ta
MOHOKPHCTAJIIYHUX MaTepiaiiB. ABTOpKa 0e31mocepeIHb0 Opalia yuyacTh y MOJAEIIIOBaHH1
cnektpiB EIIP, aHani3i TeMrepaTypHUX 3aJIeKHOCTEHN MMapaMeTpiB OTpUMAHUX CIIEKTPIB
EITP ta EJIMP, ominui TemnepaTypHOi 3aJ1€HOCTI MPOBIAHOCTI Ta €HEprii akTUBallil
noHopiB Ny wmoHokpucramiudiomy 4H-SiC 3a 1momomoror MiKpOXBHIIBOBOTO
PE30HATOPHOTO METOAY; Opana y4acTh y MHIATOTOBIN MyOmiKarmiil 10 APYKY, a TaKOXK
Ipe3eHTallli OTPUMaHUX PE3YJIbTATIB pOOOTH Ha HAYKOBUX KOH(EPEHIISX.

@opMyIIIOBaHHS OCHOBHHMX TOJIO)K€Hb 1 BHCHOBKIB JHCEpPTaliifHOI poOOTH,
OOrOBOpPEHHsI PE3YyJbTATIB EKCIEPUMEHTIB, MIAXOAIB /IO MOJIEIIOBAaHHI Ta MOTO
pe3yNbTaTiB, IHTEPOPETALII0 JAaHWX Ta Yy3araJbHEHHS pPE3yJbTaTiB, MIATOTOBKY
nyOJiKarii 10 ApyKy 3100yBa4eM MPOBEICHO ITiJl KEPIBHUIITBOM HAYKOBOTO KE€PIBHHUKA
1. ¢.-M. H., gou. 1. B. CaBueHko.

Amnpobaunia pe3yabTatiB auceprauii. Pesynbratm Oynum TpencraBiieHI B
HACTYIMHUX Ha MDKHAPOJIHUX KOH(MEPEHIIIAX Ta cCeMiHapax:

1. IEEE Magnetics Society "Magnetism for Ukraine Initiative" Workshop. Kyiv,

Ukraine, 14 November 2024.
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2. 9-ta YkpaiHchka HayKoBa KOH(pepeHIIis 3 (i3UKH HaMiBIPOBIAHUKIB. Y KTOpoO,

VYkpaina, 22-26 tpaBus 2023.

3. Ukrainian Conference with International Participation “Chemistry, Physics and

Technology of Surface” and Workshop “Microwaves and nanoparticles for real-

time detection of human pathogens”. Kyiv, Ukraine, 19-20 October 2022.

4. VYkpainceka HaykoBa kKoH(pepeHIis «30 pokiB IHCTUTYTY eleKTpOHHO1 (Di3UKHU

HAH VYkpaian». Yxropona, Ykpaina, 21-23 BepecHs 2022.

Iyo6aikanii. Matepianu aucepTariiinoi podoTH omnyOdikoBaHi B 3 CTaTTAX y
BUJIaHHAX, IPOIHJEKCOBAHMX y 0a3ax nanux Scopus / Web of Science Ta BigHECEHUX 10
kBapTwiiB Q1 — Q3 (BignmoBiaHo 10 kiacudikarii SClmago Journal and Country Rank /
Journal Citation Reports Ta ¢gaxoBux BuIaHb YKpaiHM 3a CHEIIaJIbHICTIO TUCepTallii
B1MIOBIIHO A0 nepeniky MOH Ykpainn) Ta Te3ax 4 nonoBigei y 30ipHUKax MatepiaiiB
MDKHAPOJIHUX Ta BCEYKPATHCHKUX KOH(EpEeHIIii.

Crpykrypa aumcepramii. Jluceprariss ckiamaeTbcs 31 BCTYIy, S5 PO3ILIIB,
BHUCHOBKIB, CIIUCKY BUKOPUCTaHUX JDKEpEN, M0 MICTUTh 257 HaliMeHyBaHb. PoOoty
BUKJIQJICHO Ha 176 cTOpiHKax JPYKOBAHOTO TEKCTY, SIKWA MICTUTHh 46 pUCYHKIB Ta 5

TaOJIUILIb.
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PO3JILI 1
BJIACTUBOCTI BYTJIEHEBOMICTKUX AMOP®HUX TA
MOHOKPHUCTAJITYHUX MATEPIAJIIB (OTJISIJT)

1.1 Beryn

KapOoH (Byrienp) — OAWH 13 HAWBKIMBIIIMX 1 HAWMOIIMPEHIMIUX XIMIYHHX
€JIEMEHTIB B MpUpo/ii. BiH € OCHOBHUM KOMIIOHEHTOM OpPraHIYHUX CIONYK, TAaKUX SK
OiomoiMepu, BYTIAEBOAHI, KUPHI KUCIOTH Ta Oarato iHmmx. KapboH mae HaitOimbITy
cepell yCiX €JIEMEHTIB PI3HOMAHITHICTh MOXIJIMBHUX aJOTPOMHUX (OPM, BKIIOYAIOYU
rpadit, anMas, ¢yJiepeHr Ta HaAHOTPYOKH. UeTBepTHil 3a MOIIUPEHICTIO E€IEMEHT Yy
BcecBiTi, BIH Ma€ YyHIKaJbHI aTOMHI BJIACTUBOCTI, fKI JIO3BOJISIOTH YTBOPIOBATHU
PI3HOMAaHITHI Marepiajii 3 BUHSATKOBUMH (Di3WYHUMHU BiiacTuBOCTsAMH. Lli Marepianw,
BKJIIOYAIOYM SIK aMOp(HI, TaK 1 MOHOKpPHUCTaNIuHI (OPMH, 3aBXKIU OyJIH MPEIMETOM
IHTEHCUBHOTO HAayKOBOI'O 1HTEpECy Ta 3HAMILIM 3aCTOCYBAaHHS B LIMPOKOMY CIIEKTpI
TEXHOJIOTIYHUX Tajy3eH.

AMoOp(QHI ByriieneBl Marepiaiy, 0 XapaKTepU3yHThCS BIICYTHICTIO JAJIbHbOTO
aTOMHOTO TOPS/IKY, BKJIIOYAIOTh Takli PEUYOBMHHU, SK caxka Ta amopdumii anmmaz. Ili
MaTepiajii 4acTO JIEMOHCTPYIOTh BJIACTHMBOCTI, SIKI 3HAYHO BIAPI3HAIOTHCS BiJ 1X
KPUCTAJIIYHUX AaHAJIOTIB, BKJIIOYAIOYM OIIBIIY THYYKICTh, HIDKUY TEMIIEpaTypy
TUTABJICHHS Ta YHIKAJIbHI ONTHYHI Ta €JEKTPUYHI XapaKTePUCTUKUA. AMOP(HI BYTJICIIEB]
MaTrepiail BHUKOPUCTOBYIOTBCS B  PI3HOMAHITHUX cdepax 3acTOCYyBaHHS: BIJ
YOPHUJIBHUX TOOABOK JI0 €JIEKTPO/IIB aKyMYJISITOPIB.

MoHOKpHCTalIIYHI BYIJICLIEBl Marepiaiu, 3 IHIIOTO OOKYy, BU3HAYAIOTHCS CBOIM
JaldbHIM aTOMHHUM TOPSJKOM 1 BKJIIOYAIOTh TaKi PEYOBHHM, SK rpadiT, anMas 1
dbynepenu. 111 maTepianu BioMi CBOECIO HAA3BUYANHOIO TBEPICTIO, TETIOMPOBIIHICTIO
Ta CTIMKICTIO 10 KOpo3li. MOHOKpHUCTaNIuHI BYTJElEBl MaTepiaid 3HAWUIUIA IIHPOKE
3aCTOCYBaHHS B TaKUX c(pepax, sik eJISKTPOHIKA Ta MEIMYHI IPUCTPOI.

BuByeHHs1 ByriienieBMiCHUX aMOp(PHUX 1 MOHOKPHUCTAIIYHUX MaTepiamiB Oepe

noyatok y XIX ctomiTTi, Konu Oynu BiAKpUTi rpadit 1 anMas. Biaronai BYeH1 po3rajgaiu
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aTOMHI CTPYKTYpH LHMX MarepiamiB 1 po3poOUIM METOAMKY CHHTE3y HOBHX (GopM
BYTJICII0 3 Oe3npeleeHTHUMHU BIacTUBOCTSMH. Y XX CTOMITTI Oynau BIOKPHUTI
dbyneperu Ta rpadeH, 110 3HAYHO PO3LIMPHUIO MEX1 HAyKH MPO BYIJICIIEBI MaTepiaju.
Panimme BBaxasocs, 1o kapOOH MOXE ICHYBaTH JIMILE y BUTISAAI aMOphHOI pedOBUHU
a00 y BUIJIAAI OAHIET 3 JNBOX KpuUCTalyHUX ¢dopM — rTpadity um ammazy. Jus
MOJANBIIOr0 OOTOBOPEHHS TOHKMX ILIIBOK BYIJICIIEBMICHHUX MaTepiayliB HEOOX1JTHO
TaKOXX JeTAJbHIIIE 3BEPHYTH YBary Ha pI3HHUIIO MK TpadiToM 1 amMa3om.
He3Baxkatoun Ha Te, mo ckiag mux ¢GopMm 1IEHTUYHHM, iX BJIACTUBOCTI 3HAYHO
BIJIPI3HSIOTHCS.

['padiT cknanaerbes 3 mapiB aToMiB, IO YTBOPIOIOTh T'€KCArOHAJIBHY CUHTOHIIO.
BnactuBocTi rpadity BKJIIOYAIOTh BUCOKY MPOBIAHICTH €IEKTPUYHOTO CTPYMy, aje
HU3bKY TEIUIONPOBIIHICTh. Lle M’SKWii, €NeKTpONpOBIAHUI MarTepiad HAJIEKUTh 10
Ipynu HamiBMETaJiB 1 Ma€ eJeKTPO(DI3WYHI XapaKTePUCTUKU, IO CTABISATH HOTO MK
MeTaJlaMH 1 HaIliBIPOBITHUKAMH.

AnMa3 — mie ogHa crtabuibHa ¢opma BYTJELI0, BiJoMa CBOEK TBEPIICTIO,
HIUTBHICTIO Ta KyOIYHOIO KPUCTAIIYHOIO CTPYKTYpOr0. AJIMa3 € JIeIEeKTPUKOM 1 Mae
YHIKaJIbHI BJACTUBOCTI, TaKl SIK BEJIMKA IIMPUHA 3a00POHEHOI 30HU, BUCOKUH MOKAa3HUK
3QJIOMJICHHSI Ta BUCOKA TETUIONPOBIIHICTb.

VYHIKaJNbHI BIACTUBOCTI BYIJICIIEBUX aMOP(GHUX 1 MOHOKPUCTAIIIYHUX MaTepiajiB
BUHUKAIOTH 3aBISKU 3JaTHOCTI KapOOHY YTBOPIOBATH YOTHPH KOBAJEHTHI 3B’SI3KH, L0
JI03BOJISIE CTBOPIOBATH PI3HOMAHITHI aTOMHI CTpYKTypu. B amopdrOMy Byrmemi 11
3B’SI3KM YTBOPIOIOTH HEBIOPSIKOBAHY CTPYKTYpPY, SKa MOXE MaTH PI3HUH CTYyMiHb
riopuan3aiii sp3, [0 TMPU3BOAUTHL JO BJIACTUBOCTEH, SKI BapilOIOTHCS  BIJ
rpadiTonoAiOHNX 10 anMa3onoaiOHUX. Y MOHOKPUCTAIYHUX BYTJICIIEBUX MaTepiajiax
aTOMHHMIM TOPSAOK MPU3BOAMTH [0 PI3HUX CTPYKTYpHUX QOpPM 3 YHIKAIbHUMU
BJIACTUBOCTSIMU.

VYpaxoBytoun po3rISIHYTY BHIE 1HGOpPMAIlil0, MOXHa CTBEP/KYBaTH, IO
¢da3zoBuil 1 HaBITh XIMIYHUHN CKJIa] aMOp(HHUX BYIJICLIEBUX MaTepialiB Ta IJIIBOK HA iX
OCHOB1 MOXKYTh CHJIBHO BIJIPI3HATHCS, IO BIUIMBAE HA iX (DI3UYHI XapaKTEPUCTUKH. AJie

3arajjoM Taki Marepialid CKJIaJalThCsid 3 JOMEHIB TpadiTonoaiOHOro BYTJIEIIO,
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pO3ALJIeH] OJUH BiJ] OJHOTO 00JIaCTAMHU HUXKUYOT POBITHOCTI. EMICiitHI XapaKkTepuCcTUKH
amMop(QHUX BYIJCLEBUX MaTepialiB BHU3HAYAIOTHCA HASBHICTIO IUX JOMEHIB, MIO
JETAIBHO PO3MIISIHYTO B orysijgax [S1, 52].

Pi3HOMaHITTSM anoTponHux (HOpM BYTJIENb 3aBISYy€ HAIBHOCTI B HHOTO TPbOX
MOXJIMBUX THUINB TiOpuanu3aiii BaJeHTHUX €JIEKTPOHIB BYIJICIIEBUX aTOMIB, IO

MpoiTrOCTpOBaHoO puc. 1.1.

a) 6) 8)

Puc. 1.1 — Buau riGpuausaiiii aroma Byrieito. ['ibpuau3oBani atoMH1 opOiTai
BKa3aHO KOBTUM KOJIbOPOM, OJTaKUTHUM KOJBOPOM TOKa3aHi HE riOpHUIM30BaHi p-
. . 3 . . 2 . . . .
opOiTaini. a) sp”-ribpuauzanis, 0) sp”-ridpuansais, B) sp-ridpuaun3sauis (dxcepeno:

[33])

IN6puauzaiisis atoMiB BYIJICIIO Ta €JIEKTPOHIB € (YyHIaMEHTAJIBHOIO JJIA
PO3YyMIHHS CTPYKTYpH Ta BIACTUBOCTEH BYIJICIIEBUX MaTepianiB. BoHa BruinBae Ha ixHI
Gb13UYHI XapaKTEPUCTUKHU Yepe3 (OPMYBAHHS KPUCTAIIYHOT CTPYKTYpPHU Ta €NEKTPOHHOL
KOH(piryparii.

[NOpuau3zairisi aToMiB BYTJICIIO BU3HAYAETHCS 3MINTYBAaHHSAM S- 1 p-OpOiTaneit s
JIOCSITHEHHSI ONTHUMAaJIbHOI KOHQIrypalii eleKTpoHiB. [IpuHIMI Takoro 3MillyBaHHS

IPOUTIOCTPOBAHO puc. 1.2.
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> f
W [0

25 2p«  2py  2p, sp*
Puc. 1.2 — YTBOpeHHs sp’ ribpuansanii aToMiB Byriewio (docepeno: [54])

) 9 & Q
1] (1] [

3anexHO Bij uncia opOiTanel, o0 BCTYNIIN B T1OpUAM3AIIiIo, aTOM BYTJICHIO MOXKE
3HAXOJMTHCA B OJHOMY 3 TPhOX CTaHiB ribpuamsamii. Y pesymbTati sp’-riopummsarii
(puc. 1.1, a) aToM BYIJICI[IO 3 OCHOBHOI'O CTaHY 3a PaXyHOK MEPEMIIICHHs €JIEKTPOHA 3
2s- Ha 2p-opOiTayib MepexoauTh y 30y/MxeHud craH. [lpu 3MilmeHHI YOTHUPHOX
30BHIIIHIX aTOMHUX OpOiTaneil 30y/KEeHOro atoma ByTJeloo (OAHid 2s- 1 TppOX 2p-
opGitaneil) BHUHMKAIOTH YOTHUPH pIiBHOLIHHI sp -riOpumni opbitami. YHacmizok
B3a€EMHOTO BIJIINITOBXYBAHHS HAWO1IBII BUT1THE MOJOXKEHHS Y MPOCTOPI JIsi TIOPUIHUX
aTOMHMX opOiTanell — y BeplIMHax Terpaeapa 3 Kyramu no 109,5° mix Humu. Koxna
riopugHa opOiTagb B aTOMi 3alOBHIOETHCA OAHUM €JIEKTpoHOM. Takuid craH
ribpuau3zaiiii xapakTepHuil 111 HaCHYCHUX BYTJIEBOJHIB — CTa0IIbHUX (POPM BYTIIEINIO,
TaKUX 5K anMa3. [1GpHau3amis sp’ TO3BONSE KOKHOMY aTOMY BYTJICLIO yTBOPIOBATH
YOTUPHU 1JCHTUYHI 3B'S3KM 3 IHIIUMHU aTOMaMu, 3a0e3Meuyloyd BUCOKY TBEPHICTH 1
CTIHKICTh TAaKOTO Marepiaiy, CTaOUIbHICTh, BUCOKOCUMETPUYHICTh WOTO KPUCTAIIYHOT
cTpykTypu. Ha mpoTuBary, marepianu 3 sp° ribpuamsariero, Hampukiag rpadit, €
M’SIKUMH Ta 3 Ma3Ky4Ol0 TEKCTYpOIO, OCKIJIbKA BOHU YTBOPEHI CIAaOKMMHU BaH-JEp-
BAAJIbCOBUMH 3B’SI3KAMM MDK I[UIOCKMMH IIAPAMH aTOMIB BYTIICLI0. Y pe3yibTati sp-
riGpran3alii yTBOPIOETHCS TPU PIBHOLIHHI sp°-ribpuUaHi 0p6iTaii, po3TamoBani B 0Hii
oAl mig kyrom 120° (puc. 1.1, 6). ¥V meprnieHIuKyIsSpHIN MIIOMKUHI 3HAXOIUTHCS
Heriopuau3oBaHa 2p.-opOitanbs. Takuil aToM BYTJIELI0 XapaKTepHUM JJi1 HEHACUUEHUX
BYTJICBOJIHIB.

Y pesyabTari Sp-riOpuauzaiii 3a paxyHOK 3MIIIeHHS OAHI€T 2s- 1 OaHiel
2p-opOiTaneit  30y)KEHOTO aTroMa BYIJICIIO YTBOPIOIOThCS  JBa  PIBHOIlIHHI

Sp-Ti0puIHI aTOMHI OpOiTaNli, PO3TAIIOBaHI JIHIKHO OJHA BIIHOCHO OJHOI MiJ KyTOM
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180° (puc. 1.1, B). Y cBoro yepry HeriOpuan3oBani 2p-opOiTani po3TalIOBYIOTECS y
B3aEMHO TEPICHAUKYJISIPHUX TUIOMKHAX. Taki aTOMHU 3yCTPIYarOThCA B CIOJyKaX, IO
MarOTh MTOTPIHHUMN 3B'SI30K, HAPUKIIA/ B aJIKIHAX, HITPUJIL.

Enextponna riOpuausaiiis BU3HAYAE, K BAJICHTHI €JIEKTPOHU 3aiiMalOTh aTOMHI
opOiTaji Ta B3aEMOJIIOTh OJAWH 3 OJHUM. ['10pHIM30BaHI CTaHU BUHHUKAIOTh, KOJHU
CJICKTPOHU 3 PI3HUX OpOiTajield 3MIIIYIOThCS, YTBOPIOIOYHM HOB1 OpOiTaii 31 3MIlIaHUMU
xapakTepucThukaMu. lle BrumBae Ha TPOBIMHICTH, MATHITHI ¥ ONTHYHI BJIACTUBOCTI
Martepiany. Y rpaditi Ta ¢ynepeHax riOpuauzaiiis €JIeKTPOHIB OCOOJUBO Ba)JIMBa
yepe3 iXH1 YHIKaJbHI €JIEKTPOHHI BJIACTUBOCTI, SIKI BU3HAYAIOTHCS CTPYKTYPOIO iXHIX
MOJIEKYJ Ta B3AEMOJIIEI0 MIDK HUMH.

['Opuau3zaiiist aTOMIB BYTJICIIO MOXKE BIJAPI3HATUCS MK IMOBEPXHEBUMU IIapaMU
Ta OUIBII TTMOOKMMHU MIApaMH BYTJEUEBHUX IUIIBOK. [[OBEepXHEBI MIapu 4acTO MAarOTh
GLIBIIY KiNBKICTh HEHACHYCHHX 3B’SI3KIB 1, BiAMOBimHO, ribpuamsamio sp’, MmO
MPU3BOJUTH /10 3MIH iXHIX €JEKTPOHHUX 1 XIMIYHUX BJIACTUBOCTEH MOPIBHSIHO 3 OLIBII
rOokuMKu  mapamu. KirodoBa  BIAMIHHICTP TOBEPXHEBUX i  1HTep(deicHUX
CJICKTPOHHHUX CTaHIB BiJ] iX 00’€MHHMX aHAJIOTIB IOJIATAE B iX I1IBUINCHIN YYTIUBOCTI J10
30BHIIIHIX BIUIUBIB 1 CIeHU (Il TEXHOJIOTIYHUX MPOILIECIB, sIKI BAKOPUCTOBYIOTHCS IS
ix BuroroByieHHA [55]. el mpuHIIMI Mae ocoOMMBE 3HAYCHHS JJII MEX JIOMEHIB, IO
JIEMOHCTPYIOTh Sp°-TiOpPHIM3aIiio aTOMIB ByrJeio. [I0BEpXHEBI IIapH TAKHX IOMCHIB
3a CBOEI MPUPOJIOI0 € CHEPreTUYHO HECTAOUIbHUMH, IO CXWISE iX O CIOHTAaHHUX
nepexoiB y cran sp’. OTKe, aaMasHi HAHOYACTHHKH, OYHINCHI BiJ Ie€TEPOATOMIB,
NOTPaIISIIOTh B O00JIOHKY 3 rpaditoBoro Byrieuto [56]. Ls rpacditna obononka
BIJIIrpa€e JOMIHYIOUY POJb Y (hOpMyBaHHI BIACTUBOCTEN HAHOYACTHMHOK, BKJIOYAIOUH,
e HEe OOMEXYIUYHCh UM, 1X XapaKTEPUCTHKH PO3YMHHOCTI Ta CXWIBHICTH O
arperaitiii.

dopMu BYTJICIIO 3 MIKPO- Ta HAHOMETPOBUMH PO3MIpaMH, Takl K HaHOAIMas3H,
rpaden, dymwiepeHn Ta aaMaszonoAiOHI TOHKI TUTIBKM BHUKJIMKAIOTH 3HAYHHM 1HTEpeC
3aBJSIKA CBOIM YHIKQJIbHUM (PI3MYHUM BIACTUBOCTSAM 1 MOXJIMBOMY 3aCTOCYBaHHIO B
PI3HMX HAyKOBUX 1 TEXHOJIOTIYHUX Tanmy3sx. HaHoanmasu, Hampukiaa, Ha BIAMIHY BiJl

OMBIIMX aliMa3iB, JEMOHCTPYIOTh OUIBII YITKY KPUCTAIYHY CTPYKTYpy [57]. V¥
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3aJICKHOCT] BiZl TEXHONOTii BHPOOHHUIITBA HAHOAIMA3H, KPIM KPUCTAIIYHOTO Sapa sp -
ribpumu3anii Ta HEBIOPAIKOBAHOI sp’/sp’ OOGOJIOHKM, TAKOX MAalOTh IIOKPHB i3
JOMIIMIKOBUX (YHKIIOHATBHUX Tpyn (KapOOHIIBHUX, TIAPOKCHIBHUX TOINO), IO
JI03BOJISIE€ 3MIHIOBATH XapaKTEPUCTUKU MaTepialy IIITXOM MoAuQikallii came MOKpUBY,
0e3 BIUIMBY Ha KpUcTajliuHe sapo [58].

Po3yminHs Toro, sk TiOpuau3allisi aTOMiB BYTJICIIO Ta €JICKTPOHIB BILJIMBAE Ha
¢bi13MyH1 BIACTUBOCTI MaTtepiadiB, Ma€ BHpINIAIbHE 3HAYCHHS ISl 3aCTOCYBAHHS B
CJICKTPOHIIll, MEIUIIMHI, KaTalli31 Ta 0araThoX IHIIUX 00JIACTSX.

Pi3HOMaHITHI BJaCTUBOCTI BYIVIELIEBMICHHX aMOpP(HHX 1 MOHOKPUCTAJIIYHUX
MaTepiaiaiB MPU3BENH A0 iX BUKOPHCTAHHS B IIMPOKOMY Jlana3oHl TEXHOJIOTTYHHX
3actocyBaHb. AMOp(]HI ByIJelleBl MaTepiaii BUKOPUCTOBYIOTHCA SIK T00aBKU J10
YOpHWIA Ta IUIacTMac, a TaKoX Yy MpHiagax, SKi BUKOPHCTOBYIOTh TepeBaru ix
CJICKTPOIIPOBIAHOCTI, HAMPUKIIAJ, E€JIEKTPOAU aKyMYJSTOPIB 1 CEHCOpPHI EKpaHH.
MoHokpucTaniyHl  BYyTJIeleBl MaTepiaqd 3 iX HaJA3BUYAWHOIO TBEPAICTIO Ta
TEIJIONPOBIHICTIO BUKOPHUCTOBYIOTBCS B PIKYYHMX I1HCTPYMEHTAX, EJIEKTPOHILI Ta
MEIUYHUX TMPUCTPOsAX. Bucoka TBepaicTh 1 XIMIYHA CTIHKICTh Yy TIO€JIHAHHI 3
MOTEHIIAJIOM TaKWUX YHIKAJIBHUX BJIACTUBOCTEHM SK HAJBUCOKA TEIJIOMPOBIAHICTH Ta
HAJHU3bKE TEPTS JI03BOJISIIOTH BUKOPHUCTOBYBATH BYIJICIIEBI KOMIIO3UTH TaKOX IS
CTBOPECHHsI 0aratbOX TBEPAUX TMOKPUTTIB: aaMa30moiOHI BYyTJEIEBl IUIIBKH
3aCTOCOBYIOTHCS B MEIUIIMHI, 30KpeMa ISl MOKPUTTS IMIUIAHTIB [59]; MOKpUTTS 3
KapOiJiB TEepexiIHUX MeTalmiB Ta Kapbimy Oopy 3HAMILIM CBOE 3aCTOCYBAaHHS B

KOCMIUHiH 1H)eHepii [60].
1.2 MoHoKpucTaJiyHui Kap0iJ KpeMHiI0

1.2.1. CTpykTypa, BIaCTUBOCTI Ta 3aCTOCYBaHHSA MOHOKpHUCcTAJiB SiC

Kap6in kpemnito (SiC), TakoX BIJOMHUH K KapOOpYHH, € HaMiBIPOBIIHUKOBOIO
CIIOJIYKOIO, YTBOPEHOIO KoMOiHaiiero kpemHio (Si) ta Byriemto (C). MoHokpucramu

SiC, aki € MOHOKpPUCTAJIYHUMH (opMaMHu II€l CHOMYKH, OynM Ta 3aJIUILAI0ThCA
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IpEeIMETOM IHTEHCUBHOTO HAayKOBOTO IHTEPECY depe3 iXHI BUHATKOBI BIACTHUBOCTI Ta
MOTEHIIHHE 3aCTOCYBaHHS B IIMPOKOMY Jiama30Hi TEXHOJIOTITYHUX TaTy3eH.

Ictopiss moHokpucTaniB SiC moudanacs HampukiHii XIX CTOMITTS 3 CHHTE3Y
cnonyku  EnmBapmom  ['yapidvom  Adeconom. Cmowatky  Kap0Oig  KpEeMHIiIO
BUKOPHUCTOBYBABCS B a0Opa3WBax 1 pLKYYHMX IHCTPYMEHTaX, a Ha ChOTOJIHIIIHIN JIeHb
yHIKaJIbH1 BJIACTUBOCT1 MaTepiaay MPU3BEIU J0 MOTO JOCTIKEHHS JJI1 BUKOPUCTAHHS
B enekTpoHimi. [lepmi monokpuctamun SiC Oynm Bupomeni B 1950-x pokax, mio
BIJIKPUJIO HOBI LUISIXU JJIS1 TOCHIIKEHB 1 po3po0ok. Y 20-My cTONITTI Oynu po3po0iaeHi
pi3HI METOAM BHPOIIYBAHHS Ta BIIAKPUTTA HOBUX MOMITHMIIB SiC, KOXKEH 13 SIKUX Ma€e
CBO1 YHIKaJbH1 BIACTUBOCTI.

Crpyktypa MoHOKpucTaniB SiC XapaKTepu3yeTbCs TPUBUMIPHOI MEPEKEIO
aTOMIB KPEMHIIO Ta BYTJICLIO, IO YEpTyrOThCs. Take po3ranryBaHHS MPHU3BOAUTH 0
MIIIHUX KOBAJCHTHHUX 3B’A3KIB y KPHUCTAIIUHIA TPATIl, 3aBASKA YOMYy Marepiajl Mae
HaJ3BUYalHy TBEPHAICTh 1 CTIHKICTh 10 nedopmariii. Ctpykrypa rpatku SiC Moxke
ICHYBaTH B KUIBKOX pI3HUX (popMax, 110 BioMi K nomtund. IcHye nonan 250 BizoMux
nomitunie SiC [61]. Hainmommpenimmmu €: kyOiunuii (mojitun 3C), 31 CTPYKTYpOIO
IIMHKOBO1 0OMaHkH, rekcaroHanbHui (nmomitunu 4H 1 6H), 31 CTpyKTypoOrO BIOPIUTY.
Pizui SiC momiTunu MarOTh pi3HI TUIH YHNAKOBKH, 3TITHO CHUMETpii Ta (i3MUHUX
BJIACTUBOCTEN KpucTana. SKmo BBaxkatu, mo aTtoM C po3TAlIOBYETHCS BCEpPEIUHI
noasiiiHoro mapy SiC Tak, 100 BOHHM YTBOPIOBAJIM I€KCAaroHaJbHY CTPYKTYpy (Tak
3BaHUN «A» Mmap), TO B HACTYNHOMY mMojBiiHOMY mapi arom C Moxe 3aiimMaTu
nonoxkeHHs: «B»/«Cy» By3IiB IpaTku, 1, K HACTIJOK, KOXKEH 3 mojBiiHuX mapiB SiC
MOXe OyTH OpIEHTOBaHUM 3a TphOMa MOKJIMBHUMH PO3TAUIYBAHHSIMH JIMILIE BiHOCHO
IpaTKH, TOMI SIK TeTpaeApuuHui 3B’s130K 30epiraerhcs. Hampuknan, 3C-SiC momitumn
Mae nocigoBHicTh mapie ABCABC..., toxi sik nis 4H-SiC — nue ABCB.

Kap6in xpemHito siBsie cOO0I0 MUPOKO30HHUNM HAMIBIPOBIAHUK, 1110 MA€ BHCOKY
temriepatypy miaBieHHs (~ 2730 °C). ¥V ¢di3uyHuX XapakTEPUCTHKAX MOHOKPHUCTATIB
SiC nominye Haj3BUYaiiHa TBEPAICTh MaTepialy, sika MOCTYMAETHCS JUIIE aIMasy cepel

BiJIoMHUX pedoBHUH (~ 9,5 3a mkanoro Mooca). L{st TBepAICTh y MO€EAHAHHI 31 CTIHKICTIO
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MaTtepianxy 10 TEPMIYHOTO yaapy Ta epo3sii poouts SiC imeanbHUM 71 3aCTOCYBaHb, K1
BHMAararoTh 3HOCOCTIHKOCTI Ta JJOBTOBIYHOCTI [62 — 64].

3actocyBaHHa MoHOkpucTamiB SiC Benuye3He W MOpoAoBXKye 3poctatu. B
eJIEKTPOHIIIl BUCOKa TeMIepaTypa IJIaBJICHHs MaTepialy, IMpoKa 3a00poHEeHa 30Ha Ta
CTIMKICTb JIO BHUIIPOMIHIOBaHHS POOJATH HOro 1J€aJIbHUM ISl TOTYXHUX,
BHCOKOYaCTOTHHUX MPHUCTPOIB 1 /I BUKOPUCTAHHS B CYBOPUX YMOBax. MOHOKpHUCTaIu
SiC TakoX BHUKOPHCTOBYIOTBCS B pO3pOOIl MEPEIOBUX CUCTEM IEPETBOPEHHS
CJICKTpOEHEPTii Ui eJEKTPOMOOLTIB 1 BIJHOBIIOBAaHMX JKepenl eHeprii. Kpim
CJIIEKTPOHIKH, MOHOKpHCTAIH SiC 3HAXOAATHh 3aCTOCYBAaHHS B MEIUYHUX IPUCTPOSX,
IMPOMHUCIIOBUX PIKYYMX IHCTpYMEHTaxX 1 SIK MIAKIAAKA ISl BUPOLIYBAHHS 1HIIKX

MarepiainiB [6 — 17].

1.2.2. Meroau BupoLyBaHHA MOHOKpucTaaiB SiC

Momnokpuctaiu SiC 3 iX BUHATKOBUMH BJIACTUBOCTSMH Ta IIUPOKUM CHEKTPOM
TEXHOJIOT1YHUX 3aCTOCYBaHb 3 MOMEHTY 1X BUHAWJIEHHS OYJIM MPEAMETOM 1HTEHCHUBHUX
JTOCTIKEHb 1 po3poOok. BuporryBaHHsS BHCOKOSIKICHUX MoOHOkpucTaiiB SiC €
KPUTUYHUM KPOKOM Yy peaiizallii OBHOTO IMOTEHIllany Mmartepiamry. s mporo Oyio
PO3p00JICHO KIJIbKAa METO/IIB, KOKEH 31 CBOIMU IepeBaraMu Ta OOMeKEHHSIMHU.

Hadinommupenini MeTOAM BHPOIIYBaHHS MOHOKpUcCTaimiB SiC  BKIIIOYAIOThH
moaudikoBanuii meton Jlem, meron ¢izuunoro mnepenocy mapiB (Physical Vapor
Transport — PVT) 1 meron xiMiuHoro ocamxkens 3 napoBoi ¢a3u (Chemical Vapor
Deposition — CVD). PosrasiuemMo ix getanbHiIe.

Memoo Jleni, Takox BIIOMUM SIK MemooO cyonimayii, BBAXKAETHCS BIOCKOHATICHUM
pI3HOBUIIOM MeTOay (i3UYHOTO TepeHocy napiB [65]. Metoa nependadae cyOmimaliiro
nopomky SiC y TN Ta mMOJaibIne OCa/HKeHHS MoOHOKpuctaimigHoro SiC Ha
3aTpaBOYHUI KpucTan. Lleii MeToJ BHKOPHCTOBYETHCS JIsi BUPOIIYBAaHHS BEIUKHUX
KPHUCTAJIIB BHUCOKOI SIKOCTI, ajJi¢ BUMAara€ peTeIbHOTO KOHTPOJIO IMapaMeTpiB pOCTY.
[Topomok SiC 3aBaHTaXyIOTh y TpadiTOBUIl THUTeNb, SKUH TPOIYBAlOTh aproHOM 1

HarpiBaioTh npuoim3Ho g0 2500 °C. Kap0ia kpemHito OISl 30BHIIIHIX CTIHOK THUIJIS
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CyOIiMYy€eThCS Ta OCiiae Ha TpadiTOBOMY CTPHXKHI MOOJIN3Y LIEHTPY THUIJIs, TEMIIEpaTypa
SIKOTO HIK4a [66]. Cxema mpoliecy nokaszana Ha puc. 1.3.

Icaye xkinmbka MoaudikoBaHuUX Bepci mporecy Jlemi, HaidacTtime kapOin
KPEMHIIO HarpiBa€ThCs 3 HUKHLOTO KIHIIS, @ He CTIHOK TUTJIS, M ocigae Ha Kpuimi. [Hmi
Mou(iKalii BKIOYAIOTh 3MIHY TeMIepaTypH, rpajieHTa TeMIepaTypu, TUCKY aproHy
Ta TeOMeTpii cucTeMu. Sk mpaBmIiO, 7S JOCATHEHHS HeoOXimHux Temmneparyp (1800—

2600 °C) BUKOPUCTOBYETHCS 1HAYKIIIMHA M1Y.

OrnanosEH
TopT I'paditora
KPHIIKA

M OHOKpHCTATI THHH

3aTpaBKORHH kpHcTan SiC

I'padiTopmii
POCTOBHH

OTpHEMaHHE KpHCTAI
P P THTSIIb

T'padiTha nina

HarpiBaisHa KOTYIIKa Ho.ﬂu{pl-xcr_amqne
ILxepeno S1C

Puc. 1.3 — Miarpama MmoaudikoBaHoro meroay Jlemi, mo nokasye rpaditoBuid
TUTENh, OTOUYCHUN 1HIYKIIIMHUMH KOTYIITKaMHu JiJisl HarpiBaHHs. Kap0Oing kpemHito
cyOJIIMYy€ThCS 3 THA KaMepH 1 OC1J1a€ Ha BEPXHIN KPHUIIIILI, sIKa € XOJIOHIIIOIO

(Ooxicepeno: [67])

Memoo @izuunoeo nepernocy napis € mogioHUM 10 MoaudiKoBaHOTO MeTOTy Jlemi

— BIH TakoX nepenodauvae cyomimariito SiC Ta oca/pKeHHs Ha 3aTpaBOUYHUM KPUCTal, ajie
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BUKOPHCTOBY€E BEPTUKAJIbHY KOH(QITYypallifo meyi Ta JO3BOJIAE Kpalle KOHTPOIIOBATH
nporiec  pocty. lle MHpPOKO BUKOPUCTOBYBaHMM METON [JIsl  BHUPOIILYBaHHS
MOHOKPHUCTAJIIB CKJIaHUX HAIBIPOBIJHHUKIB, BiH KOPUCTYETHCS BUCOKUM IOTHTOM 32
MO>KJIMBICTh OTPUMYBATH KPUCTAIU BUCOKOI YHCTOTH 3 MAJIOIO KIJBKICTIO Je(eKTiB. Y
npoueci PVT mnomikpucrtamiunuii BuXigHUM Matepian (Hanpukiana, nopomok SiC)
HigAaeThesl CyOsiMaliii Mpu BUCOKIA TeMmIeparypl Ta HU3bKOMY THCKY. Y Tasi-HOCIi
(HampuKiaa, aproHi) BUMAPOBYBAHUN BHUXITHUI MaTepial TPAHCIOPTYETHCS A0 OLIbII
XOJIOJTHOTO 3aTPaBKOBOTO KpHICTala, /€ BiH KOHACHCYETHCS, CIPHUSIOUU 3POCTAHHIO
kpuctayia. Ha BiaMiHy BiJ] XIMIYHOTO OcCa/KeHHS 3 mapoBoi ¢a3u, PVT He nepenbdauae

XIMIYHOI peakIlii 3 ra3oM-HocieM. [IpuHIIUIIOBY cxeMy MeTOy 300paskeHo Ha puc. 1.4.

I'pacdiToBHii THreIH

HarpiBau Harpipau

3aTpaBKOBHH —— {
kpucTan SiC

= - = -
Otpumanui _

kpucTan1 SiC

ITopo

mokK SiC
MR I 1R o b
L 4 IV e T Poii P v |
eIty

Puc. 1.4 — Cxema Metoay (hi3u4HOr0 nepeHocy napis: nopoiok SiC
MOMIIIAIOTh HA JHO TPadiTOBOTO THUTJIS 3 BUIIIOI TEMIIEPATypOIO, a 3aTPaBOYHHIMA
kpuctai SiC QikcyloTh y BEpXHiil 4acTHHI IpadiTOBOTO TUIJIS 3 HUKYOIO
TeMIiepaTyporo. BijictaHb Mixk TOPOIITKOM 1 3aTPAaBKOBUMH KPUCTAIAMH, K TTPABUIIO,
KOHTPOJIIOETHCA JECATKAMU MUTIMETPIB, 1100 YHUKHYTH KOHTaKTy MIXK 3pOCTal0uuM

MOHOKPHUCTAJIOM 1 IIOPOIIKOM (Odicepeno. [68])
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SkicTh 1 XapaKTEPUCTUKU BUPOIIEHOTO KPHUCTAJIa BHU3HAYAIOTHCA PSIIAOM
napaMeTpiB MpOLECy, BKIIOYAIOUM TEMIIEPATypy JKepena, TeMIepaTypy OCaKeHHS,
Koe(]illieHT MmapiialbHOTO TUCKY Ta TUCK 3aJIMIIKOBOTO a3y [65]. Jlo He0MKIB METOAY
BIJTHOCSITh HEMOXJIMBICTh OTPUMAaHHS HAIIBIPOBITHUKOBHX IJIACTHH BEITUKOTO PO3MIPY
— ™merog PVT peanizyerbcs MNO3J0BXKHBO MIAKIAANI W TOMNEPEYHE PO3IMIUPEHHS
OTPUMYBAHO1 IIJJACTUHMU peali3yBaTh Bakko. Takok Ha nmanuii vac meron PVT
BUKOPHCTOBYE TIEPEBAXHO JIMIIE TMIAKIAIKA N-TUIY, MIAKIAAKA P-THIY BaXKO
HIAroTyBaTU Uil Hboro. lle mpu3BOAMTH 10 OJHOMOJSPHOCTI HAMIBIPOBIAHUKOBUX
npuctpoiB 3 SiC. MaiiOyTHI BHCOKOBOJIBTHI OINOJIAPHI MPUCTPOi BUMAaraTUMyTh
NIAKIAA0K p-TUIly. BUKOpHCTaHHS MIAKIAJKUA p-TUIY MOXKE peali3yBaTH pICT
EMITaKCIMHUX IIapiB N-TUITY, 110 MOPIBHSHO 31 3POCTaHHSAM e€MiTakcially p-THUITy Ha
MIJKIQA N-TUIY, MAa€ BUILY PYXJUBICTh HOCISA, L0 MOXE JOJATKOBO MOKPAUIUTH
MPOIYKTUBHICTH MpUcTpoiB SiC [68].

Memoo ximiuno2o ocaddiceHHs 3 napoeoi (2az06o0i) ¢gazu nependavae XiMiuHy
peakKIlito ra3y, o MICTUTh KpeMHIN (HAPUKIAJ, CUJIaH), 3 Ta30M, 1110 MICTUTh BYTJICIb
(manmpukian, metaH), s ocamkeHHs SiC Ha migkimanky. ToOTo 1e mporec XIMIYHHX
peakIliif, mo MPOXOAUTh Yy Ta30BOMY cepenoBuiii. [IpoaykTu peaxiiil € TBepaIuMH
pPEUYOBHHAMM, SIKI OCAJKYIOThCS Ha MIJIKIAIKY. 3arajibHy CXEMy IMPOIECY OCAHKCHHS
300paxkeHo Ha puc. 1.5. XiMmiuHE OCaPKeHHSI MOXE BiOyBaTHUCS 3 BUKOPHUCTAHHSIM
PI3HHX JKepes eHeprii — IMja3MH, YJIbTpadioleToBOro BUIPOMIHIOBaHHS Touo. Llei
MeTO/1 103BoJisi€ BUponTyBaTH SiC Ha BEJIMKUX MIAKIAAKAX 1 MOXKe OYyTH BUKOPUCTAHUIM
JUTSL OTPUMAHHS IK MOHOKPUCTAJIIYHUX, TaK 1 MOJTIKPUCTATIYHUX TUTIBOK.

KoxeH 13 1uX MEeTO/IB IIMPOKO BUKOPUCTOBYETHCS B HAYKOBUX AOCTIIKEHHSX 1
Mae cBOI mepeBaru Ta oOmexeHHs. MoaudikoBani meroau Jlem ta PVT 3a3Buuait
BUKOPHCTOBYIOTHCS JIJISI BUPOIIYBAHHS BEIIMKHUX MOHOKPHCTANIB IS 3aCTOCYBAaHHS B
enekTpoHimi, Tomi sk meton CVD BUKOPHCTOBYETHCS SK JUIsl €JIEKTPOHIKH (HA
HEBEIMKHUX TMIIKIAIKax), TaK 1 Ui TMPOMHUCIOBHX 3acTOCyBaHb (Ha OUIBIINX
nigkinangkax). Bubip merony 3anexxuth Bif OakaHuUX BiacTUBOcTedl matepiany SiC,

HEOOX1THOTO pO3Mipy Ta GOpMHU KpUCTaja Ta KOHKPETHOTO 3aCTOCYBAaHHSI.
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POSMOIUTEHIMIT KOHYC
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Pucynoxk 1.5 — Cxema ycTaHOBKHM HaHECEHHsI MOKPUTTIB MeTojoM CVD

(Oorcepeno: [56])

1.3 Amopdni DLC:Ge miiBku

[TniBkM amMa3onoaiOHOro BYTJICII0 — 1€ MaTepialid, 10 CKIAal0ThCs 3 aTOMIB
BYIJIELIO 31 CTPYKTYPOIO, CXOKOI0 Ha CTPYKTYpY alMasy. IX MOKHA JIeryBaTH PisHUMU
eJIEMEHTaMH, TaKUMHU SK TepMaHii, 1mo0 3MIHUTH IXHI EJIEeKTPOHHI BIACTHUBOCTI.
Ctpykrypa DLC-ILTiBOK MOYKE 3MiHIOBATHCS 3aJI€)KHO BiJl CITiBBiIHOMICHHS 3B SI3KiB sp°
i sp’, mo 3aGe3meuye MMPOKMil HiarmasoH BiaactuBocteil. DLC-IUTBKY ZOCTYIHI HAyLi it
TEXHIIl BXX€ OLIbIIIE YOTUPHOX ACCATHIITH, BIPOJOBXK SKUX aKTUBHO JOCIIHKYBaIUCA
Ha TPEAMET iX MOXJIMBOTO BUKOPUCTAHHS SK 3aXWUCHUX TMOKPUTTIB IS MarHITHUX
HOCI1B 1H(}OpMaIli, OCKUIbKM BOHM MAarOTh Kpally JOBTOBIYHICTH 1 3HOCOCTIHKICTH
NOPIBHAHO 3 IHWMMU TunamMd 1okpuTTiB. Hapaszi  DLC-miniBkM — HIMPOKO
BUKOPUCTOBYIOTHCS JUIsl PI3HOMAHITHUX PLKYYUX IHCTPYMEHTIB 1 MAarHITHUX KOPCTKHUX

JMCKIB [43 — 46].

1.3.1. Crpykrypa Ta BiaactuBocti amoppuux DLC ta DLC:Ge miiBok

DLC-mniBku € amopdHO0 (HOpMOIO BYTJICIO, siKa 3/laTHa KOMOIHyBaTH B CcOO1
O0araro MexXaHIYHMX 1 XIMIYHMX BJIACTUBOCTEH KpPUCTAIIYHUX aiMa3iB. MexaHI4HO

IUTIBKM JIOCUTh MpPYKHI i MOXYTh JIEMOHCTpPyBaTH TBepicts g0 9000 kr/mm’ (3a
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Bikkepcom) [47]. Jleranbhi Tpubosoriuni pociimkenass DLC-m1iBok miaTBEPIKYIOTh,
M0 Ii TUTIBKM 3a CBOEI0 CYTTIO € CaMO3MallyBaJIbHUMH, CTIHKMMH JI0 €po3ii,
aObpa3WBHOTO Ta aATre3WBHOr0 3HOCIB [32, 69]. 3aBAsSKM BHUCOKIM XIMIYHINA 1HEPTHOCTI
BOHHM TaKoXX Iy>K€ W CTIHKI J0 KOpO3ii Ta OKHUCIEHHS (HaBITh MPH JOCUTh BUCOKHUX
TeMIlepaTypax), CTablIbHI K Y KHCIIHX, TaK 1 B COJILOBUX CepeloBUIIIaX. 30KkpeMa, 0yIio
MOKa3aHo, II0 B ILUJIOMY 3HOC IMX IUTIBOK € HaJA3BUYaWHO HU3bKUH (B OCHOBHOMY
3aBIIAKH iX BUHSATKOBINM TBEPJOCTI, HU3bKOMY KOEQILIEHTY TEPTS Ta Maiil MOYaTKOBii
mopcTkocTi nmoBepxHi DLC-nokputTd, 3aBAsSKM YOMY MOXHA YHUKHYTH HEOOX1IHOCTI
J0IaTKOBOTO mojipyBaHHs) [32, 69]. [ImiBKM TakoX XapaKTepU3YIOThCS XOPOLIUMU
MOKa3HUKAMH MMUTOMOTO €JIEKTPUYHOTO OMOpPY, CBITIO3AJTOMIICHHS Ta MPO30PICTIO AJIS
1H(payepBoHOi yacTUHU crieKTpy. [lo€THAHHS TaKMX BUHATKOBUX SIKOCTEH POOIATH Il
IUTIBKK  iICAIBHUMH  JUIS  IIAPOKOTO  CIEKTPY  BHUMOIJIMBHX  3aCTOCYBaHb
(MIKpOEJIEKTpOMEXaHIYHl CHUCTEMHU, IHCTPYMEHTH [UJIi TOYHOrO pi3aHHSA, MAarHiTHI
YKOPCTKI IMCKH, IHBA3UBHI Ta IMIUTAHTOBAaH1 MEJMYHI MTPUCTPOI TOIIIO).

KonctpykTusHo, Ounbiiicte DLC-1m1iBoK € aMmopdHUM MaTepiaaoMm, 110 32 CBOEIO
KPUCTAJIYHOIO CTPYKTYpPOIO CKIIQJIA€ThCA 3 ajaMasy 13 Jyke OJNIKHIM MOPSAKOM
(XapaKTepU3yeThCss  3a  Sp -THIIOM  TPUTOHAIBHOI  CTPYKTYpH) 1  rpadity
(XapaKTepU3YeThCS 3a Sp -THIIOM TPUTOHATBHOI CTpyKTypn). Omke, DLC-IutiBKu
MO>KHA PO3TJISIATH SIK BUPOKEHY (DOpPMY BEIMKOPO3MIPHOTO anmasy Ta/abo rpadiry,
K 1TI0CTpyE puc. 1.6.

Taki ynikanpHi BiactuBocTi DLC-mmiBok, $SK BHCOKAa TBEPAICTh, BHCOKa
3HOCOCTIMKICTb, BHMCOKAa CTIHKICTb JO KOpO3ili Ta XIMIYHA I1HEPTHICTb, HU3BKUN
Koe(DILIEHT TepTs, Ay’e€ HU3bKA IIOPCTKICTh MOBEPXHI Ta BIAMIHHA MPO30PICTH IS
1H(pavepBOHOTO CBITIIA, TAKOX POOJATH IX MPUBAOJIMBUMHU B SIKOCTI 010CYyMICHUX
MartepianiB. Ha ganuit yac, DLC-OKpUTTS 3aCTOCOBYIOTHCSI B OPTOMEii, JJIsl CEPIICBO-
CYIMHHUX IMIUIAHTIB, KOHTAaKTHUX JIH3, KaTeTepiB, 3yOHHX TMPOTE3IB TOIIO.
biocymicuicts DLC-m1iBok BU3Ha4aeThes B3aeMoJlier0 Oionoriynux KiaituH 13 DLC-
MOBEPXHEI0 M MOXe OYyTHU IOCTIKEHA HUITXOM XapaKTEPUCTUKHU ITUTOTOKCUYHOCTI,

ajcopO1ii 617KiB, a60 NUIIXOM Mikpoha3Hoi aaresii MmiIiBoK.
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HI.SI, 6ed « 1vm WD23

Pucynoxk 1.6 — IimrocTpaltisi 3 MOJIEKYJISIPHOL CTPYKTYpH (@) Ta 300paKeHHs
nonepeunoro nepepizy DLC-1IBKY, OTpUMaHe CKaHYIOYOI0 €JIEKTPOHHOIO
MIKPOCKOITI€I0, IO IMOKAa3y€ MIKPOCTPYKTYPY 0€3 HITKO BUPAKEHUX 0COOIHBOCTEH (0)

(Oorcepeno: [69])

OmuuM 13 TOJIOBHMX HeMOMiKiB TOHKUX DLC-MmiBoK 11 MOPaKTHUYHOIO
3aCTOCYBaHHA € iX ciaOka ajresis 10 MiAKIAJ0K Yyepe3 BUCOKI BHYTPIIIHI HAIpPyrH Ta
CUJIbHUM MEXaHIYHUHN 1 eJeKTPOXIMIYHUMA BIUIMB 30BHIITHBOTO CEPEIOBHINA HA IMILJIAHT
B OpraHi3Mi JIOJIMHU, II0 MOXE BECTH JI0 PYWHYBaHHS Ta BimmapoByBanHs DLC-
nokpuTTiB. [{t0 mpobreMy MokHa moaojaTH BBeldeHHAM MetaniB y DLC-mmiBky abo
BUKOPUCTAHHAM TMIIIAPYy B MICII KOHTAKTy IUTIBKH 3 MIAKIAAKOI0, M0 TMOKpAIIlye
aaresiiini BiaactuBocTi DLC-mmiBOK, iX CTIMKICTh 10 KOpO3ii Ta 610CyMiCHICTh [56, 57,
32, 70].

PisHomaHiTHI Marepiaqy Ha OCHOBI BYIJICIIO, MOMIOHI 3a CTPYKTYpOIO 1O
“a”(amopduoro)-CH abo “ta”(wotupurpannoro amopdnoro)-C, sk mpaBuio,
BKJIFOYaroTh Takl eneMeHTH gk B, Ci, F, 1 N, a takoxx meramm, taki sk Cr, Ti, ta W.
3acTocyBaHHS JOMINMIOK a00 JIEryBaHHS TaKHUMH €JIEMEHTAaMHU 3arajioM 3MEHIIYe
BHYTPIIIIHI CTUCKalO4ul HANpyru B IUIIBKaxX 3a paxyHOK 3MEHIICHHS B3a€MO3B'SI3KIB y
JOBUTHHIN ByTJIENeBid Mepexi. Y poboti [71] aBTOpw mMmokazanu, IO KOHKPETHUUN

XIMIYHMM CKJIaJ JIETOBAHOI IUTIBKM CHJIBHO BIUIMBAa€ Ha IIOBEPXHEBY €HEPrilo, B
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3aJIe)KHOCT]1 B MPUPOIM JOMIIIKH, 1 MOXKE 3MIHIOBATH Pi3HI (PI3UYHI BIIACTUBOCTI,
TaKUM 4YUHOM, JieryBaHHS DLC-miiBok aHTHMIKpOOHMMH MeTajlaMH, IO MPU3BOIUTH
JI0 TIJIBMIIICHHS are3ii Ta 610CyMICHOCTI, € JIyKe MEePCIIEKTUBHUM JIJIS iX 3aCTOCYBaHHS
K 010CYMICHUX MaTepiaiB.

MexaHi4Hi, €IeKTpUYHI Ta 1HII XapaKTEPUCTHKU MOKPUTTIB Ha ocHoBi DLC-
IUIBOK MOKYTh BapilOBaTHCSI 3aJIC)KHO Bi CITIBBIZHOLICHHS KOHIGHTpAUiil sp’ i sp’
riopuan3oBaHux ByrieneBux 3B sA3kiB y DLC-mumiBkax. 3 TOYKH 30py BHUKOPHUCTAHHS
DLC-noxpuTTiB B IMIUIaHTaTaX, CJIiJT 3BayKaTH, 110 BIiJl CITIBBIIHOIIIEHHS 3B’ S3KiB spz/sp3
3ayieXxaTh ajare3is Ta KOJOHI3alld KIITUH Ha NOBEPXHAX, MOKpuTuX DLC-mniBkamu [32,
56, 57,70, 71].

Bapro 3a3nauntH, 1mo mpu 30UIBIIEHHI BMICTY Jerytodoi pedoBuHu y DLC-
TLTBII 3MEHIIYeThCs BMIcT sp’-(pakuii. Lleit GpakT BapTHil yBark, OCKiIbKH 3MEHIICHHS
KiNIBKOCT] 3B’SI3KiB sp -riOpHan3alii 03BOJIsSE 3HU3UTH 3aIMMIKOBHH THCK [72]. Takox
OUIBIIICTh JOMIIIOK 3/aTHI 3HAYHO 3MEHIIYBaTH MDK(a30BYy HEBIIMOBIIHICTE MIK
mapoM DLC-oKpuUTTS Ta MiJIKJIaIKO0, Ha IKY BOHO ocajikeHe [73, 74].

DLC-miBKy, JieroBaHI TaKUMH aHTUMIKPOOHMMH MeTajamu, sk ruiatuHa (Pt)
[75], cpibmno (Ar) [76, 77], tutan (Ti) [78], HioGiit (Nb) [79], moniomen (Mo) [80],
amoMiniit (Al) [81], migp (Cu) [82], 1 xpoMm (Cr) [83] Oynu mupoko JociipKeH1 i 0yino
BUSIBJICHO, 1[0 BKJIIOYEHHS METaJIeBUX HAHOYACTUHOK Yy BepxHid map DLC-miiBok €
BUTITHUM JJIs1 TIOKpAILlEHHs 3arajdbHux xapakrtepucTuk DLC-mmiBok. Takox B1AOMO
npo ycmimHe JseryBaHHs DLC-MIiBOK TakuMH HEMETATIYHMMH €JIEMEHTaMU, SK
kpemHilt (Si) [84], dochop (P) [85], azot (N) [86], drop (F) [87]. JleryBanHs pizHuUMHU
eJIeMEHTaMH MOX€ BIUIMBaTH Ha CTpykrypy DLC-mokputrTtiB, 30KpemMa Ha
criBBigHOMEHHS sp /sp’. Hanpuknan, nonasauus F a6o Si no mokputtis DLC 36inb1rye
KOHTaKTHUH KyT BOJM, TIOB’S3aHMI 13 MEHIIOI TOBEPXHEBOIO EHEPTi€l0, TOMi SIK
nonasanHs O a6o N Moxe 30iUmbIMTH TMOBEpXHEBY eHeprito [71]. Lli Bapiamii momo
JOJIaBaHHS JIETYIOUOi J100aBKM MOXKYTh Oe€3MmocepeHhO BIUIMBATH HA MEXaHIuHI
BrnactuBocTi DLC-1utiBKH, Taki SIK 3aJMIIKOBA Hampyra Ta TBEPIAICTb, 110 € KPUTUIYHUM

JUISL aare3ii MOKPUTTS A0 OCHOBH Ta JIJIs TPUOOJIOTTYHOT MOBEAIHKY TTOKPUTTS.
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OctanniM yacom cepen Moaudikamiii DLC-miniBok 3poctatounii iHTEpec y
JOCITIJIKEHHSX, TIOB’ SI3aHUX 3 010MEAMYHUM 3aCTOCYBaHHSIM, BUKINKalOTh DL C-TutiBKH,
neroBani repMmanieM (Ge), 3aBASKM iXHIM  MOKpameHuM  (Pi3UKO-XIMIYHUM
BrnactuBocTsM [88]. Hocmimkenns [89] mokasye, mo DLC-1utiBKkH, JIeroBaHi TepMaHieM,
€ JIOBFOBIYHUMHU, MAIOTh BUCOKY TBEPJICTh 1 MILHICTh, HU3bKE MOTIMHAHHS, MOKa3HUK
3asioMJieHHsI Bif 1,7 10 4, 1 BUPIZHSAIOTHCA XOPOIOI ajaresiero B mopiBHAHHI 3 DLC-
tiBKamMu, 1o poouts miiBku DLC:Ge nepcnekTHBHUM MaTepiaioM sl 3aCTOCYBaHHS
B OOTUILI Ta O10MEIUIIMHI.

Jleryannss ~ DLC-muiBoK ~ TrepMaHieM  TakoX  BHUSBWJIO  MOTEHLINHI
antuOakTepianbHi edextn [90]. ['epmaHiii BBaXaeTbCsl €IEMEHTOM 3 HHU3BKOIO
ToKkcuuHIcTIO. Ge Mae MpodUIaKTUYHY Ta TEpaneBTUYHY 0 MPH JIIKyBaHHI paky Ta
iH(pekui, cnpuunHeHux BipycoM iMmyHoaedinuty moauau (BLI) [91 — 93], Takox
Oiorepmaniii  (Ge-132) BBakaeTbCcd AaKTUBATOPOM IMyHITETY [94] Ta 4YHHUTH
aHTHOKCHIaHTHY 1iro [95]. V [88] mpoananizoBano mutotokcuuHicTh DLC: Ge mmiBok
13 BMmictom Ge Bim 0Oar.% npo 12 ar. %, BUPOIIEHUX [ABOJIA3EPHUM CHUIBHUM
ocajpkeHHsiM 3 Ge Ta rpadity. DLC-muniBku 6e3 repmanito it DLC: 1% Ge mniBku
BUSIBUWIN HU3bKY IIUTOTOKCUYHICTD (200 MailXke BiJICYTHICTh IUTOTOKCUYHOCTI), TOJII SIK
DLC: Ge mniBku 3 2,5 —5 ar. % Ge BUSBIAIOTH MOMIpHY TOKcHuHicTh, a DLC: Ge
wiiBku 3 9 — 12 aT. % Ge Oy BUCOKOTOKCHYHHUMH.

Hemonasue pocmimkenass DLC-mmmBok, neropanux (Ge, 3a JOIIOMOT'OI0 METO/IIB
PEHTIeHIBCHKOI  (POTOEJIEKTPOHHOI  CIIEKTPOCKOIIi, CHEKTPOCKOMII  PO3CIIOBaHHS
MOBUIBHUX 10HIB Ta CHEKTPOCKOIMIl KOMOIHAIIMHOTO PO3CIIOBAaHHS, MOKa3aio, II0
neryBannst Ge iHAYKye IEpeTBOPEHHS sp° BYIJICLEBHX 3B’SI3KiB Ha TiOPHIM30BaHMUIA
ctaH sp” 38’3kiB [96]. Kpim toro, y DLC: Ge miiBkax 38’s3ku Ge-C JOMiHYIOTh Haj
3B s13kamu Ge-Ge ta Ge-O. Byio 3po6yeH0 BUCHOBOK, 1110 MOMIPHA HIUTOTOKCUYHICTh Y
wriBkax DLC: Ge moxe 0yTu ekpaHoBaHa 3akpuBar4or0 C-TutiBKoOr0, chopMoBaHOIO Ha
BEpXHill MOBEPXHI 3pa3Kka, KOJU piBeHb JeryBaHHs (Ge € JOCTaTHbO HU3BKUM. A TaKOX
JUTSl eKpaHyBaHHS MOYKHA BUKOpHCTAaTH cyMiml okcuay Ge ta C B TOBEpXHi, KOJIM BMICT

Ge € BumumMm [96].
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1.3.2. Meroau Bupourysanusi DLC miiBok

3 MomeHTy mnoyaTky cuHTe3y DLC-TulBOK Ha TOYaTKy CIMAECATUX POKiB
MUHYJIOTO CTOJITTS JOCHITHUKK 3pOOUIIM 3HAYYIll KPOKH B PO3POOJIEHHI METOJIMK
OCaJDKEHHS, YIPaBIiHHSA XapaKTePUCTUKAMH, ¥  JOCIIDKEHHI Pi3HOMaHITHUX
3aCTOCYBaHb KX IUTBOK [43, 97 — 100].

[TniBku anmazonoaioHoro Byrieio (DLC) 3 yHiKanbHUM NOE€IHAHHSM TBEPJOCTI,
3HOCOCTIMKOCTI Ta HU3BKOTO KOE(]IIieHTa TepTA 3HAWIUIM HIMPOKE 3aCTOCYBAaHHS B
rajiy3sx [MPOMHCIOBOCTI BiJl €JNEKTPOHIKM J10 aBTOoMOOUIeOynyBaHHs. OmHak
BUPOIIYBaHHS BUCOKOsIKICHUX TUTiBOK DLC mpexactaBisie ckiagHy mnpoOliiemy uepes
YVHIKaJIbHY aTOMHY CTPYKTYpy Matepiainy. Jiig mporo 6yso po3po0aeHo KiJibKa METO/IIB,
KOYEH 31 CBOIMHM IepeBaraMu Ta OOMEKEHHSIMH.

Ha Biaminy Bia kpucrtaigigyHoro anmaszy, DLC-miiBku MOXyTh OyTH JA€NOHOBAaHI
3a TeMIiepaTyp B Jiana3oHi BiJi HaBKOJIOHYJIboBUX Temmepatyp a0 300° C. IlBuakocTi
OCaJKEHHSI JOCATAl0Th JOCUTh BHUCOKMX 3HAY€Hb MOPIBHSIHO 3 TAKUMH IIBUIAKOCTIMU
JUI.  OCa/DKEHHS KpUCTATIYHMX aiMa3Hux ImiBok. Jlis cunTesy DLC-mmiBok
3aCTOCOBYIOTh PI3HOMaHITHI METOAHM, y TOMY YHCJi 10HHO-TIPOMEHEBE OCAKEHHS,
MarHeTpOHHE PO3MWJICHHS PEXUMY MOCTIHHOTO CTPyMy Ta pagioyacTOTHOTO PEKUMY,
JyTOBO-TIa3MOBE OCAJ[KEHHS, MJIa3Ma-MOCUJIEHE XIMIYHE OCA/KEHHS 3 ra3oBoi ¢asw,
na3epHa aossiis Tomo [101 — 105]. Ak imoctpye puc. 1.7, B 3a1ekKHOCTI BiJ] METOIY
OCAJKEHHSI JDKEpesia BYIJICH0, aMOp(HI BYIJIEHEBOMICTKI IUIIBKM MOXYTh MICTHTH
sHauni gomimkn Bomuio (10 — 50 at. %). Bigsomrenns sp’ no sp° ribpummsauii B
OTpUMaHUX TUTIBKax, BIAMOBIAHO, 3HA4YHO Bap’roeTbes [106]. s oTpumaHHS
0e3BogHeBUx DLC-IIIBOK HIMPOKO BUKOPUCTOBYIOTHCS PO3MWJ, Ja3epHa aOJsiis,
Ta/ab0 NyroBO-IJIa3MEHHE OCA/PKEHHA — TOOTO METOJU, Yy SAKHX Yy SKOCTI MIIIEeH]
BUKOPHUCTOBYETHCS TBEPAUN Byraeup [71].

Havinmommupenimi wMeroau BupoimnyBaHHS IU1iBOK DLC BKIIOYarOTh XiMIYHE
Oca/KEHHS 3 apoBoi (as3u, pizuuHe ocaPKSHHS 3 MapoBoi ¢a3u Ta 0CaHKESHHS 10HHUM
npoMeHeM. MeToau XIMIYHOTO OCaPKEHHS IependadaroTh XIMIYHY — PEakIlito

BYTJICLIEBMICHOTO Ta3y (Hampwkiaa, MeTaHy a0o aleTusjeHy) s OCaKCHHS
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BYTJIEIeBOi TUIIBKM Ha MiAKIanKy. L{poro MokHa IOCSITTH 3a JOMOMOTOI0 TaKUX
METO/IB, IK XIMIYHE OCa/PKEHHS 13 IJIa3MOBHUM MiJICHJICHHSIM a00 XIMIYHE OCaKEHHS 3
raps4ol0 HUTKOI. MeTtoau (i3MYHOTO OCAaKEHHS, 3 IHIIOro OOKy, BKJIIOYAIOTh
¢bi13uyHUNl TIepeHoC aTOMIB BYIJICIHIO BiJ JpKepena Byrjiemwro 10 miakmankd. Lporo
MOXKHa JOCSTTH 3a JOMOMOTOI TaKUX METOJIB, K Ta30TepMidHE HANWJICHHS abo
nazepHe Gi3uyHEe oOcaKeHHs 3 ra3oBoi (asu. OcamKeHHS 10HHHM IPOMEHEM
nependavae OomOapAyBaHHS MiAKIAAKH 10HAMH BYTJICIIO JIi CTBOPEHHS BYTJELEBOI

mnBky. Hukde koxkeH MCTOJ 6YI[€ PO3TTEIHYTO ACTAJIBHO.

Pucynox 1.7 — Ilotpiiina ¢a3oBa miarpama ajisi ByriieneBux miiBok (3a deppapi

ta Pobeprconom). «UNCD» o3Havae «yabTpaHAHOKPUCTAIIYHUN T1aMaHT» (0dcepeno:

[107])

KoskeH 13 Ux METO/iB MIUPOKO BUKOPUCTOBYETHCS B HAYKOBUX JOCIIIHKCHHSX 1
Mae CBOI IiepeBaru Ta oomexxeHHs. Bubip meTony 3anexXuTh BiJ OaKaHUX BJIACTUBOCTEN
DLC-mniBku, HEOOXiAHOI MIBUIKOCTI  OCAPKCHHS, MaTepially MAKIaJAKH Ta
KOHKPETHOTO 3acTOCyBaHHs. Hampukiaa, MeToaud XIMIYHOTO OCa/DKCHHS 3a3BHYai

BUKOPUCTOBYIOTHCS, KOJIM MOTPIOHE OCAIKEHHS Ha BENUKIM IUIOUI, TOMAl SIK METOIU
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(b13MYHOrO0 OCaIKEHHSI 4acTO BUKOPUCTOBYIOTHCS, KOJH MOTPIOCH TOYHHUI KOHTPOJIb
BJIACTUBOCTEH TUTIBKH.

Sx mnpaBuno, Oyab-IKUWA TMpPOILIEC OCAHKEHHS BYTJCHEBOMICTKUX ILUTIBOK
BiIOYBAEThCS 3 BHUKOPUCTAHHSIM T[I€BHOTO THITY TMIAKIAIKA. TOMY pPO3TJITHEMO
BUKOPHUCTOBYBaHI JIJIsl PI3HUX 3aCTOCYBaHb IMAKIAIKU JIeTAJIbHIIIIE.

[Tinknaaka — 00'ekT (Ha4acTiie — MPAMOKYTHa abo0 Kpyrjia IJIaCTUHA), SKUM
N03BOJIsI€  3apiKCyBaTH TMOJOXKEHHS TIUTIBKM. B imeanbHOMY BHMAAKy MITKIaaKa
BUKOHYEThCS 3 MaTepially, sSIKU HE B3aeMOJI€ 3 IUTIBKOIO, ajie BOHA 3a0e3mnedye
MEXaHIYHY JKOPCTKICTh IUTIBKM Ta HEOOX1IHHUM CTYIIHb aAresii. 3BUYailHO, Ha MPaKTHUII
KT Ka 9aCTO MOYKE TIOMITHO BIUTMBATH HA XapaKTEPUCTHKHA OTPUMYBAHOI TUTIBKH. 3a
MaTepiajioM pO3pI3HAIOTh CKJISHI, KepaMiyHi, MOJIMEpPHI Ta METaleBl MiAKIAJKH;
3yCTPIYAETHCSA TAKOK BUKOPHCTAHHS  IHIIMX MarepiajiB BIAMOBIIHO 1O KOHKPETHOI
noTpeOM BHUPOOHMKA Mpuiamy, Je 3acTocoByBatuMeTbes DLC-romiBka. binbmiicts
MIJIKIAJ0K BUKOHYIOTBCS 13 JIOCUTh KPUXKUX MartepiajiiB, MPOTE BOJIOAIIOTH BUCOKOIO
TBEPICTIO Ta CTIMKICTIO 10 MEXAHIYHUX Ta TEPMIYHUX HAIPYT.

XapakTepuCTUKH MIIKIAIKU, 3a3BUYail, 00MpalOTh Tak, 100 OyJI0 MOKIMBUM
OJIep>KaTH IUTIBKY 3 HEOOXITHUMHU XapakTepucTukamu. lliaknanka moBUHHa HE MaTH
nedeKTiB, MaTH TJIAJIKy TOBEPXHIO Ha aTOMHOMY piBHI. JIJisi JOCSTHEHHS LBOTO
MOTNIEPEAHBO TIPOBOISTH IIPOIIEC OUUIIICHHS IT1IKIIAJIOK, SIKUM MOJISATa€e B PO3PHBI 3B'S3KIB
MDK MOJEKyJaMUd HeOaXaHUX JOMINIOK 1 MOJIEKYJaMH MIAKIAIKH 3 MOJaJbIINM
BHIAJICHHIM IIUX JOMIIIOK [56, 57].

3 TOYKM 30py ONTUMI3alili PyTMHHOro BHpOoOHHUITBA DLC-miBOK, OCHOBHOIO
HEOOXITHICTIO € €(EeKTUBHUN KOHTPOJIb MPOLECIB, y MEpUIy Yepry, HaJallTyBaHHS
anre3iiHmx BiactmBocTed. JlikicHO, anre3iss DLC-mIiBoKk 3HAYHO 3aJICKHUTH  BIJ
OpUpOAN TiAKIAAKU. JlJIs BUKOPUCTAHHS B SIKOCTI TpUOOJOTiYHOro mokpuTTs, DLC-
TUTIBKM TIOBMHHI MAaTH 3HA4YyHy aire3ilo N0 MiAKIAIKW, ¥ aAre3uBHI CHJIW TOBHHHI
NEPEeBUIyBaTH BHUCOKI BHYTPIUIHI Hampyrd, B I1HAKIIOMY BHMAJIKYy B1I0yBaeThCs
po3apyBaHHs iBKH [32, 86].

Anresis 3aJIeKUTH Bl METOJy HAaHECEHHS B TIOE€HAHHI 3 TPUPOJIOIO IMiIKJIAIKH.

Xopoma aare3is DLC-mIiBoK crocTepiraerbcs Ha KapOigo- Ta CHIIILHI0YTBOPIOIOYHX
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migknagkax. Aaresis DLC-TOKpUTTS 0 CHITIITUAOYTBOPIOIOUNX METAiB MOXE OyTH
MOKpaIIeHa 32 paXyHOK HamWICHHS 2—4 HM TOBCTOTO Mi(a3Horo mapy amopdHoro Si
MDK MeTaioMm Ta DLC-miiBkoio, TaKUM YMHOM YTBOPIOIOYHM MDK(pa3HUM CHUIIIUATHUN
map, MIATPUMYBAaHWM TUIa3MOIO, HaBiTh MPU BIJIHOCHO HHU3BKUX TeMIlepaTypax
niakIaakd. OyHKIIOHAIBHI TPaJi€eHTHI TUIBKM Ha OCHOBI THUTaHy, 1HTETPOBaHI MIX
niakmaakoro 1 DLC-mniBkoro Takoxk BuBuanucsa B [50, 108]. Ilokpamenus aaresii ta
OCa/DKeHHS 1HTEepP(EHCHOro Iapy B 17€aJbHOMY BUIAJKy BHUKOHYIOTHCS B OAHOMY M
TOMY 3K peakTopi B mporeci ocamkeHHs DLC-muiBok, 3arajom 3a JI0MOMOTOIO
MYJIBTUIIJIEKCHUX TIPOLIECIB, Kl MIHIMI3YIOTh BBEICHHS ACPEKTIB 1 JOMIIIOK MIiXK
IapaMu i JO3BOJISIOTh TOYHO KOHTPOJIOBATH BECH IIPOIIEC OCAKCHHS.

Sk O6yno 3a3HaueHo Buile, crnocodbu otpuMmanHs DLC-OKpUTTIB MOKHA YMOBHO
PO3IUIMTH Ha TPU OCHOBHI TPYNH: XIMIYHE oca/KeHHs 3 mapoBoi pazu (CVD), dpizuune
ocakeHHs 3 mapoBoi ¢aszu (Physical Vapor Deposition — PVD) Ta lioHHO-TIpOMEHEBE
ocajpkeHHsl. HeoOximHO po3yMiTH, MO0 MO METOAIB OCaPKEHHS Ha Taki, IO
3aCHOBAHI Ha XIMIYHUX 1 (PI3UYHUX IPOLIECaX, YMOBHUM, OCKIIbKH, 0arato (pi3MuHUX
METO/1IB BUKOPUCTOBYIOTh XIMIUHI peakIlii, a Katajaizaropamu Jjisi XIMIYHUX METOIB €
b13uuHMi sBUIMA. YC1 METOAM OTPUMAHHA TOKPUTTIB MOXHA KOPOTKO OTHCATH
3arajbHOI0 CXEMOIO: Ta3u, Mapy MOTPIOHOT PEYOBUHH a00 IX CyMillll MOJAI0Th Y KaMepy
OCaJKEHHS, J¢ 3HAXOIUThCS IMIKIAIKa, Ha Ky HAHOCATH MOKPUTTS Y BUTIISIL TUTIBKU
13 HEoOXIJHUMHU BIACTHBOCTSIMHU. HeoOXiHE TOKPUTTS YTBOPIOETHCS 3 AKTUBHUX
YAaCTMHOK 3a pPaxyHOK akTuBalii mnapoBoi (a3um pi3HuMU cnocobamu [56, 57].
PosrisiHemMo ix netanbHile.

bazoBuii MeTon XIMIYHOTO OCa/PKEHHS 3 TapoBOi ¢a3u JeTalbHO OyIIo
PO3MIISIHYTO BUllE — B po3Ain 1.2.2. TyT po3rasiHeMo AeTalibHille Horo Mmoaudikamito —
XiMiuHe ocaoddicenHs 3 napoeoi gazu axmusosane niaazmoro (Plasma Assisted Chemical
Vapor Deposition — PACVD). Meton Oyno po3po0eHO B CEPEeIUHI CEMUECATUX POKIB
MUHYJIOTO CTOJIITTS, TOJIOBHHUMH CIIOKHBA4aMU OTPUMaHUX 3 HOTO JIOTTOMOTOF0 TOHKHX
TUTIBOK CTaJId MIKPOEJIEKTPOHIKA, ONTUKA, & TAKOXK aJTbTEpPHATUBHA €HEPTeTHKA, 30KpeMa

COHsUHI naHesni. CxeMy poOOTH MPUCTPOIO JIJIS1 OCAJKEHHS JEMOHCTpYE puc. 1.8.
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Pucynox 1.8 — Cxema po6otu PACVD (0orcepeno: [109])

XiMiuH1 peaxilii Jyist yTBopeHHs ToHKOo1 DLC-1utiBKY Ha miIKJIa M i yac mpouecy
PACVD akTuBYyIOTBHCSI €JIEKTPUYHUM PO3psIoM y ra3oBiil (azi. ToOTo rasu-peareHTU
aKTUBYIOTBCS IIBUJIKMMH €IEKTPOHAMH, a HE TEIUIOBOIO €Hepriero. ToMy 10 OCHOBHHX
IUTIOCIB METOJTy MOKHA BIJIHECTH MOr0 BIIHOCHY HHM3bKOTEMIEPATYPHICTh, MOPIBHSIHO 3
IHIIIMMU METOJIaMH — TeMIIepaTypa mikiIanok 30epiracteest Hmkue 300°C. Le 3a6e3neuye
Kpalii KOHTPOJIb TPOIECY OCAHKEHHS, IO JJ03BOJSE JOCSIITH Kpamiol MOKPUBHOI
3IATHOCTI Ta aAre3ifHUX BIACTHBOCTEH. Jlo MiHYyCIiB MeTomy moTpiOHO BigHECTH (DaKT
(bakTHYHOT HEMOXKITUBOCTI OCaJKEHHS uncTux MatepiaiiB y npoieci PACVD. TIpo6iema
NOJISITa€ B TOMY, IO OUIBIIICTh T'a31B-pEareHTIB YTPUMYIOThCS IOKPUTTSM, 3a0pyIHIOIOUA
TaKUM YMHOM OcajpkeHud martepian [57]. Takox MoXHa BiIMITUTH CJIaOKy MOKJIMBICTh
KOHTPOJIIO OJHOPIIHOCTI IOKPUTTS YePe3 BUCOKY MIBUAKICTh OCAJKEHHSI, 1110, BTIM, MOXKE
OyTH YCYHEHO peTelIbHUM HaJIallITyBaHHAM yCTaHOBKH [56, 109].

DizuyHuUM 0caodHcenHam y 6aKyymi MOKHA Ha3BaTH LILTY TPYITy METOAIB O€pKaHHS
TOHKHMX IUIIBOK, Y TOMY YMCJI BYIJICHEBOMICTKHX, y BaKyyMi. Yci LI METOAH 00’€IHY€
3aCTOCYBaHHS TMPsIMOi KOHJEHcAIll mapoBoi ¢a3u marepially, SKHid OCaKYEThCS Ha
MAKIAIKY Y BATJISI TUTIBKU. BUKOpHUCTaHHS BaKyyMYy ITOJICTIIIYE TIEPEBEACHHS MaTepiary
B mapoBy ¢a3zy. Jlyig nomimmieHHs aaresii abo Al CTBOPEHHS NEBHOI CTPYKTYpU
OCa/PKEHOTO TIOKPUTTS B 0ararbOX BHUMAJKAaX 3aCTOCOBYETHCS MIIITPIB IMiIKIAAUHKH,
OCKIJIbKM d9acTto HemoctatHs anresis DLC-OKpUTTS [0 OCHOBM  CIIPUYMHEHA

HEBIAMOBIAHICTIO KOE(]IIiEHTa TEIJIOBOTO PO3IMIMPEHHS MIIKIAJAKH Ta TOKPUTTS [56, 57,
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109]. lo OCHOBHMX — HaWOUIBII MOMYIAPHUX — METOMIB ocamikeHHs DLC-mokpurris
MOYKHA BITHECTH TpPHU: JIa3epHE BUIIAPOBYBAHHS, MarHETPOHE BUIAPOBYBAHHS, BaKyYyMHO-

JyroBe BUNIapOBYBaHHs. Po3riisiHeMo iX eTanbHilie.
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Pucynok 1.9 — TunoBa cxema yCTaHOBKH 7151 HaHECEHHS TOKpUTTS PVD Mmeronom:
1 — matepial 4Ji1 TOKPUTTS, 2 — CUCTEMA TMePEeBE/ICHHST MaTepiainy B mapoBy dasy, 3
— MOTIK BUITAPOBYBAHO1 PEUOBHHM, 4 — MIIKJIAIKA, 5 — TOKPUTTS, 10 (POPMYETHCS, 6 —
cucTeMa TPaHCIIOPTYBaHHS MaTepially MOKPUTTS B MapoBiii a3l 10 MiIKIaaKu, 7 —
cuctema (hokycyBaHHs (1/a00 CKaHyBaHHS1) OTOKY PEUOBHHHU, 1110 OCAIKYETHCS Ha
MAKIAIKY, 8 — CUCTeMa 3aKpITUICHHS MIKIaIKU Ta ii KOHTPOJIHOBAHOTO MEPEMIIeHHS, 9 —
CUCTEMa PEryJIIOBaHHS TeMIepaTypu HarpiBaHHs migkiIaaku, 10 — cuctema ynpaBiiHHS Ta
KOHTPOJIIO TEXHOJIOTTUHUMHU MapaMeTpaMu (TeMrepaTtypa miakiIa ki, BUIKICTb
NIEpEBEICHHS MaTepially B apoBy a3y, TUCK B Kamepl, MBUAKICTh OCAJPKEHHS TIOKPUTTS,
TOBILIMHA MMOKPUTTS TOWIO, 11 — BakyyMHa kamepa, 12 — cucreMa CTBOPEHHS Ta MiATPUMKHU
BHCOKOT'O BaKyyMy (CHCTEMa BaKyyMHHX 3aCYBOK, (POpPBaKyyMHHX Ta BUCOKOBAKYYMHHUX
HACOCIB, a30THA MacTKa ToIO), 13 — 1UTI030Ba Kamepa Ta cucTeMa Mojiaqi Ta 3MiHA

MKIa10K, 14 — OrJisiIoB1 KOHTPOJIBbHI BiKHA, 15 — cucTemMa 0XoJoKeHHS (Ooxcepeno. [56])



43

Jlasepue eunaposysannsa — 1e Ppi3WYHE OCAHKEHHS MaTepially TOHKOI IUIIBKU 3
napoBoi ¢azu. MeTos € pi3HOBUIOM METOY Ta30TEPMIYHOTO BUIIAPOBYBAHHS, Y SIKOMY
napoBa (aza OTPUMYETHCSI HArpIBaHHSIM PEUOBUHHU, SIKa HAMUIIIOETHCS, @ MOTIM BLIBHO
OCaJKYEThCSI HA MIIKIAIKY, III0 Ma€ TeMIIepaTypy HabaraTto HIKYY, HIX TeMIeparypa
razoBoi (asu [56]. JlazepHe BUITAPOBYBaHHS BUKOPHCTOBYE IIOTY)XKHUH JIa3epHUM
MIPOMIHb JIJIS HarpiBaHHs OCaJ)KyBaHO1 pedoBHMHHU. Ha moBepxH1 MileH1 3 MOTPiOHOTO
MaTepialy BCEpelrHl BaKyyMHOI Kamepu (OKYCYEThCS TOTYXHUN IMITyJIbCHUNA
Ja3epHUil MPOMiHb. Marepial BUMApOBYETHCS 3 MillleHI W Ocila€ Ha MiAKIAIl y
BUTJISIAI TOHKOI TUTIBKH. MeToa MOXe BUKOPHUCTOBYBATH SIK HAJBUCOKWN BaKyyM, TaK 1
3a0e3reuyBaTd NpoOleC y MPUCYTHOCTI (POHOBOro raszy. Y SKOCTI TakKoro 4Yacto
BUKOPHCTOBYIOTh, HAPUKJIA], KUCEHb — ISl TOBHOI OKCUT€HAaIlli 0Ca/[PKEHUX TITIBOK MPHU
0CaPKEHH1 OKCUIHUX IJI1BOK.

Iunynvcue nasepne ocaodwcenns (Pulsed Laser Deposition — PLD) — y 1boMy
METO/I1 OJIEp>KaHHS IUIIBOK Ta MOKPHUTTIB BiIOYBAETHCS 32 PAXyHOK a0JsAIii y BaKyyMmi.
IMnynbcHE na3zepHe BUIPOMIHIOBAHHS B3a€EMOJIIE€ 3 MarepiajoM MIII€HI, B pe3yjbTaTl
YOro MpOAYKTH peakilii KOHACHCYIOThCS Ha MOBEPXHI MIAKIAAKUA. Y pe3yibTaTi TaKOTO
MIPOIIECY OJICPKYIOTh TIOKPHUTTS BHUCOKOI YHCTOTH, @ TOMY HOTO YacTO 3aCTOCOBYIOTH
JUISL OCAJDKEHHSI CKIIaHuX 3'eHanb [73]. CxeMy 300paxeHo Ha puc. 1.10.

Bupowenna necosanux DLC-nnigok noositiHumMu 1a3epHuUMu  NPOMEHAMU.
OcamKeHHsl MOABIMHUM JIa3epHUM IpOMEHeM 30ublrye epekTuBHICTH Metoay PLD.
Cxema Merony mokazaHa Ha puc. 1.11. Mimens ckinagaeTses 3 rpadiTy Ta mMarepiany,
[0 CIyrye s JIeTyBaHHS MalOyTHBhOI IUTIBKM, MIIICHb TMOLUIIOETHCA JBOMA
Ja3epHUMHU TIPOMEHSIMH BOJHOYAC. Y TBOPIOBATHUCS Ja3epHi MPOMEHI MOXKYTh K JBOMA
HE3aJIC)KHUMU JIa3epaMu, TaK 1 PO3AIICHHSIM OJHOTO M TOTO K JIa3epHOTO IMpoMeHs [73,
111, 112]. KoxeH 13 mpoMeHIB peryibOBaHUI OKPEMO, HE 3aJI€KHO BiJ] IHIIUX, EHEPris
BUIIPOMIHIOBaHHS Ta MIEP10]] MOBTOPEHHS IMITYJILCY ONTHUMI3y€EThCSI OKpEMO ist TpadiTy
Ta JIETYIOUuX MaTepiaiiB. MeTos /lae MOXKIIMBICTh BUpoOITyBaTH JieroBani DLC-miBku

13 OyIb-SIKUMHU KOHIIEHTpPAIISIMH JIETYIOUOT'0 MaTepiay.
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Pucynoxk 1.10 — Cxema IMITyJIbCHOTO JIa3€pPHOTO OCA/PKEHHSI TOHKHX TITIBOK 3
3aCTOCYBaHHAM MPOTHKPANEIbHOr0 ekpany (1 — mazepHuil NpoMiHb, 2 — MILIEHb JJIS
JIa3epHOr0 BUIIAPOBYBaHHS, 3 — €KpaH, 4 — Kparuii, 5 — MiJIKJIaaKa 1Sl OCaIKEHHS
MOKPUTTS, 6 — BaKyyMHa KaMepa Ta cucTeMa BIJIKauku, 7 — CUCTEeMa MOJaHHs IHEPTHOTO

razy) (docepeno. [110])

i

Minknanka

NazepHwuit npomine 2

NiH3a

JlasepHuii npomiHe 1

lMhasma

-

padiT i maTepianu Ana nerysaHHs :
pag P M B lasosi KaHanm

Pucynok 1.11 — Cxema ocamxenss jgeropanux DLC-mniBok moaBiitHuUM

Ja3epHUM BHIIPOMIHIOBAHHSM (Ooicepeno: [73])

Maenempoune posnunenHsi TIOCTIMHOTO CTPYMY — OJIUH 13 HaWUMOIIMPEHIUIUX,

X04a M BIJTHOCHO CKJIAIHHI TEXHOJIOTIYHO Ta JOPOTHH, METOJ OCAJKCHHS TOHKHX
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IJTIBOK Ha MOBEpXHIO miakiaanku. Cxemy 300paxkeno Ha puc. 1.12. ¥V mpomy mporeci
3a JIOMOMOTOIO0 E€JIEKTPUYHOTO CTPYMYy CTBOPIOETHCA ILJIa3Ma, sIKa B3aEMOIE 3
MIIIEHHIO 3 OCaJPKYBAaHOTO MaTtepially, B pe3ysbTari 4oro (GopMyeThes ILIIBKa Ha
MOBEPXHI migKIaaku. Metoa 3a0e3nedye BiCyTHICTh METalIeBOi KpamelbHOi (a3u B
DLC-mokpuTTi, HOTO Tak0X MOXXHa BUKOPHUCTOBYBATH JIJIsI HAHECEHHS MOKPUTTIB Ha
TEPMOYYTIUBI €JIEMEHTH TIPH BIAJHOCHO HHU3BKHX TeMIEpaTypax 13 BHCOKOIO

IIBHAKICTIO OCaJKeHHS [56, 57].

l
2 3N

S NN

i!'/"

Pucynox 1.12 — Cxema MarHeTpoHHOT CUCTEMH 10HHOTO PO3MUJICHHS 3 TIIOCKUM
KaToJIoM: 1 — 130J15TOp; 2 — MarHiTO-MpoBi; 3 — cUcTeMa BOJOOXOJIO0KEHHS; 4 —
KOPITYC KaTOJHOTO By3Ja; 5 — MOCTIMHUI MarHit; 6 — CTiHKa BaKyyMHO1 KaMepu; 7 —
CHUJIOBI JIiHIT MarHiTHOTO TOJIS; 8 — KUIBIIEBUM BOI0-0XOJIOKYBaHUM aHO; 9 — 30Ha

epo3ii KaTo/a, SKU PpO3NMUIIOETLCA (Oxicepeno: [57])

Baxyymno-oyeoee eunapoeysanus — TIOPIBHSHO TPOCTUNM TEXHIYHO METOJ
OCaJKCHHS TIJIIBOK y BaKyyMmi, y Tpollecl SIKOTO Marepiall Jjisi YTBOPEHHS IUIIBKU
BUINIAPOBYETHCS 3 KaTojAa TijJ JAI€H0 JAyroBoro po3psaay. CxeMaTHYHO mpoliec
300pakeHo Ha puc. 1.13.

[Ipomec BakyyMHO-AyTOBOTO BHIIAPOBYBAaHHS MPOTIKAE 32 BUCOKOI TEMIIEPATYPH,
0 MOXHa BIJHECTH JI0 HOr0o MIHYCIB I JESKHX 3aCTOCyBaHb. Jl0 TUTIOCIB METOTY

BIIHOCSITh BUCOKY IIBUJIKICTh OCAJ[KE€HHSI Ta €()eKTUBHE 10HHE OUYHUIIEHHSIM MOKPHUTTIB,
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aKTUBaIlll0 Ta IU(Qy3iI0 aTOMIB Yy MIAKIATUHKY, [0 3a0e3Me4YyeThCsl MOJavYer0 Ha
MIIKIQUHKY BHCOKOTO HETaTHMBHOTO mMoTeHmiany. lle 3a0e3medye BUCOKY anresiro
MaTepiay TOKPUTTS 10 MiAKIAJIAHKA TOPIBHSHO 3 MarHeTpOHHUM MetoaoM [57].
OpHak BapTO 3a3HAYUTH, IO B CTPYKTYPY TaKHX MOKPUTTIB BXOAWTH MIKpOKpamneiabHa
MeTasieBa (a3a, IO BIUIMBAE€ HA CTPYKTYPY OTPUMAHUX TOKPUTTIB — 3’ SBISIOTHCS
JOJATKOB1 JIe(eKTH, MOPU Ta TPaHUIll MK KiaacTtepaMu. [ 3MEHIIeHHS MPUCYTHOCTI

KpanesbHO1 CKJIaI0BOi po3pobiieHa HU3Ka M1a3MoBUX (iTbTpiB [57].

Nigknaaka

Marepian sKuii BUNapoBYETbCS

A
B |
EnekTpoHHa ayra
L i

Pucynok 1.13 — Cxema BakyyMHO-IyTOBOT'O BUITAPOBYBaHHS (Oowcepeno: [113])

OcakeHHsT BYIJICIICBUX TMOKPUTTIB 10HHUM MpOMEHEeM abo METONl iOHHO-
NpOMEeHe8020 pO3NUleHHsT — BITHOCHO HOBHUM METOJ HANWICHHS TOKPUTTS Ha
OiAKIaJIKY, Y SKOMy BUOMBaHHS aTOMIB 3 MaTepianly MillleHI BiTOYBa€ThCS 32 PaxyHOK
OomOapyBaHHS i1 TOBEpXHI 10HHUMH MydykamMd. MeToa MOXkKHa BBaXKaTH 3HAYHO
BJIOCKOHAJICHMM BapiaHTOM METOJiB MarHeTpOHHOTO Ta KAaTOJHOTO PO3MHJICHHS.
['onoBHa BIAMIHHICTH 10HHO-TIPOMEHEBOTO PO3MWICHHS BiJl PO3TJITHYTOTO BHIIE
MarHeTpPOHHOTO MOJISITa€ B TOMY, IO 10HU IHEPTHOTO Ta3y MOJAIOTHCSA 0 MIIIEHI 3

OKPEMO pPO3TAIOBAHOI'O0 HE3AJICIKHOI'O 10HHOTO JoKEpceiia 'y BI/IFJ'ISII[i KOHICHTPOBAHOI'O
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noToky 3 eHeprieto 1 — 10 xeB [56, 77], npouiec po3nuieHHs 301HCHIOETHCS Y BaKyyMi.

TunoBy cxeMy yCTaHOBKHM METOly 300paxkeHo Ha puc. 1.14.

§)
11

J10 BaKyyMHOT0O Hacocy
——

Pucynox 1.14 — Cxema 10HHO-IIPOMEHEBOTO PO3MUICHHS: 1 — BakyyMHa KaMepa;
2 — TpuMau MiAKIaANHKY; 3 — MIKIaIUHKa, 4 — MOTIK 10H1B; 5 — MaTepiad, 110
PO3MOPOIIYETHCS; 6 — yTpUMYyBay MillleH1; 7 — 10HHO-IIPOMEHEBE JIKEPENo; & —
MarHiTHa CUCTEMa KOHIEHTPAIIi] MJIa3MH TJIII0YOro po3psay; 9 — npuctpiit
(dbokycyBaHHs 10HHOTO npoMeHs; 10 — 30Ha KOHLEHTpaIlli TU1a3MHU TJIIH0YOTO PO3PSAY;

11 — MOTIK YaCTUHOK, IO OCIAAI0Th HA MIAKIATUHKY (docepeno: [57])

Po3nopornienuii ioHaMu MaTepiail MIllIeHI MOYKE TaKOX 10HI3yBaTUCS U TI0AATKOBO
MPUCKOPIOBATUCA NIPU CHPSAMYBAHHI A0 MIAKIAAKU TOAATKOBOTO MOTEHLIany 3cyBy. o
IUTIOCIB  METOJly MOKHAa BIJHECTH BIJIICYTHICTh CHJIBHOTO pPO3ITPIBYy MaTepiary
MIJKJIQIKU, OCKUIBKH TIa3Ma po3psily KOHIICHTPYEThCS BCEpeIUHl jkepena 10H1B. o
HEJIOJIKIB  BITHOCSATh  CKJIQAHICTh TOYHOTO JIOTPUMAaHHS  XIMIYHOTO  CKJIaIy
OTPUMYBAHOTO MOKPUTTS. [Ipy 31TKHEHHI 10HIB 3 TTOBEPXHEIO MIIIEHI XIMIYHUHN CKIIaJ il
BEPXHbOT'O IIIApy MOXKE 3MIHIOBATHCS, OCKUIBKHM B MaTepiayii BiIOyBa€ThbCS LUIAM
KOMILUIEKC CKJIQIHUX (PI3MKO-XIMIYHUX TIporeciB [56, 57].

MeToa 10HHO-TIPOMEHEBOTO PO3IMUJICHHS 3HAWIIOB 3aCTOCYBaHHSI, 30KpeMa, JJIs
OTpUMaHHS 0araTOIIapOBHUX IAPYBATHX CTPYKTYP UISI HAHOCJICKTPOHIKU 3 TOBIIUHOIO

mapiB 1 — 10 am [56, 57].
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Ha cporogni onHi€lo 3 MepCHeKTUBHUX Taimy3eil 3actocyBanHa DLC-mmiBOK y
SKOCTI TOKPHUTTS CTajlla MEIWIMHA, a camMe OpTomenis Ta TpaBMarosoria. Taki
BJIACTUBOCTI SIK BHCOKa TBEPJICTh 1 HU3BKHI KOE(]IIIEHT TEPTA, a TaKOXK iX XiMIYHA
1HEpTHICTH Ta 0l0CYMICHICTh, poOnsiTh DLC-TUTiBKM OpUAATHUMH IS OPTOMEIUIHUX
IMIUTAaHTaTIB, 30KpeMa EHJIONpoTe3iB. Marepiaiu, 10 BHUKOPUCTOBYIOTHCS IS
EHOIPOTE3yBaHHs, O0COOJMBO B 30HAX TEPTSA, MOBHUHHI MaTHU JOCTATHIO TBEPAICTH 1
0101HEPTHICTD, OO0 MOM'SIKIITUTH 3HOC 1 KOPO3it0. 3BaXKarouu Ha 1ieil (akT, po3riIsTHEMO
Jaai 0coOJIMBOCTI CUHTE3Y BYTJIEIEBUX IUIBOK 13 HATHU3BKUM KOE(]IIIEHTOM TEPTS Ta
BHCOKOIO CTIMKICTIO 10 3HOIIyBaHHS. HemionaBHI JOCHIKEHHS TOKas3aiu, IO Ha
XapaKTEPUCTHKU Koe]iuieHTy TepTd Ta 3Hocy DLC-IUTIBOK BIJIMBAaIOTH Ta3d, SKI
BUKOPUCTOBYIOTHCS SIK JKEPEIO BYTJICIIO JJIsi OCA/UKEHHS IMX IUTIBOK (0COOJMBO B
CEepeloBUIIll 1HEPTHUX Ta3iB a0o Bakyymy). Sk mokazaHo Ha puc. 1.15, koedimientu
TEpPTs Ta 3HONIYBAaHHS 3MEHIIYIOTHCA 31 30UIBIIEHHSM BMICTY BOJHIO B Tasi, SKUU
BUKOPUCTAHO SIK JDKEPENo BYIVICHIO. 3arajoM, YUM BHIIE KIJIBKICTb BOJHIO Y

BUKOPUCTAHOMY Ta3i, TUM HUKYe KoediuieHTu Tepts [114 — 116].
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Pucynok 1.15 — BrimuB raszy, BAKOpUCTAHOTO SIK JIKEPEIIO BYIJIELIO, HA KOEPIIEHT

tepts DLC-muniBok y cyxomy a3oTi (dorcepeno: [71])
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Haitnmxunmu 6ynmn koedinieHTH Tepts, BuMipsHi B DLC-mutiBkax, OTpUMaHuX 13
cynepriapoBanux raszi (75 — 90% H, ta 10 — 25% CH,4 a6o C,H;), mo moka3aHno Ha
puc. 1.16 [115]. dynmameHTanpHUM TPUOOJIOTIYHUN aHai3 1 aHajl3 TOBEPXHI
3a3HauyaroTh, Mo B Takux DLC-mumiBkax maibke 6€3 TepTa Ta 3HOCY BCi MOBEPXHEBI G-
3B’SI3KW 3pyHHOBaHO BojHEM. Lls rimoresa Oyna miarBepmkeHa y po6oti [117], aBTopu
AKO1 JOCHIKYBaJId TpuOooriuny noseninky DLC-miiBok 3 pi3HUM BMICTOM BOJIHIO,
BUIMIPOOYBAHUX Yy BakyyMi abo B aTMocdepl 3 YUCTOrO0 MOJIEKYJSIpHOTO BOAHIO. Kpim
TOT'0, ICHY€ MOJIMBICTb, IO JICSIKI 3 MIOBEPXHEBUX aTOMIB BYTJICILIO € JIUT1IpaTOBAHUM
(koM 1Ba BOAHI MPUKPIIUIEHI [0 OJHOTO ByrJjemt). Takuil BHUCOKUN PpiBEHb
KOHLIEHTpAaLli BOJHIO B MOBEPXHI 3a0e3meuye BUCOKY CTYIIHb OBEPXEBOI MacuBallii, 1,

OTK€, HATHU3bKE TEPTH, IK CXeMaTUYHO MoKa3zaHo Ha puc. 1.17 [114 - 116, 118].
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Pucynok 1.16 — Koeditient teptst DLC-miBok Bupomenux y 25% CHy + 75% H,
(Ooxrcepeno: [70])

Tum He MeHme, TouHa posb BoAHIO B DLC-mmiBkax, y TOMy 4uciai HOTro
3/IaTHICTh IMAaCUBYBATH BHUCSYl 3B'SI3KM, HE € TPUBIAIbHOIO, SIK 3a3HA4MB PoOepTcoH

[119], 1 € mpeameToM ¢yHAAMEHTAIBHUX JOOCHIIKEeHb. OcTaHHI (QyHIaMeHTaIbHI
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JOCTIPKEHHST 3 BUKOPUCTAHHAM  MOJEKYJISPHOTO JAMHAMIYHOTO  MOJICTIOBAHHS
noka3zaio, mo DLC- miiBku 3 BUCOKHMM BMICTOM BOJHIO CIIPaB/i MOXYTbh 3a0€3MEUUTH

JTy>’K€ HU3BKE TEPTS B PO3CYBHUX KOHTAaKTHHUX 1HTepdericax [71].

JaBaHTAKEeHHA 3aBaHTAKEeHHA

—
+
TacTROBO
JIHTiApaTOBAHHH
PO3CYBHHH
inTepdetic
+

H-zpyiiHoRaHI
aroMH C

Cymieprizposana
DLC-mumiBKa

Pucynox 1.17 — CxematuuHa irocTpaliisi MexaHi3My HaJHU3BKOTO TEPTS B

cynepriapoBanux DLC-mniBkax (dorcepeno: [71])

He3Baxaroun Ha OOIIMPHI JOCIIKEHHS Ta pO3pOOKH B LM ramsysi, CTBOPEHHS
DLC-nimiBok  3anmmmaerbcsi CkiaagHuMm mporecoM. CuHTe3 HOBUX ¢dopm DLC,
MaHIMYJIALIT 3 aTOMHOIO CTPYKTYPOIO JUIsl aJlanTaiiii BIaCTUBOCTEH 1 po3poOKa HOBUX
METOMAIB  OCa/UKEHHS  OOIUAIOTh PO3CYHYTH MEXI TOro, 1[0 MOXIHUBO B

MaTepiaTo3HABCTBI.

1.3.3 IIpakTu4He 3aCTOCYBAHHS

VYuikanpHi BractuBocTi DLC-mmiBok Ta iX momudikaiiii pa3oM i3 MOMXKIUBICTIO
pPETYJIOBaTH BJACTUBOCTI MUIAXOM BHOOPY TMpaBUJIIBHUX TMMapaMeTpiB OCaJKEHHS,

pOOJISITE 1X MPUAATHUMU JJIS PI3HOMAHITHUX 3aCTOCYBaHb. EXCIUTyaTOBaH1 BIIaCTUBOCTI
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BKJIFOYAIOTh BHCOKY 3HOCOCTIMKICTH 1 HU3bKI KOE(ILIEHTH TEPTH, XIMIYHY 1HEPTHICTb,
iHGpauepBOHY MPO30PICTh 1 BUCOKUNA MUTOMUI €IeKTpUYHHM omip. Bonn moteHIiitHO
BKJIIOYAIOTh TMOJBOBY €MICII0 Ta HU3bKY JMICNEKTPUYHY MPOHUKHICTh. Hampukmnan,
Bumyck OputrBenHux je3 MACN3 Bix Gillette migkpecmioroTs Bukopuctanus DLC sk
NOKPUTTS Ui TOJINIIEHHS $KOCTI W MPOAYKTHBHOCTI Jie3. Take mnomymsipHe
3aCTOCYBaHHS MOXKE 31TPaTH KJIIOYOBY poJjib y nomuperHi DLC-miBok.

Opaum 13 ocHOBHUX 3actocyBaHb DLC-TutiBoK €, WMOBIpHO, aBTOMOO1IbHA
npomuciioBictk [120]. [lokpurts Ha ocHoBi MeranmoBmicHux DLC-miBok (Me-C:H)
OyJ0 MpPOTECTOBAHO HA BEJMKIM KUIBKOCTI aBTOMOOUIBHMX JETajeil MpoTIroM
octanHbOro jaecaTWmTTsd. CporogHi DLC-mokpuTTss cepidiHOro BUPOOHULTBA B
OCHOBHOMY MO>KHa 3HAMTH B CUCTEMax YIMOPCKyBaHHA nu3ens. CucreMu BIIOPCKYBaHHS
JIM3€eJIs MMOCTIMHO 1 IBUAKO PYXaIOThCS, CTBOPIOIOYH BUCOKI TUCKU. Y OUIBIIOCTI CUCTEM
BIIOPCKYBaHHS, BUKOPUCTOBYBAaHUX CBOTOJIHI, TUCK € HAATO BUCOKUM JJIsl 3BUYAMHUX
CTAJIbHUX MIJKJIaJOK, KOTPl B Pe3yJbTaTl 3HOLIYIOTbCS YK€ IIBHUJKO. BukopucTanus
Me-C:H crano Haikpaimiowo anbTepHaTUBOK. [IpOTSIroM KUIBKOX pOKIB J€Tail B
CUCTEMI BIIOPCKYBAaHHA AM3ENs OyiIM HalOUIbII MOMYJIIPHUM 3aCTOCYBaHHIM s Me-
C:H noxputtiB. OnHak, IIBHJIKUMH TemMnamu 3poctae i BukopuctanHs Me-C:H
MOKPUTTIB TaKOX 1 JJIs 1HIIMX YacTUH JIBUTYHIB. Maibke 30 MiIbHOHIB AeTaneit 3
MOKPUTTSIM TIOCTABJIAIOTBCS B AaBTOMOOUIBHY MPOMHCIIOBICTh KOXHOTO POKY, 13
HIOPIYHUM 3POCTAHHSIM 00csATiB npudan3Ho Ha 50%.

AnMa3zonomiOH1 BYIJIEIEBl IUTIBKM MOXKHAa BHKOPHUCTOBYBATH JJIsi ONTHYHHUX 1
MarHiTHUX HOCIIB JIaHUX, 3a0€3Meuylour 3aXHUCT BIJl 3HOCY Ta KOpPO3ii. 3aBIsSKH CBOIl
[Y-nposopocti DLC-mniBKM Ciiy*aTh AHTUONIKOBUMHU, CTIMKUMHU 1O TMOJPSIUH 1
3HOCOCTIMKUMH TMOKPUTTIMH 1l [H-0nTHKH, 10 Mpalfoe B JTiara3oHi TOBXKWH XBUIb 8-
13 MM, BurotorsieHoi 3 Ge, ZnS 1 ZnSe [121]. Huzbska Temneparypa ocamxenus DLC-
TUTIBOK POOUTH 1X MPUIAATHUMHU SK 3HOCOCTIHKI MIapW ISl TUIACTUKOBUX BHPOOIB,
3a0e3Meuyoud TUM CaMHUM 3aXHCT BiJ] CTHPAHHS TMOJIKApOOHATHUX COHIE3aXHUCHUX
miH3. TakoX cepell ONTUYHUX BUKOPUCTAHb MOKHA BHUJUIUTH 3aXUCT AIFOMIHIEBUX
n3epkan DLC-nmokputtsamu i yaactb DLC-TOKpUTTIB y POTOTEPMIYHOMY TIEPETBOPEHHI

constuHoi eHeprii [122]. IlnmiBku DLC TakoX MIKUPOKO 3aCTOCOBYIOTHCS SIK 3HOCOCTIMKI
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Ta AHTHUKOPO31MHI MOKPUTTS JUIsI MArHITHUX HOCIIB. 3apa3 Juig 3aXHUCTy MAarHiTHHUX
JIUCKIB 1 TOJIOBOK BUKOPUCTOBYIOTHCSI HAHOTJIAAK] Ta yiabTpaToHKi miiBku DLC (HaBiTh
MeHme S5 HM) [123]. V mmiBok s Bijeo3anmucy a00 MAarHiTHUX CTPIYOK, SIKI
BUKOPHUCTOBYIOThCS JUIsl 30€piraHHs AaHuX, Je (pepoMarHiTHUI MeTal CIy>KUTh HOCIEM
3amucy, MeTajieBi kabecTaHM KOHTakTyloThb 31 ctpiukamu. [lokputrts DLC Ha nux
kabecTaHax JoroMarae MiHIMi3yBaTH 3HOC 1 T€pPTSA, TUM CaMHUM IIOJIOBXKYIOUHW TEPMIH
CITy>KOH Ta IMiJIBUIIYI0YN HAAIMHICT CTPIUOK.

DLC-mniBKY BUSIBJISIOTH TAKOXK 010CYMICHI BJIACTUBOCTI ¥, BIATIOBITHO, aKTHBHO
PO3pOOJIIIOTHCS] MPOTPAMH iIXHHOTO BUKOPUCTAHHS B O10JIOTIYHUX cepefoBuiax [124,
125]. OckibKd BOHM € XIMIYHO IHEPTHUMU ¥ HENPOHUKHUMU JJis1 Oaratbox piIuH,
DLC-okpuTTsi MOXYTh OYTH BHUKOPHCTAHI SIK 3aXHUCT OIOMEIUYHHUX IMILIAHTIB BiJl
Kopo3ii W cayryBatu sk audysiiiHi Oap’epu. Posrmsigaerbest 3actocyBanHs DLC-
IUTIBOK IS TIOKPUTTS METAJIEBUX 1 TMOJIMEPHUX I1HBA3MBHUX IMIUTAHTOBAHHUX
OloMeIUYHUX TPUCTPOIB. BBakaeThcs, M0 Take TMOKPUTTA MOXKE TOKPALTUTH
010CYMICHICTh TOJIIypeTaHy, MOJIKapOOHATy Ta MOJIETUICHY 3 TKAHWHAMHU OpPraHi3My.
byno BcranoBineno, mo DLC-mokputTsi, HaHeceHI Ha HEp)KaBilOUy CTallb, CIUIABU
Co(Cr) ab6o crutaBu Ti, Kl € KOMIOHEHTaMH IITYYHUX CEPLEBUX KJIalaHiB Ta CTEHTIB,
3MaTHI  3aJI0BOJIBHSATH MEXaHIYHI ¥  OIOJOTIYHI  BUMOTH 10  TOJIMIICHHIO
MPOAYKTUBHOCTI IUX KoMIOHEHTIB [126]. 11 >k BmactTuBOCTI MOXyTh 3pooutn DLC-
IUTIBKA KOPUCHUMH SIK 3aXFCHE MOKPHUTTS JIJIsl TIPOTE31IB Ta30CTETHOBOTO Ta KOJIHHOTO
cyrio0iB. Byriens/Byrieis KOMIO3UTHE MPOTE3YBAHHS TaKOXK OTPUMAJIO TTOKPAIICHHS
010CYMICHHUX XapaKTEpUCTHUK 3a paxyHOK DLC-OKpHUTTS.

Ha cporomni DLC-mmiBkm Ta ix  Moaudikamii  po3risgaloThes K
C1a0KOJIIeTIEKTPUYHI MaTepiaiy B HAJIBEJIMKUX IHTETPAIbHUX cxeMax. MeTa mossirae B
JOCSTHEHHI HIKYMX JICICKTPUYHUX CTaUX, HDK JgocsararoTeesa 3 Si0, (k = 4), mob
3MEHIIIUTHA EMHICTH 130JaTOpa. KpiM 3abe3neuenns Hu3bkoro k, 111 Marepiaau MOBUHHI
3aJI0BOJIBHUTH TAKOXK M 1HIIN KpuTepli. BOHM MOBMHHHI OyTH TEPMIYHO CTAaOITbHUMU
no 400° C, maTu [OCTaTHIO >KOPCTKICTb, HU3bKY MEXaHIYHY HaIlpyry, HHU3BKY
JMCHUTIAINIIO, HE TIPOTIKATH Ta 3a0e3medyBaTu J00py ajaresiro; 1 OyTH BUTOTOBICHUMH 3

BUKOPUCTAHHAM JICHIEBUX 1 3pYYHUX METOAMK. bynu BumpoOyBaHi pi3HOMaHITHI
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MaTepiagu Ha OCHOBI Byrieiio, Taki sk a-C:H, ¢rTopoBanmii amopduumii Byriens (a-
C:F), miTpuau ByIJIENIO Ta METHJI3AMIIIEHI CHUJIOKCAHW, Ha JOAATOK 1O IIHPOKOTO
cnekTpy opranocunaHoBux noxigaux [127]. [lnisku SiCOH, naneceni merogom CVD 3
I1a3MOI0, 3aB/SKU NMPaBUIBHOMY BUOOPY MpEKypcopa Ta ONTUMI3alii yMOB OCaIKEHHS
MOKa3ylTh 3HAYEHHS J1€JIEKTPUYHOI MPOHUKHOCTI B Jiama3oHi 2,2—2,8 [128]. Inmum
MOTEHIIIMHIM 3aCTOCYBaHHSIM BYTJICIICBUX IUTIBOK € aBTOeMiciitH1 auciuiei. [lepeBaroro
BYTJICIIEBOTO KaTOAy € HOro XiMmiuHa il ¢izuyHa cTaOLIBHICTH Y MOpiBHAHHI 3 Si 1 Mo,
AK1 3apa3 BUKOPHUCTOBYIOThCS 3a3BMYail. Byrienp € OUIbII CTIMKUM JO OTPYEHHS
TaKUMHU €JIEMEHTaMU SK Cipka. Byrieup Mae HU3bKUU pIBEHb PO3MUJICHHS MiJ 4ac
OoMOapayBaHHsS 3aJUMIIKOBUMH 1oHamu B npuctpoi. Ha nomauy, DLC-nokputTs
IPUCTPOIB MOKE MaTH MOPIBHSHO HU3BKY BAapTICTh, Tak AK DLC-miBKH MOXYTh OyTH
JICTIOHOBaH1 3a KIMHATHOI TeMIiepaTypu. SIKIIO B MNPUCTPOi MOTpiOEH Oyab-sIKUi
MaTepiajl 3 HU3bKUM I10JIEM BUIIPOMIHIOBAHHS, TOMY HE MAa€ 3HAUCHHS, YU 1I€ anMas,
DLC-mniBka, ab6o ByrieneBi HanoTpyOoku, BHT (anrn. — CNT). Ilepearoro DLC-
IIIBOK Haj anmMaszoM abo BHT e ix mpojykyBaHHS IpU HU3BKHUX Temmeparypax. Taka
HEOOXIJHICTh BEJE /0 3POCTaHHS HAyKOBOIO IHTEpeCy Ta IHTEHCUBHOTO BUBYEHHS
nosiboBoi emicii B DLC-miiBkax. AJie HeloAaBHO OyJ0 BUSBIEHO, 0 BUKOPUCTAHHS
MOJIbOBOTO BUMpoMiHIOBaHHS BiJi DLC-TUTIBOK CTHKA€ThCA 3 ACSKUMH IMpoOIeMaMu,
OCKUTbKU IIIJTBHICTh BUIPOMIHIOBAHHS € 3aHAJATO HU3BKOIO, 1 BUIPOMIHIOBaHHS €
30BHIIIHIM 1 HE TMOBHICTIO MIAJAEThCS KOHTposito. Hapasi B SKocTI Hallkpammx
BYTJICLIEBUX CHUCTEMJUISI TIOJIbOBOI €MICil PO3TIsaaloThest HAaHOTPYOkH [127].

OcrtanniM yacom DLC-munBKkM  BUKJIMKaIOTh 1HTEpEC y  pO3pOOHHUKIB
MIKPOCJICKTPOMEXAHIYHUX  CHCTEM, MEMC (anTyI. —  MEMNY), abo
HaHoenekTpoMexaHiuaux cucteM, HEMC (ann. — NEMS). HemonaBHi moCiiIKeHHS
ta-C IIIBOK 3 iX BHUCOKOMOIYJIBHUMH, TiIpOPOOHMMHU BIIACTUBOCTAMH W HHU3BKOIO
3MATHICTIO JI0 CTATUYHOTO TEPTS BUMIANAIOTH OaratooOirpsitoue. I[Ipore BucoOki
BHYTpIIIHI Hampyru IIiBoK ta-C 1cTOTHO oOMexye ix BukopucTtaHHa. Hampyru
OOMEXYIOTh MaKCHUMaJIbHY TOBIIMHY Kieiikoi rumBku, 1 MEMS (NEMS) Bumaratoth
0e3CTpeccoBUX IUIIBOK, OCKUIBKH mpucTpoi, mo mictath MEMS (NEMS) nosunHi

MaTH 3MOr'y pO3TallOBYBATHUCH OKPEMO.
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SIKo ByTUieneBa IUIIBKA 3alUIIAETHCSA CcTaOLIbHOIO mpubim3Ho g0 600° C, to
TEPMIYHUI BiAOAT y [OMY Jiama30oHl TeMmeparyp MPU3BOAWTH 0 ITOBHOTO
po3cnabieHHs BHYTpIlmIHIX Hampyr. llepcnekTUBHMM — crocoOOM — BUSIBISIETHCS
BUKOPHUCTaHHSA 0araromapoBuX MOKPUTTIB, y skux DLC-mumiBku depryrortbes 3

YKOPCTKUMH U M'sskumu 1tiBkamu a-C [127].
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BucHoBkmu 10 po3aiay 1

1. Po3rmsiHyTO pi3HiI anoTporHi (GopMH BYIJIEHIO — OXapaKTepHU30BaHO aMop(dHi Ta
MOHOKPHCTAJIIYHI ~ BYTJICLIEBl MaTepiaii, PO3TJASHYTO PI3HHUINI0 CTPYKTYpH Ta
BJIACTUBOCTEH TpadiTy Ta amMasy.

2. PosrnsHyTO TpW THIU T10puau3aIili aToMiB KapOOHY, 32 PaXyHOK SIKUX MOKJIUBE
YTBOPEHHS Pi3HHUX aTOTPONMHHX (BopM Byriemto. Lle sp’-ribpuamsanis, mo xapakTepHa
JUIS HACHYEHHX BYTJICBOJIHIB (Y TOMY YHCII anMasy), sp’-ribpuau3allis, XapaKTepHa s
HEHACHUYECHUX BYTJIEBOJHIB (Y T. 4. TpadiTy), Ta Sp-TiOpuan3alis, sika 3yCTpidaeThCs B
KapOiHax Ta ajKiHaxX. 3a3HAY€HO BIUIMB TiOpHUIM3allii Ha BIACTUBOCTI BYIJIELEBHX
MaTepianis.

3. PosrasiHyto pi3HUIIO B TiOpuau3aiii MOBEpXHEBUX 1 TIMOOKUX IIapiB
BYIJICLIEBHX MaTepiaiB. 3a3HA4eHO, IO CIIBBiJHOMICHHS TiOpuam3amiii sp’/sp’ Mae
3HAYHUU BIUIMB HA BIIACTUBOCTI HEBIOPSIKOBAHUX BYTJICIIEBUX MaTepialliB.

4. Po3ryIHyTO CTPYKTYpy, (I3MYHI BJIACTHBOCTI Ta MEPCIEKTHBU 3acCTOCYBaHb
MOHOKpHUCTalliuHOro  KapOixy kpemHito (SiC). Takox  po3MJISIHYyTO  METOAU
BUpoIyBanHs MoHOKpucTamB SiC, a came: merona Jlemi, meTon ¢Gi3MYHOTO TEPEHOCY
napiB, 1 METOJ XIMIYHOTO OCAK€HHA 3 mapoBoi (a3u. 3a3HAaYeHO JOLIIbHICThH
BUKOPHUCTAHHS KOXHOI METOJIMKHU ISl IEBHUX LILJICH.

5. Po3risiHyTO CTpYKTYypy Ta (hi3M4HI BJIACTUBOCTI aMOpP(HUX BYTJICIIEBOMICTKHX
DLC-miBok. O6roBOpPeHO BIUIMB JIEIYIOUMX JOMIIIOK Ha CITiBBiMHOIIGHHS sp’/sp’
3B’SI3KIB  Ta, BiAMOBiMHO, Ha BiactuBocTi DLC-mumiBok. PosrmsHyTto  (izuyni
BrnactuBocTi DLC-mmiBok JeroBanux repmaniem (DLC: Ge) ta oOroBopeHo ix
3aCTOCYBaHHA JUISl TMOKPUTTIB MEIUYHUX IMIUIAHTIB, 3BaKalOUM HAa AHTUMIKPOOHI
BrnactuBocTi Ge Ta mokpaiieHHs aaresii 1o makmaaku ais mwiiBok DLC: Ge.

6. Po3ristHyTO METOAMKHU OcakeHHs amopdHux ByrieueBoMicTkux DLC-miiBok Ta
JOLUUIBHICTh BUKOPUCTAHHS KOKHOT METOJUKH JUIs MEeBHUX IiJiel. OnucaHo akTHBOBaHE
MJ1a3MOI0 XIMIYHE OCaJKEHHS 3 MapoBoi azu, MeToau (Pi3UIHOTO OCAKEHHS 3 MapOBOT
da3u: nazepHe BUNAPOBYBAHHS, MarHETPOHE BUIAPOBYBAaHHS Ta BaKyyMHO-IYTOBE

BUIIAPOBYBAHH:, — a4 TAKOXK iOHHO—HpOMeHeBe OCaI’KCHH:I.
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7. Po3rnsiHyTO BIUIMB Ta3iB, SKi BUKOPUCTOBYIOTHCS SK JDKEPENIO BYIJICLIO MpU
ocampkenHi DLC-miiBok, Ha oTpuMyBaHi Tpubosoriyai BaactuBocti DLC-miBok, 1o €
3HAUYIIMUM JiJ1s1 BUKopucTanHs DLC-mtiBoK y SIKOCT1 MOKPUTTIB METUYHUX IMILJIAHTIB.

8. PO3risHyTO MOTOYHI MPAaKTHYHI 3aCTOCYBaHHA aMOP(HHUX BYTJIELIEBOMICTKHX

DLC-nniBok Ta nmoAasiblili NEPCHEKTUBH X BUKOPUCTAHHS B PI3HUX Taly3siX.
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PO3JILI 2
CINEKTPOCKOIIS EJJEKTPOHHOT'O IAPAMATHITHOTO
PE3OHAHCY JJISI JOCJIKEHHS BYTJIENEBOMICTKMX MATEPIAJIIB

(OTJISI)

2.1. Bceryn

Enexrponnuii mapamarsitTHuii pesonanc (EIIP) — pesoHancHe moriaMHaHHS
eHeprii CHCTeMOI0 TNapaMarHiTHUX aTOMIB, MOJIEKYJ1 a0o0 eJEeKTPOHIB MPOBITHOCTI,
MOMIIIEHUX y MOCTiiiHE MarHiTHe moJie. OCKUIbKM MapaMarHeTU3M aTOMIB 1 MOJIEKYI
MEPEBAKHO 3YMOBJICHUH HEHYJIBOBUM CYMapHHM CIIIHOM EJEKTPOHHHX OOOJOHOK, a
€JIEKTPOHIB TMPOBIAHOCTI — TMPOCTO HasABHICTIO cmiHa, 3amicTth EIIP i1HOm;1

BUKOPUCTOBYIOTh TEPMIH €JIEKTPOHHUH criiHOBUi pe3oHaHc (ECP).

2.2. Teopernuni ocnoBu meroaa EIIP

EnekTpoHHMI MarHiTHUM pEe30HAHC — II€ BUJ MAar"iTHOIO PE30HaHCy, TOOTO
PE30HAHCHOTO TOTJIMHAHHS €HEpTii KBAaHTIB €JIEKTPOMArHITHOTO TOJIA MpU Tepexoaax
MDK pIBHSMH aTOMIB PO3IIEIJIEHHUMU 32 EHEPri€l0 B 30BHIIMIHBOMY IOCTIHHOMY
MarHiTHoMy Tom. Po3miennieHHs piBHIB €HEprii  €JEeKTPOHIB Yy 30BHIIIHbOMY
MarHiTHOMY I0JIi 0OYMOBJIEHO HasiBHICTIO Y HUX MarHiTHOro MoMeHry [129].

Meron enektpoHHoro mnapamarsitHoro pesoHancy (EIIP) e mnotyxxHum
IHCTPYMEHTOM [IJIs BUBYEHHSI O0'€KTIB, 110 MICTATh HECHApPEHI E€JNEKTPOHU, TaKUX SIK
BUIbHI pajgukainu, JAeeKTH B TBEpAUX TUIAX, NEPeXiJHI MeTald Ta JesKl
HamiBnpoBiguuku [129]. Moro mmpoko 3acTocoByroTh y (ismii, Ximii, Giomorii Ta
MaTepiajio3HaBCTBI Il  aHAMI3y CTPYKTYPHHMX, €JIEKTPOHHMX 1 JUHAMIYHUX
XapaKTePUCTUK MaTepialiB.

Opniero 3 wmouoBHX ramy3edt  3acrtocyBaHHsi EIIP €  gocmimkeHHs
BYIJICLIEBOMICTKMX MarepiaiB, 30KpeMa TrpadeHy, «¢yliepeHn Ta BYIJEIEBUX

HaHOTpYyOOK. 3a momomoroto EIIP  MokHa BHBYaTH MarHiTHI  BJIACTUBOCTI
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HAMIBIIPOBIIHUKIB, BHU3HAYATH HASBHICTh JC(PEKTIB y KPUCTANIUYHUX pEIIITKaX Ta
BUSIBJISITH €JICKTPOHHI TTACTKH, 10 BAXKJIMBO IS PO3POOKH HOBUX MaTepiaiB.

Merton EIIP Hanmae iHdopmario npo JOKaJdbHE CEpeOBHUINE HECIapeHuX
€JIEKTPOHIB, B3a€EMOJIT MK HUMH Ta IXHI MarHiTHi BIacTUBOCTI. AHamni3 criekTpiB EITP
JTIO3BOJISIE BUBHAUYUTH C€HEPTETHUYHY BiJICTaHb M)XK OCHOBHHUM 1 30Y/DKEHUM DPIBHIMH, Z-
bakTop, SKUN XapaKTepu3ye MarHiTHUM MOMEHT €JEKTpOHA, a TaKOX 1HII Ba)KJIUBI
napamMeTpH, Taki SK TIMEPTOHHE PO3MICTUICHHS Ta MEXaHI3MHU CITIH-CITIHOBOI Ta CITIH-
rpatkoBoi B3aemoii [130]. Lle poOuth MeTo 1 HE3aMIHHUM JIJI1 BUBYCHHS CTPYKTYPHOI
Ta €JEKTpOHHOI OyJOBM MaTepianiB, 30Kpema s JOCHIPKeHb MarHITHUX

HAHOCTPYKTYP 1 O10JIOTTYHUX CUCTEM.

2.2.1. E¢exr 3eemana

B ocnoBi EIIP nexuts epexr 3eemaHa — SIBULIE PO3LICIUIEHHS €IEKTPOHHUX
CHEPreTUYHUX PIBHIB OJJMHOYHMX €JIEKTPOHIB M1 JI1€I0 30BHIIIHHOTO MAarHiTHOTO TMOJIS.

V¥ xontekcti EINP, enextponnuii epext 3eeMana OMUCy€e B3a€EMO/IIF0 MarHiTHOTO
MOMEHTY HECMApEHUX EJIEKTPOHIB 13 30BHIIIHIM MarHiTHUM mnoJjieM. Hecnapeni
CJIEKTPOHM MAaIOTh CIIH, @ TOMY W BJIACHMM MArHiTHMM MOMEHT. 3a BIJICYTHOCTI
30BHIIIHBOIO MArHITHOTO TOJII MArHITHI MOMEHTH €JEKTPOHIB MaloTh XaOTHUYHY
OpI€HTAIllI0, a 1XHI eHeprii Maibke He BIAPI3HAIOTHCA. [Ipu HakmamaHHi 30BHINIHBOTO
MarHiTHOTO TIOJII MarHiTHI MOMEHTH €JIEKTPOHIB BIOPSAKOBYIOTHCS BIIMOBIIHO 10
3HAYEHHS CIIIHOBOTO MArHiTHOTO MOMEHTY, IO MPU3BOAUTH A0 PO3IIETUICHHS
SHEPreTUYHOTO PIBHS €JIeKTpOoHa Ha JBa ctanu (puc. 2.1). Lle posuienieHHs € 0CHOBOIO
JIJ1s BUBYEHHS BJIACTUBOCTEN MatepiaiiB 3a gonomororo EITP [131].

Konu monekyina abo cronyka 3 HECapeHUM €JIEKTPOHOM MOMIIIAETHCS Y CUITbHE
MarHiTHe ToJie, CITIH HECIApEHOTO E€JEKTPOHA MOXE BHUPIBHIOBATUCS JIBOMA PI3HUMHU

croco0aMu, CTBOPIOIOYM CITIHOBI CTaHU 3 JBOMa PI3HUMM CIHIHOBUMHU MOMEHTAMH:

1 . .
mg = iE [132]. BupiBHioBaHHS MOe OyTH a00 B3/I0BXK HANpsSIMKY MarHiTHOTO IOJS,

. . . 1
AK€ BLAINIOB1IAA€ CTaHy 3 HHXYOIO CHCPIri€r0 Mg = —E, abo IIPOTUIICIKHO
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: 1 o
(anTHMapanenbHO) HANPSIMKY MPUKIAJEHOIO MArHiTHOTO MOJS Mg = ts 1 nBa

BUPIBHIOBAHHS MalOTh PI3HI €HEpPrii, 1 L PI3HUIA B €Heprii 3HIMAae BUPOJKEHHS

CJICKTPOHHUX CIIHOBMX CTaHiB [132].

E.o‘\
ms =+=
AE = gugB
mg = ——

B——

Pucynok 2.1 — Po3mienieHHs eHepreTUYHUX PIBHIB OAMHOYHUX €JIEKTPOHIB y

MarHiTHoMYy 1o (edekT 3eemana) (cxkradeno asmopom na ocnosi [133])

Eneprist B3aeMo/1ii MOBHOTO MarHITHOIO MOMEHTY €JIEKTPOHA 3 MarHITHUM IOJIEM

OIINCYETHCA BUPA30OM

E =- iB =-uBcos(ii, B), (2.1)

-

ne [ — CyMapHMi MarHiTHMM MOMEHT eJIeKTpoHa, B — iHAyKIlis 30BHINIHBOIO

MarHiTHOTO IOJIs, a cos(ﬁ/,\t_?)) — KOCHHYC KyTa Mix BeKTopami fi Ta B.

3a3Buuail, TpW po3paxyHkax y ¢dopmyiax CyMapHHA MAarHiTHUA MOMEHT
€JICKTPOHA 3aMIHIOIOTh MOTO MPOEKII€I0 HA BUAUICHUA HANpSAMOK — SIK MPaBHIIO, Ha
HampsIMOK MarHiTHOro moist [132, 134], Tomi nns eHeprii B3aemojii €JIeKTpoHa i3

30BHIMIHIM MardiTHAM I10JIEM JaJll mucatuMemo Bupas E = u;B.
j
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CymapHuii MarHiTHUH MOMEHT €JIEKTPOHA [; MOYKHA 3alucaTu 4epes3 g-(hakTop
(6e3po3MipHY BEHUYMHY, SIKA OMHKCYE 3B'SI30K MK MarHiTHUIM MOMEHTOM €JICKTpOHA Ta

HOro MeXaHiYHUM MOMEHTOM):
1
Hj = —gupms = £-gug, (2.2)

eh . o
AC {p = — — MarHeToH bopa (xapakTepu3ye MarHiTHU MOMEHT €JIEKTPOHA), Mg —

MIPOEKIIis CIIHA €JIEKTPOHA Ha HAIPSAMOK MarHiTHOTO TOJISI.

Toni pi3HULS B €HEPrii MIXK ABOMA PIBHIMU CTAHOBUTUME
AE = gugB. (2.3)

ToOTO eHepreTHuHi piBHI €JIEKTPOHIB, IO 3HAXOIATHCS Y 30BHIIIHBOMY
MarHiTHOMY TOJIl, PO3LIEIUTIOIOTHCS B LIbOMY IOJ1 3aJ€KHO BiJ] BEJIMYMHU CIIHOBOTO
MarHiTHOro MOMEHTY Ta 1HTEHCHBHOCTI MariTHoro moiig. Lle # HocuTh Ha3By edekt
3eemana [131].

KinbKicTh €NeKTPOHIB y CHCTEMI, 10 BHUBYAETHCS, SIKI MAlOTh Ty YU 1HIIY

€HEPrii, BA3BHAYaTUMETHCA BIAMOBIIHO 10 po3noainy bonbiimana, a came

n

NN

kT

-exn () e (-22) s

|
N[

ae mi Tan_ i~ KUIBKICTh €JIEKTPOHIB Ha BUIIOMY a00 HUKYOMY €HEPreTUYHOMY

PiBHI, IO BI/IMIOB1/1a€ MarHiTHOMY MOMEHTY €JIeKTpOHa 3i crmiHoM +1/2 a6o —1/2.

Skmo Ha CcuUCTEeMy €IeKTPOHIB, BMIIIEHUX Y MarHiTHE IIoJie, Tajae
eJIGKTPOMAarHiTHa XBHWJISA, TO 3@ NMEBHUX 3HAUYECHb BEJIMYMHM €HEPTii Ma/alouuX KBaHTIB
B1JI0YBaTUMYThCS IEPEXOAM €JIEKTPOHIB MiXK piBHSIMU. HeoOX1HOIO yMOBOIO € PIBHICTh
eHeprii majarvoro kBaHTa (hV) pi3HHMINI €HEprii MK PIBHSIMH €JIEKTPOHIB 3 PI3HUMU

cninamu (gugB):
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hv = gugB. (2.5)

Lle piBHAHHA Ha3UBAETHCS OCHOBHUM pieHaHHAm EIIP Ta BU3HAaYya€ OCHOBHY
YyMOBY TOTJIMHaHHS  eHeprii enexktponamu [131, 133, 135]. [TIlig n;iero
€JICKTPOMArHITHOTO BUIIPOMIHIOBAHHSI €JEKTPOHM, SIKI IepeOdyBalOTh Ha BHUIIOMY
CHepreTUYHOMY PiBHI, BUITPOMIHIOIOTh €HEPril0 i MOBEPTAIOThCS HA HIKHIN PIBEHb —
B1I0yBa€ThCs TMpoleC 1HAYKOBaHOI eMmicii. BogHodac enekTpoHM, po3TalloBaHl Ha
HWKHBOMY DIBHI, TMOIVIMHAIOTh €HEPril0 Ta NEepexXoAsTh Ha OUIbIl BUCOKUUI
CHEPreTHYHMI PiBeHb, IO BiIOBIa€ ABHINY PE30HAHCHOTO MOTTHHAHHS. FIMOBipHOCTI
OKPEMHX MEePEXO/IIB MK CHEPreTUYHUMU PIBHSAMHU € €KBIBAJCHTHUMH, TO/I1 K 3arajbHa
WMOBIPHICTh LIMX MEPEXO/IB MPONOPLIAHA YHACTY €JIEKTPOHIB Ha BIANOBIIHOMY pIBHI.
ToMy OCKUIBbKH, 3TITHO 3 pO3NOALUIOM boibliMaHa, HUKHINA €HEPreTUYHUN PIBEHb Ma€
OUIBIIlY 3aCEIEHICTh MOPIBHSAHO 3 BEPXHIM, TO MPOLEC MOIVIMHAHHS €HEPrii MepeBaKae
HaJl BUnpoMiHtoBanusim [131 — 136].

Pi3Hu1ls B piBHSIX €HEPrii €JIEKTPOHA B MATHITHOMY I10JI1 TIOB'SI3aHa 3 HASBHICTIO B
€JICKTPOHA BJIACHOI'O MAarHITHOIO MOMEHTY. Y CHapeHUX €JIEKTPOHIB MarHiTHI MOMEHTH
KOMIICHCOBaHI, 1 BOHM Ha 30BHINIHE MAar”iTHE MOJIE HE pearyiTh, TOMY 3BUYAMHI
Mosekyiau He paroTh curHamiB EIIP. Takum ywmnom, EIIP no3Bosse BuSABIATH Ta
BUBYATH BJACTUBOCTI MAapaMarHITHUX LEHTPIB — BUIBHUX pPaJUKaNIB (SIKUX MAarOTh
HECMapeHWil EJIEKTPOH Ha 30BHIINIHIX OpOITasfX) Ta KOMIUIEKCIB METajiB 3MIHHOI
BAJICHTHOCTI (Y SIKMX HECMAPEHUU €JICKTPOH HAJICKUTH OUIBII TIMOOKUM €JIEKTPOHHUM
obGononkam) [131, 133, 135, 136].

Edexr 3eemana € 0CHOBOIO /171 BUHUKHEHHS PE30HAHCHUX YMOB y CIIEKTPOCKOITI{
EIIP, ockilibku caMe pO3IICIJICHHS EHEPreTUYHHUX pPIBHIB JO3BOJISIE CIOCTEpIraTH

PE30HAHCHI TIEPEXOAN MK HUMH 111 BIUTMBOM €JIEKTPOMArHiTHOTO BUIPOMIHIOBAHHSI.
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2.2.2. CninoBuii 'amiszibTOHIaH

VY 3arambHOMY BHUIAQJKy TEOPETHYHUN OIHUC TMapaMarHETU3My € CKJIQJHUM
3aBnaHHsAM. JIJI1 KBaHTOBMX YACTHMHOK (TaKMX SK E€JICKTPOHHW, aTOMH, 10HH 1 T.I.),
KJIACUYHE TPE/ICTABIICHHS €HEPTii 3aMIHIOEThCS BiAMOBIAHUM orepaTopom [ 135, 136] 1
eHepris 1€l YaCTUHKA MOKe OyTH 3alucaHa y BHUIJIAI ['aMilbTOHIaHA, KM 30KpeMa

JJI1 BUILHOT'O CJICKTPOHA B MaFHiTHOMy T10J11 BUIIIAOAE SK:

H= guB(.§' . §), (2.6)

ne g — (axkTop CHeKTpOoCKomuHOro posierieHHs Jlanae, up — marueron bopa, S —

CIIIHOBHUH OMepaTop BUIBHOTO €JIEKTPOHA i B- BEKTOP Mar”iTHOTO IOJIs.

3aBAsSKUA TOMY, IO KPIM B3a€MO/IIT €JIEKTPOHA 3 MarHiTHUM IOJIEM BiJICYTHI 1HIII
B3a€EMO/IIT, Y AKOCTI BICl Z CUCTEMH KOOPJMHAT MOXHA BUOPATHU HAMPSIMOK MarHiTHOTO
noyis. Y 1bOMYy BHUNAJKY, CKaJSIpHUN A00YyTOK y (2.6) cnpoiyeThes W ['aMuibTOHIaH

Ha6YBa€ BI/II‘JBII[y:
H = guzS$,B,, (2.7)

ne B, — BenuunHa BEKTOpa B.

Toni Bmacui 3HaueHHs [aminbroHiaHa (2.7) OyayTh SBISTH COOOI0 MOKIIUBI
€HEprii BUIbHOTO €JIEKTPOHA B MAarHITHOMY TIOJII.

3a3BUuail MpU KBAHTOBO-MeXaHIYHOMY po3riisaal EITP oOMexyroTbcsi HU3KOIO
HUKYMX CHEPTreTUYHMX PIBHIB, MAarHiTHI BJIACTMBOCTI SIKMX OMHUCYIOTH OIEpPaTOpOM

€Heprii, Tak 3BaHUM cninogum 1'amuibTOHIaHOM H,, TOOTO MOBHUW ['aMibTOHIAH

CUCTEMH NOIUISIOTH HA JIB1 YACTUHU:

H=H,+H,, (2.8)
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ne H, Bxmouae kKiHeTH4Hy Ta TIOTEHIIifHY eHeprilo eleKTPOHIB MapaMarHiTHUX [EeHTPiB
Yy BiJICyTHOCTi 30BHINIHBOTO TONA Ta cHiHOPGiTambHOI B3aemonii. Y H, mpoBomuThCs
ycepenHeHHs 3a BCiMa MPOCTOPOBUMHU KoopauHaTaMu. ToMy criiHoBuil ['aMinbTOHIaH €
OTepaTOPHUM TMOJIHOMOM ITOBHOTO MOMEHTY KUTBKOCTI PyXy S [137, 138].

CminoBwuii ["'aMinbTOHIaH OTAETHCSA Y POpPMI:

7 INUBN
I —
h

S
~

- - . -
3 ujgeHamu 3 S Ta [ B Apyromy cryneHi Ta 3 B —y nepmomy. TyT:
Up — MarHeToH bopa, onrcye MarHiTHUI MOMEHT €JIEKTPOHa,
h — crana [Inanka,

- . .
B — 30BHIIIHE MarHiTHE MOJIE,

J — TeH30p, 110 OIKCYE aHI30TPOII0 g-PaKTopa,

S — omnepaTop CIiHOBOTO MOMEHTY €JIEKTPOHa,

D — teH30p HYJIBOBOTO 10JI (200 TEH30P KPUCTATIYHOTO TTOJIS ),
=4 .

| — omepaTop CIIHOBOTO MOMEHTY SI/Ipa,

~

A — TEH30p HAJTOHKOI B3a€MO/IIi MK CIIIHOM €JIEKTpOHA 1 s/Ipa,

= TEH30p SACPHOI KBaJAPYMHOJIbHOI B3aEMO/III,

gn — fAaepHuii g-pakrop,

Upn — SAEpHUN MarHeToH bopa,

R — Ten30p aHi30TpOIIi] BIUIMBY MAarHiTHOTO TIOJIS Ha SAPO 32 PaXyHOK B3a€MOJIl
SJIEPHOTO Ta €JIEKTPOHHOTO MarHiTHUX MOMEHTIB.

V (2.9) unen H; ommcye 3eeMaHiBChKE PO3IICIUICHHS eIeKTPOHHUX piBHiB. To6TO
B3a€MOJII0 CITIHOBOTO MAarHITHOIO MOMEHTY €JIEKTpOHa 13 30BHIIIHIM MAarHiTHUM

nosieM. Y BHIAJIKy 130TPOMHUX CHUCTEeM (Zie 3HaueHHs g-(hakTropa OJHAKOBE Y BCIX

HaIpsMKax) 1151 B3a€EMO/IISI € JIIHIHHOO 100 MarHiTHOro noJjs. [Ipore B aHI30TpOITHUX



64

MaTepiajax TeH30p § MOKe MaTH Pi3Hi 3HAYEHHS B Pi3HUX HANpsAMKax, [0 MPU3BOANTH
JIO CKJIQJHIMIOI TOBEIIHKU cuctemH [135, 137].
Unen Hy, y (2.9) omucye pO3NIEIUIEHHS €NEKTPOHHUX CTaHIB KPUCTaIIYHUM

MoJIeM TP HYJIHOBOMY 30BHIIIHHOMY MarHiTHOMY moui. BiH BpaxoBye B3aeMopii, 110
BUHHUKAIOTh BHACHIJIOK BIOPSAKOBAHOCTI aTOMIB y KPHUCTAIIYHIA pernmnTii abo y
3B'SI3aHUX MOJIEKYJSIPHUX CHUCTEMax. Y pe3yJbTari I[i€l B3a€MO/Ili €HepreTUYHI pPiBHI
CIiHa MOXXYTbh PO3IIEIUTIOBATHCS HABITH 32 BiJICYTHOCTI 30BHINTHROTO MarHiTHOTO TTOJIS.
[le#t TepMiH € BaXIMBUM JJII CHUCTEM, JI€ CHUMETpis CEpeloBUINA MPU3BOAUTH [0
aH130TPOITHOTO PO3MOJITY MarHiTHUX MOMEHTIB. TakoX Ba)KJIMBO BIAMITUTH, IO IEH
JIOAAHOK CMIHOBOTrO ['aMiibTOHIaHA MOBHHEH OyTH I1HBAaplaHTHUM W00 OOEpPHEHHS
gacy [135 — 137].

Tperiit unen y (2.9), H,, ommcye B3aeMOJi0 €IEKTPOHHOTO Ta SIEPHOTO
MarHiTHUX MOMEHTIB, TOOTO HAJITOHKY B3aeMojit0. Ll B3aeMojis NpU3BOIUTH 0
PO3IIEIIJICHHS] EHEPIeTUYHUX PIBHIB CIIHA €JIEKTPOHA BHACIIOK HASIBHOCTI MarHiTHOTO
MoJIsI, CTBOPEHOro siApoM. lleil TepMiH € BaXIMBUM Yy JOCHIPKEHHAX CHCTEM, I
NPUCYTHI sipa 3 HEHYJbOBUM CIIIHOM, TaKMX $AK NEpeXiJHI MEeTalli, BYIJIELEBI
pamuKany Ta 6arato opraHiuHux Monekyn. Temsop A BH3Hauae cuily Ta Xapakrtep i€l
B3a€EMOJIII 1 MOKE BapirOBAaTHCA B 3aJIeXKHOCTI BiJ] TE€OMETpii CUCTEMHU Ta ii CUMETpii
[135, 137].

= =

UYerBeptuii noaaHok, H,, o4, OTUCYE NOJATKOBY 10 H,,, €IEKTpUYHY B3a€EMO/IIIO,

p

00yMOBJICHY KBaJpyMOJbHUM MOMEHTOM sifiep 3 [ > % [135, 137].

Unen Hs,,, Sk BIANOBIZIA€ IBOM JIOJaHKaM 3 SJIGPHUM MarHetoHoMm bopa gy,
OINKCYE 3€€MaHIBChbKE PO3LIEIUICHHS siiepHuX piBHIB [135, 137].
®opma crmiHOoBoro l'aMibTOHIaHy 3aJ€XHTh Bl KJIacy CHMETpii KpucTaia.

Hanpuknazn, y ky0iYHOMY KpHUCTalll 3 TETpacApUYHOI0 CUMETPIE0 oci Kyda X, y, Z €

-~ - -
TOJIOBHUMH OCSMH J-TCH30PA, Jxx = Jyy = Jzz = 9, Hz = %BS, e g — CKallsipHa

BEJIMYMHA. AHAJIOTIYHI TBEPKCHHS cIpaBeIuBi i 1ys uneHiB 13 D, A, Q, R [137].
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VY pa3l BUIBHUX €NEKTPOHIB 4YM [IPOK 4YM JpIOHMX JOMIIIKOBUX IICHTPIB
BUKOPHCTOBYETbCA MOAU(DIKaIlis CiHOBOTO ['amMinbTOHIaHY y HaOIMKeHH] epeKTUBHOT
Macu [138].

ITo nopsaaxy BenuuuHu B (2.8) Ta (2.9) Hy ~ 10eB, Hy =~ 10~ * eB, Hyp =
1075 eB, H,; ~ 107% — 107> eB, Hy, ~ 10~7 eB. ToMy 3aBIaHHs pO3paxXyHKy PiBHiB
napaMarHiTHUX LIEHTPiB 3a3BHYail BUPIIIYETHCS METOAOM Teopii 30ypeHsb ctaHiB Hy

[136, 137].
2.3. ExkcnepuMeHTAJIbHI 0OCHOBH cniekTpockomii EITP

2.3.1. llpunuun podoru cnekrpomerpa EIIP

Ax Oyno posrimsHyTo Buie, cnekrpockoriss EITP 6a3zyeTbcs Ha B3aeMojii Mix
MarHiTHUM MOMEHTOM HECHapEeHHUX EJIEKTPOHIB Ta 30BHIIIHIM MarHiTHUM TOJIEM.
CyuacHi EIIP cnekTpoMeTpu CKIJIaalOThCAd 3 KUIBKOX OCHOBHHUX KOMIIOHEHTIB, SIKI
3a0e3MeuyloTh TeHepallilo, BUMIPIOBAHHS Ta aHalll3 pEe30HAaHCHUX curHaiiB. Hukue
PO3IIIIHEMO OCHOBHI CKJIaJoBl cydacHoro EIIP cmnekTpoMmerpa — MarHiTHy CUCTEMY,
MIKpOXBHUJIBOBHUI T'€HEPATOp, PE30HATOP, IETEKTOP Ta Kpioctar [136].

OcHoBHOIO yacTHHOW Oynb-sikoro EIIP cnektpoMerpa € macnimua cucmema,
sgKa CTBOPIOE OJIHOPIJHE 3OBHIIIHE MArHITHE IMOJie, HEOOXigHE I 3A1NMCHEHHS
pe3oHaHCy. MarHiTHE T0Jie KOHTPOJIIOETHCS 3a JIOMOMOTOI EJEKTPOMArHity abo
HAJIIPOBIIHOTO MarHiTYy, 10 JO03BOJISIE CTBOPIOBATA BUCOKI TOJIS (110 JAekiibkox Tecna)
JUISL JOCIIJKEHHS MarepiaiiB. PiBeHb OJHOPIAHOCTI MAarHiTHOrO MOJI € KPUTUYHO
BOXJIMBUM JUJII TOYHOCTI BUMIipIOBaHb. CHEKTPOMETpU MOXYTh OyTH oOJagHaH1
CHELIAIbHUMHU KOTYIIKaMH, 110 3a0e3Me4yr0Th TPaieHT MAarHiTHOTO TOJISI, SKIIO IIe
HEOOX1THO JIJIs1 JOCIIIDKeHHS 3pa3KiB [136].

Jliist 30y KeHHST HECTTapeHUX €JIEKTPOHIB Y MarHiTHOMY TOJIi BUKOPUCTOBYETHCS
€JICKTPOMArHiTHE BUIIPOMIHIOBAHHS B MIKPOXBUJILOBOMY JAiana3oHi (mpuonusHo 9 — 10

[T nns X-mgianasony, Hadnommpenimoro s EINP). Mikpoxeunvoeuii zenepamop
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dbopMye BHCOKOCTaOLIbHI MIKPOXBUJI, SIKI BBOJSTHCS B PE30OHATOP 31 3pa3KkoM uepe3
xBuieBiz [136].

Pezonamop 3abe3nedye KOHIEHTPYBaHHS €JIEKTPOMArHITHOT €HEPTii Ha 3pa3Ky Ta
MIBUIIYE YYTIWBICTh BUMIPIOBaHb. BaXJIMBUM IMapaMeTpoM pe30HaTopa € HOTo
NOOPOTHICTh, SIKa BIUIMBa€ Ha iHTEHCUBHICTh curHany EIIP. CywacHi crnekTpoMerpu
MOXXYTh BUKOPUCTOBYBAaTH PI3HI THUIK PE30HATOPIB, 3aJIEKHO Bl BUMOT JIO
eKCIIEPUMEHTY: HaIpHUKIaJ, PE30HATOPU 3 BHUCOKOIO JOOPOTHICTIO ISl ClIaOKHX
curHaIiB a0 cremiaJbHl KpIOT€HHI pPE30HATOPHW JII BUMIPIOBaHb NPH HU3BKUX
temneparypax [139].

Jlemekmop MmiKkpoxeéunb TPU3HAUYCHUUN IJIsI BUMIPIOBAHHS 3MiH 1HTEHCHUBHOCTI
MIKPOXBHUJIb TICTIS iX B3a€MOJI1i 31 3pa3koM. HaitgacTiiiie BUKOPUCTOBYIOTBCS AETEKTOPH
Ha OCHOBI JIOJIB, SKI YyTJIWMBI JO MIKPOXBMUJIBOBOIO BHUIPOMIHIOBAHHS Ta
MEePETBOPIOIOTH 3MIHU 1HTEHCUBHOCTI CUTHAJTYy B 3MIHHUU €JIEKTPUYHUN CUTHAJ, SKUN
MOXHa aHajizyBatu [136].

Cyuacni EIIP cnekrtpomeTpu OCHaleHi KOMM'IOTEPU30BAHUMHU CUCHIEMAMU
KepyeanHsa ma o0poodKu 0anux, K1 JO3BOJISIIOTh aBTOMATHU3yBaTH MPOIIEC BUMIPIOBAHb,
KEepyBaTU MapaMeTpaMu MIKPOXBHJIBOBOIO BUIIPOMIHIOBAHHS T4 MarHiTHOrO MOJiA, a
TakoX 00poOsATH oTpuMaHi curHamu. I[Iporpamue 3a0e3medeHHs] CHEKTPOMETpa
3a0e3neuye mBUAKUN aHami3 curHany EIIP Ta Bu3HaueHHs mapaMeTpiB, TaKUX 5K g-
(dakTop, MIMpUHA JiHI1, IHTEHCUBHICTh cUrHay Touo [140].

st mocnmikeHHs 3pas3kiB npu HU3BKUX Temriepatypax EIIP cnexkrpomerpu
4acTo O0NAIHYIOThCA Kpiocmamamu. Kpioctatu J03BOJSIOTH JOCSITaTH TEMIIEPATyp Y
Jiana3oHi Bij KuUibKOX KenbBiHIB 0 KIMHATHOI TeMIEpaTypH, 110 OCOOJMBO BaXKIJIMBO
JUI BUBYCHHS MaTepiajaiB 3 HHU3bKOIO TEIUIOBOIO CTIHKICTIO a0 JJis BHSBJICHHS
MarHiTHUX BJIACTUBOCTEH, IO MPOSIBISIOTHCS JIMIIE MPU HU3bKUX TeMmreparypax [133,
140].

KpiocTtatn MOXyTh BUKOPHUCTOBYBATH PI3HI METOJU OXOJOJDKEHHS: HalJacTile
3aCTOCOBYIOTHCSI KpiOCTaTH 3 pigKuM TenieM abo a30ToM. Takok BHKOPHUCTOBYIOTHCS
3aMKHYTI IHKJIA OXOJIOJPKEHHS HA OCHOBI MPHUHIUIY TEPMOCICKTPUYHOTO abo

KOMIIPECIHHOTO  OXOJIO)KEHHS, 1[0 JO3BOJISIOTH IpaloBatd 0€3 TMOCTIHHOIO
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MOTIOBHEHHS 0XO0JIOKyBava. TeMrepaTypHHil KOHTPOJIb B KplocTaTax 31HCHIOETHCS 32
JIOTIOMOTOI0 TOYHHX CEHCOPIB Ta CHCTEM PEryJIOBaHHS, IO JO3BOJIAE JOCTIIKYBaTH
MarHiTH1 BJaCTHBOCTI MaTepialiB y MIMPOKOMY Jiama3oHi Temneparyp [133].

JlocmikeHHs, BUCBITJICHI B JaHId poOOTi, BUKOHAHI Ha cnekmpomempi Bruker
ELEXSYS E580, sxuii € oqHUM 13 HalCy4acHIMMX 1 HAUMOTYXHIIIUX 1HCTPYMEHTIB
JUISL TIPOBEJICHHSI CIIEKTPOCKOIi eIeKTpOHHOro mapaMmarHitTHoro pe3oHaHcy (EIIP),
30KkpeMa I BUMiproBaHb iMmmyibcHOTO EIIP. Ile#t mpunax npusHavyeHWd IS
BUCOKOTOYHOT'O JOCTI/HPKEHHS MarHiTHUX BJIACTUBOCTEH PI3HOMAHITHUX MaTepialis,
BKJIFOYAIOYM O10JIOTIYHI CHCTEMHM, BYIJIELEBI HAHOCTPYKTYPU Ta HAIMIBIPOBIIHHUKHU.
Cucrema Bruker ELEXSYS ES580 3abe3neuye BHUCOKHMIA pIBEHb TOYHOCTI Yy
BUMIPIOBAHHSX, IO JOCITAETHCS 3aBASKUA CTAOUIBHOMY MIKPOXBUIILOBOMY T'€HEPATODY,
YyTIUBOMY JCTEKTOPY i BUCOKOTOYHOMY MArHITY, IO MOYXE TCHEpYBaTH OIHOPITHE
MarHiTHe moje. TakoXX JaHWil CIIEKTPOMETP MOXKe OyTH OCHAIIEHUH KPlOCTaToOM, IO
JTO3BOJISIE TIPOBOJIUTA BUMIPIOBAHHS TMPU HAJAHU3BKUX TeMIepaTypax (0 KUIbKOX
KenpBiHIB), IO € HEOOXITHUM JJIs AOCIIIHKCHHS CHCTEM 13 CHJIBHUMH CIIIHOBUMH
B3a€EMO/IISIMU TIPH HU3BKUX TEMIIEpATypax, TAKUX SIK HAMIBIPOBIAHUKHU, PIIKI KPUCTAIH
a00 ckiIaaH1 MOJNIEKYJISIpHI cTpykTypu [140].

Ocnogni cknagoBi EINP cnekrpomerpa Bruker ELEXSYS ES580 Bximrouaroth
KJIFOUOB1 KOMIIOHEHTH JJIs 3[{IHCHEHHS sIK 0€3MepepBHO-XBUIILOBUX (continuous wave —
CW), tak 1 immnynscHux BumiptoBanb EIIP y X- Tta Q-giana3onax yvactot.. KoxeH 3
IIUX €JIEMEHTIB BHKOHYE BaXXJMBY pOJIb y 3a0€3MeyYeHH] TOYHOCTI Ta €()EeKTUBHOCTI
BUMIiptoBaHb. Ha puc. 2.2 moka3aHO 30BHIIIHIA BUIJAA Ta OJOK-CXEMY I[bOTO
cnektpomerpa EIIP [4, 140].

[Ipu BuUMIiprOBaHHSX MOXMOKa 3HaYeHb g-dakTtopa omiHoBaigack sk +0.0003
s X-gianazona  yactor Ta +0.0002 s W- Tta G-miamazoniB.  Temmeparypa
BUMIpIOBajachk 13 TouHicTi0 mopsanky =1 K, mmpuna minii EIIP Oyna Bu3HadeHa 3

touHicTio +0.01 MmT.
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2.3.2. BumiproBaHHs cnekTpiB cranionapHoro EITP

Cramionapuuii EITP (continuous-wave — CW-EPR), € kmacu4HOIO TEXHIKOIO
cnektpockonii  EIIP, ska BUKOPUCTOBY€TbCS JUIsl  JIOCHIPKEHHS  MAarHITHUX
BJIACTMBOCTEH HECMapeHHX ENEKTPOHIB y MaTepianax. Ha BimMiHy BiJl IMIyJIbCHOTO
EIIP, ne BUKOPHUCTOBYIOTHCS KOPOTKI MIKPOXBHJIBOBI IMITyJIbcH, cTarioHapuuii EITP
O0a3zyeTbcss Ha Oes3lepepBHIN B3aeMoJlli  MIKPOXBHJILOBOTO BHUIIPOMIHIOBAaHHS 3
napaMarHiTHUMH 4YacTHMHKaMHu y 3pa3ky. lLle Meron, skuii 3acTOCOBYeThCS MJis
orpuManHsa crnektpiB EIIP y cramux ymoBax, KoM MarHiTHe moje abo yacroTa
BUIIPOMIHIOBaHHS 3MIHIOIOTHCSI ITOCTYNOBO, AO3BOJISIIOYM (PIKCYBAaTH €HEPreTUYH1 PiBHI
pe3oHaHcHuX nepexoais [133, 136].

st mpoBeseHHs BUMIpIOBaHb cTarioHapHoro EIIP 3pa3zok mnowimryeTscs y
CHeIaIbHUN PE30HATOp CIEKTPOMETpa, KU PO3TAIIOBYETHCS B MArHiTHOMY IIOJIL.
Yepe3 xBuiieBoaM 10 pe3oHaTopa nepenaerbcsi HBY BunpomiHiOBaHHS, CTBOpEHE
mxepenoM HBY. Pezonatop KOHLIEHTpY€e MIKPOXBUIILOBE BUIIPOMIHIOBAHHSI Ha 3pasKy,
NIJBUIIYIOYM €(PEKTUBHICTh iX B3aeMoii. HalmomumpeHImMMH THUIAaMH pPE30HATOPIB
st CW-EPR € nienektpuuHi pe30HaTOpH 3 BUCOKOIO JOOPOTHICTIO, sIKI 3a0€3MeuyoTh
BHUCOKY YYTJIMBICTb BUMIpIOBaHb [133].

3pa3ok Moke OyTH MIATOTOBJICHHM Yy pi3HHX (opmax: TBepauid (KpHCTalu,
MOPOIIKH), Piakuil (po3unHu) abo raszomomiouuii [133, 141]. Bin po3MimyeTbes Ha
TpuMadi, y KanuisipHid TpyOui abo B KOHTEHHepl, SKi BBOIATHCS B pe3oHarop. s
YHUKHEHHSI BIUITMBY CTOPOHHIX MaTepiajiB 1 3MEHIIEHHS IIyMiB, KOHTEHHEPH ISt
3pa3KiB BUTOTOBJISIIOTH 13 HEMar”HiTHUX abo ciiabomarHiTHUX MarepianiB [141]. ¥V
JOCHIDKCHHSIX, 10 OINHWCaHl B JaHId Juceprailii, BUMIPIOBaHHS MPOBOAWINCH 31
3pazkaMu y GopMi TOHKHX TUTIBOK.

VY mporieci peectpariii cramioHapHux crekTpiB EIIP BUKOpHUCTOBYIOTHCS KiJIbKa
BOXJIMBUX TapaMeTpiB, SKI BIUIMBAIOTh HAa TOYHICTh Ta YYTJIMBICTh BUMIPIOBaHb,
PO3IJIAHEMO 1X HUXKUE.

1. MarniTHe mosie, CTBOPEHE €JIEKTPOMarHiToM abo0 HaANPOBIIHUM MAarHiTOM,

NOBUHHO OYyTH 3MIHHHUM Yy IEBHOMY Jiana3oHi Jis oTpuMaHHs noBHoro crnektpy EINP.
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[Tone BapiOOTh BiA HU3bKUX 3HAYEHb J0 BHUCOKHX, LI00 OCIIIUTH BECh Alama3oH
CHEPreTUYHUX TMEePEXOJiB IMapaMarHiTHUX 4YacTUHOK. [locTymoBe CKkaHyBaHHS
MarHiTHOTO TMOJIs J03BOJIsA€ (DIKCYyBaTH pEe30HAHCHI MIiKH, IO BIAMOBIIAIOTH MEpeXoiam
M1k eHepreTHYHUMH piBHsMU [133].

2. Ons 30yJKEeHHSI HECMapeHUX €JEKTPOHIB BUKOPUCTOBYETHCS MIKPOXBHUIILOBE
BUIIPOMIHIOBaHHSI 3 TEBHOIO 4YacTtororo. Y cmektpomerpi EIIP nmns CW-pexumy
3a3BUYail BUKOPHUCTOBYIOTh MIKPOXBWJI X-mianmazony (mpubmuszno 9-10 I'Tm), xoua
MOXYTh BUKOPUCTOBYBaTHCS M iHII yactoTu (K-mianmason, Q-miamas3oH), 3ajie’HO Bij
JOCIIIJKYBAaHUX MarepiajaiB 1 NOTped eKkcrnepuMeHTy. YacTora BHUIIPOMIHIOBAHHS
MOBUHHA OYTU CTaOUIBHOO, 11100 3a0€3MeUnTH TOYHICTh BUMIpIOBaHb [ 133].

3. Jns migBumeHHs 4wyTiauBocTi BumiptoBanb y CW-EPR 3acTocoByeThcs
MOJYJIALisE MarHiTHOro mojs. llel mporec mnosisirae B TOMY, IO JO OCHOBHOIO
MarHiTHOTO TOJIS TIOJA€ThCSI HEBEIIMKE 3MIHHE TOJIe, IK€ MOYJIIOEThCSI Ha YacTOTI, 1110
BIJIMOBIa€ ONTUMAJIBHIN YyTJIMBOCTI JIETEKTOpa. 3a3BUYail YacTOTa MOAYJIALII CKiIaaae
KUIbKa JAecsaTkiB kutorepil (Hampukian, 100 xI't). Mopaynsiis a03Bojsi€e OTpUMATH
CUTHAJI TEpIIoi MOXIJHOI B JIHIT PE30HAHCY, IO MOJETIIye BUSBJICHHS CIaOKUX
curHaiiB [133, 136, 142]. 3naueHHsT aMIUTITYAd MOIYJISLIT MarHiTHOrO MOJIs 3HAYHO
M ABUIIYE CITIBBIIHOIICHHS CUTHAJI/IIIYM Ta BiANOBiIA€ 3a (hOpMy MOXITHOI CIIEKTpa
[142].

4. TloTyXHICTh MIKPOXBHUJILOBOTO BHUIPOMIHIOBAaHHS Ma€ OyTH pETENIbHO
HaJallTOBaHA. 3aHAJITO BUCOKA MOTY>KHICTh MOXE MPU3BECTH 10 HACUUYEHHS CUTHAIY
EIIP, mo cnoTBOprO€ pe3ynbTaTH BUMIPIOBAaHb, TOJI SIK 3aHAJATO HU3bKA — 3HU3UTHU
IHTeHCUBHICTh curHaimy [133, 142]. OnrtumanbHe 3HAYEHHS MOTYXXHOCTI 3a3BUYai
MiI0MPAEThCS  EKCIEPUMEHTAIBHO, Il JaHOi poOoTH BHKOpHUCTOBYBajoch HBUY
BUINIPOMIHIOBaHHS, IIMpUHA 30Y/PKEHHS SKOro cTaHoBuia mpubmuzno 2 Mlh, a
MakCUMyM MoTyx)HocTi — 200 MBT.

5. Jns pochimkeHHs Pi3HUX (I3UYHUX CHUCTEM BAXKJIMBHM TIapaMEeTPOM €
TeMIiepaTypa 3paska. JlJisi TOCHiDKeHb TeMIIEpaTypHHUX 3aJICKHOCTSH TMapaMarHiTHUX
martepianiB crnektpomerpu EINP moBuaHI OyTM o0MamHaHi KpiocTatamu, IO

JIO3BOJISIIOTH  OXOJIOJIKYBATH 3pa3Ku 10 KploreHHUx Temneparyp (kiibka KenbBiHIB)
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[131, 141]. Jna BumipioBaHHs cnekTpiB cramioHapuoro EIIP y naniit po6oTi
BUKOpHCTOBYBaBcs BucokomoOpotauii SHQE E4122 pe3onarop y komb6iHartii 3 ER
4112HV xpiocTaTtom.

PezonaTtop monepenHrO0 HAMAIMTOBAHWM Tak, MO0 Majarya IMOTY>XHICTh
MOBHICTIO HUM moriuHanacsa. lle Ha3uBaeTbcsi KPUTUYHO 3B'SI3aHUM PE30HATOPOM
[143]. Konu B pe3oHATOp BMINIYETHCS 3pa30K, TO 32 BUKOHAHHS YMOB PE30HAHCY
BUHUKAE JTOJATKOBE MOTJIIMHAHHSA MOTYyXHOCTI HBY 3paszkoM, mo mpu3BOIuThH 110
MOPYILICHHSI HaJallTyBaHHSI pe30HaTopa Ta BIAOUTTS MOTYXHOCTI. 3a JOMOMOIOIO
peectpanii BinouToi HBY nmoTyXHOCTI K (QPyHKIIII MarHiTHOrO MOJs OTPUMYIOTHCS
cruexkTpu ctamionapaoro EITP. Curnan EIIP peectpyeTbest 3a JOMOMOTOI0 JETEKTOPA,
akui  (ikcye 3MIHM 1HTEHCHUBHOCTI MIKPOXBHJIBOBOTO BHUIIPOMIHIOBaHHS, IO
MOTJIMHAETHCSA 3PAa3KOM MpU PI3HUX 3HAaYeHHsAX MarHiTHoro mnosd. Crnekrp EITP
3a3BUYall MOJAETHCSA Yy BUIJISAL 3aJ€KHOCTI 1HTEHCHUBHOCTI CUTHANy BijJl MarHiTHOTO
MOJISL i MICTUTD 1H(OPMAILIIIO PO MArHiTHI BIACTUBOCTI JIOCHIIKYBaHOTO 3pa3ka [133].

OTpumaHi CHEKTPU aHANI3YIOThCS JUIsl BU3HAUEHHSI TakKWX MNapameTpiB, SK g-
dakTop, SIKUW XapaKTepu3ye MarHiTHI BJIACTUBOCTI HECHAPEHUX EJIEKTPOHIB, MIUPUHA
niHii (TOB'sI3aHa 3 peJlakCalllfHUMU TIpollecaMyd B 3pa3Ky), Ta 1HII JOCIIIXKYyBaHi
XapakTepucTuku. lle mae MOXIUBICTH OTpUMATH TJHOIIE PO3YMIHHS MAarHITHOT

CTPYKTYPH MaTepially Ta B3a€MO/Iiil Ha PiBHI €JIEKTPOHHUX CITIiHIB.

2.3.3. BumiproBanHs cieKkrTpiB exo-gerekrosanoro EITP

Exo-nerexroBanuit EINP (abo immynbcauii EIIP) BukopucTtoByE KOpPOTKI
MIKPOXBHUJIBOBI IMIYJIBCH JIJIsl 30YJIKEHHSI CIIIHOBOI CUCTEMHM Ta JE€TEKTYBAHHS CUTHAILY
yepe3 YTBOPEHHS Tak 3BaHoro enekTpoHHoro cmidHoBoro exa (ECE). Ha BinmMiHy Bin
KJIIACUYHOTO  MeToay  cramioHapHoro EIIP, 1e  BUKOpPHCTOBYIOTH  MOCTIiHHE
MIKPOXBUJILOBE BUIIPOMIHIOBAHHS, B IMIyJbCHOMY EIIP BUKOPUCTOBYIOTHCS IMITYJIbCH
MEBHOI TPUBAJIOCTI IS JAOCTIHKCHHS JUHAMIYHMX XapaKTEPUCTHK CIIHOBUX CHUCTEM,
TaKMX SIK peJakcaiisi Ta MDKCIiIHOBI B3aemojii. Crektpu exo-aerektoBanoro EITP

JO3BOJISIIOTH  IOCTIPKYBAaTU OUIbII CKJIAAHI TPOIECH, HAIMpPHUKIAL, CIIH-CIIIHOBY
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B3aEMOJIII0 Ta EJICKTPOHHY pENIaKcaIlito, 1 MalOTh BUIIY YYyTJIMBICTH JO JUHAMIYHHUX
BJIACTUBOCTEH cuctemu [144].

Ak 1 B cramionapuomy EIIP, 3pa3ok s exo-nerekroBanoro EITP posminnyerbest
B PE30HATOPI CIIEKTPOMETPA, SIKUW 3HAXOAUTHCS Y CUIILHOMY 30BHINTHEOMY MarHiTHOMY
noii. 3pa3oK TakoX MoOxe OyTH TBEpAUM, pPIAKAM a00 HaBITh Ta30MOIIOHUM 1
MOMIIIYETBCA B CHEIIAIbHY KamuIsipHy TpyOKy abo KOHTEHHEp 13 HEMarHiTHOTO
MaTepiaiy, SIKUi He BIUIMBa€ Ha curHail. Po3mip 1 ¢popma 3pa3ka MOBHHHI BiJMOBIAATH
BUMOraM, 110 JO3BOJISIIOTH MIHIMI3YyBaTH BTPATH CUTHANy W MOKPAIIUTH PE30OHAHCHY
B3aemoiro [ 143, 144].

Imnynecuuii EIIP motpebye cnemiaibHOro HajlalITyBaHHS CHEKTpOMETpa s
TeHepyBaHHS Ta JIETEKTYBaHHS IMIYJbCIB MIKPOXBUIILOBOTO BUIIPOMiHIOBaHHs. Hukue
PO3TIITHEMO OCHOBHI MMapaMeTPpH HaTAIITyBaHHS.

1. Jns mpoBeneHHs BumiptoBaHb immyiabcHOTO EINP  BuUKOpUCTOBYIOTHCS
MOCTIAOBHOCTI IMMYJIbCIB, HAWMOIIMPEHINIOW 3 SIKUX € JIBOIMIYJIbCHUH METOJI s
CTBOPEHHS CIIHOBOTO exa (Tak 3BaHui Meroj XaHa) [145]. Ilepuuii MiKpOXBUILOBUN
IMITYJIbC TPUBOJIUTH CITIHU B KOT€PEHTHUHN CTaH, a APYTrUi IMITYJIbC Yepe3 MEeBHUMN Yac
BUKJIMKAE iX peOKyCyBaHHs, 10 YTBOPIOE CIIHOBE €XO, SIKE JNETEKTyeThbca. Hac mMik
IMITyJIbCAaMU Ha3WBAE€THCS MDKIMITYJILCHUM 1HTEPBAJIOM 1 € BOKIMBUM HapaMeTpOM JIJIst
aHajizy cmiHoBoi muHamiku [143, 145]. ¥V npomy meromi HBY Ta imMmynscHa
MOCJIIOBHICTh 3JIMIIAIOTHCS HE3MIHHUMU, a iHTeHCUBHICTh ECE peectpyeThes sk
(YHKI[II MAarHiTHOTO TIOJIA.

2. Sk 1 B crauionapHomy EIIP, yacToTa MIKpOXBHJIBOBOI'O BHIPOMIHIOBAHHS
NOBMHHA OYTH Y3rOJK€Ha 3 PE30HAHCHHUMHM YMOBAMM JIOCHIPKYBAHOTO 3pa3ka. Y
BUIAJIKY €x0-neTekToBaHoro EITP wacToTa MiKpOXBHIIH MOKE CTAaHOBHUTH OJIM3HKO 9-10
[Tu npns X-miama3oHy, ajie TakoX MOXYThb BHUKOPHUCTOBYBATHCS 1HIII YaCTOTHI
Jiarma30Hu 3aJICKHO BIJI UICH JociimkenHs [ 143, 146].

3. TpuBasicTh MIKpOXBHJIHOBHX IMITYJIbCIB 3a3BHUYail CTAHOBHUTH BiJl KIJTBKOX JO
JIECATKIB HAHOCEKYH/I, a 1X MOTYXHICTh BUOMPAETHCA TAKUM YHUHOM, 1100 3a0€3MeunuTH
MaKCUMaJbHy €(EeKTUBHICTh 30YyI)KEHHS CIIHOBOI CHUCTEMH. 3aHaATO BHUCOKA

HOTY)KHiCTB MOXKE IPU3BCCTU 1O HACHMYCHHA CUTHAIY, TOI[i JAK 3aHaATO HHU3bKa — 0
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HEJIOCTaTHHOI 30y/PKYBaHOCTI CITIHOBOI cucTeMu. ONTUMalbHI 3HAYEHHS] TPUBAIOCTI 1
MOTY>KHOCTI MiJIOMPAIOThCA EKCIIEPUMEHTAIbHO AJIs KOKHOTO TUIy 3paska [133, 142,
146].

4. 1ns exo-nerexkroBaHoro EITP Takox BayKIMBO KOHTPOJIOBATH U TEMIEpaTypHi
YMOBH, OCKUIbKH MPHU HU3BKHX TeMIiieparypax (kinbka KenbBiHIB) MOXKHa JOCSTTH
3HAYHO OUIBINOI YYTIMBOCTI JIO CIIH-CIHIHOBUX B3a€EMOJIM 1 pellakcalliifHuX IPOIIECIB.
Tox cnekTpomeTpu, sIK IPaBUIIO, 00JaHAHI KPIOCTaTaMHU.

5. BumiproBanns imnynbcHoro EINP mo3Bosisse BU3HauaTH yacu CIiH-CIIHOBOI Ta
CHIH-TPATKOBOi peiakcarii, MO0 € BAXKIMBUMHU XapaKTEPUCTUKAMH JTUHAMIKU
€JEKTPOHHUX cHiHiB. LI mapamerpu MOXyThb OyTHM OTpUMaHl NUIIXOM 3MIHH
MDKIMITYJIbCHOTO ~ IHT€pBally ~ a00  BHUKOPUCTaHHS  JIOJATKOBUX  IMIYJBCHUX
mociiioBHOCTEH [146].

[Ticass QgopMmyBaHHS CIIHOBOTO €Xa CHIHAl pPEECTPYEThCA JETEKTOPOM 1
aHaJII3y€eThCS 3a JIOIIOMOI0I0 KOMII FOTEPU30BaHOI cucTeMu 300py AaHux. CHEeKTp exo-
nerekroBaHoro EIIP 3a3Buuail MicTUTh 1H(OpPMAIiI0 OpO EJIEKTPOHHI Ta CIHIHOBI
CTPYKTYpPH 3pa3Ka, peiaKcalliifHi MpoIeCH Ta MI>XKCITIHOBY B3a€EMO/IIIO.

3 OTpUMaHUX CHEKTPIB BU3HAYAIOTHCA TaKl BaXJIMBI MapameTpH, K g-(paktop,
IIMPUHA JIIHIA PE30HAHCy, Yacu perakcallii Ta iHIII MarHiTHI XapakTepucTHKu. Exo-
nerexkroBanuii EITP (E/] EIIP) € moTy>xHUM MeTOAOM Ji AOCTIHPKEHHS B3a€MOJIIT MIXK
CHiHaMH, 30KpeMa y CKIAQJHUX CHCTeMax, TaKhX SK MOJEKYJISIpHI MarHiTH,
010MOJIEKYJIM, BUIbHI pajJMKalid, a TaKoX HamiBnpoBigHuku. Exo-nerekroBanuii EIIP
JT03BOJISIE BUBYATH TOHKY CTPYKTYPY CIIIHOBHX CHUCTEM Ta iXHI AMHAMIYHI BJIACTUBOCTI,
10 POOUTH 1€l METOJl HaJ3BUUYAHO BAKIMUBUM JUIS JOCHIKEHHS BYTJIEIIEBOMICTKHX
MaTepialliB Ta 1HITUX CKIaTHUX cucTeM [146, 147].

Bubip Mix cramioHapHuM Ta exo-aeTekroBaHuM EIIP 3anexuTs Bl 3agad
nociimkenHs. Jlng 0a30BOro aHamizy JIOKaJbHUX CTPYKTYpP BHUKOPHCTOBYIOTh
cramionapuuii EITP. [{ns mocmimpkeHHs] TUHAMIYHUX MPOIIECIB, B3a€EMOJIIM Ta CKIIaIHUX
CUCTEM TepeBary HajarwTh exo-aerektoBaHoMmy EIIP. He3Baxarouu Ha BHIly BapTICTh
obmagHanHs Ta OuTelm TexHiuHI BuMorH, EJI EIIP Mae kiabka BaXXJIMBHUX IIepeBar Haj

crarionapuum EIIP, a came:
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1)  moaynauist maritHoro nois BiacyTHs, Tomy EJ[ EIIP uytnuBuii 1 1o myxe
IIMPOKUX CIIEKTPiB, MA€ BUCOKY PO3JUIbHY 3[aTHICTh Y CIIEKTPaX 13 MEPEKPUTTIIM;

2)  mixg 4yac aerektyBaHHs curHary HBY onmpomiHeHHs BIICYTHE, 1O CHPOIILYE
CTHEKTPaIbHUN aHaNi3;

3)  Bumipsuuii EIIP Biaryk nponopiiiinuii BEIMYMHI BEKTOpa HAaMarHivyBaHHS
B MoMeHT 30y kenHs HBY. PiBens nrymy 3HMKEeHUI TOPIBHSHO 31 crtanionapaum EITP,
BU3HAYAETHCS JIUIIE OOMEKEHHSIMH CaMOTO CIIEKTPOMETPA;

4) METOJ JIO3BOJIAE€ aHATI3yBaTH EBOJIOIIIO CIIHOBHX CHCTEM y 4Yaci, Jae
MO>KJIMBICTh BUBHAUEHHS YaCiB pesIaKcalii Ta KOpeJIsii.

Cepen oomexenp EJ| EIIP MokHa BUAUIUTH YYTJIUBICTH Ta OOMEXKEHHS, SIKI
HAKJIaJal0Th TPUBATICTh IMITYJIBCHOI TIOCIIJOBHOCTI Ta Yac MDK BHUMKHEHHSIM
noTyxHocTi HBY Ta THM MOMEHTOM, KOJIM CTAa€ MOKJIMBUM BHUMIPSITH CUTHAJ BIATYKY.

Ha puc. 2.3 naBeaeHo nopiBusaHHs craiionapuoro ta EJ[ EITP.

2.3.4. MikpoXBWIHLOBUH PE30HATOPHUI METO/

BigoMo, mo TpaHCHOpPTHI BHUMIPIOBAHHS, TakKl SIK BHMIPIOBAHHS MPOBIAHOCTI
3pa3ka, 4acTO BUMAaraloTh BCTAHOBJICHHS KOHTAaKTIB Ha 3pa30K, 1 BIUIMB KOHTaKTHOTO
OMoOpy Ta €MHOCTI Ha BUMIPIOBAHHS CTa€ MPOOJIEMHUM; TOMY O€3KOHTAaKTHI 30H]U €
KOPUCHUMHU, TOJIOBHUM YHMHOM JIJIsi 3pa3KiB Mayioro po3Mmipy [149]. Ogaum 13 BizoMux
OE3KOHTAaKTHUX METOJ[IB BUMIPIOBAaHHS € METOJ| pe30HaTOpHUX 30ypeHb [150], sxuit
YCHIIIHO BUKOPUCTOBYBABCS B OaraTthox pociimxeHHsx [151 — 153]. Mertoxa 30ypeHHs
pe3oHaTopa mo30aBisie BiJ] HEOOXIAHOCTI KOHTAKTYBAaTH 13 3pa3KoM 1 JTO3BOJISIE HOMY
NpaIlOBaTH 3 HU3BKUMH PIBHSAMHU curHamny [154]. Takum 4MHOM, €IE€KTPOTPAHCIOPTHI
napamMeTpH HaliBIPOBIJHUKIB MOXKHA AY>K€ JIETKO BU3HAUWUTHU 3a JOMOMOTOI0 METOIY
MIKpOXBHJILOBOTO 30ypeHHs pe3oHaTopa [155].

Y poboti [156] 3ampomoHOBaHO YJIOCKOHaJIGHWM MeTroa BuMiproBaHHs HBY
CJICKTPOIIPOBIAHOCTI HA OCHOBI BUMiptoBanb HBU-nornuuanus B pe3oHaropi. Y 1npomMy
METO/1 TMPOBITHICTh MOXKHA OIIIHATHA 332 3CYBOM PE30HAHCHOI YacTOTH Ta 3MIHOIO

JOOPOTHOCTI pe30HaTOpa IiCis BBEICHHS 3pa3ka. [lepeBaramMu 1bOro mijaxoiy €: BUIIA
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TOYHICTh 1 IIUPIIUHI Jl1alla30H 3aCTOCYBaHHs, 10 A03BOJISE JOCTIIKYBaTH MaTepianu 3
oo nposianicTio [157, 158]. 3rigHo 3 [156], BuMiptoBanHs 30ypeHb y pe30HaTOpi
MOKe OyTH MPOCTOIO Ta IMIBUAKOIO TEXHIKOIO JJIi BU3HAUYEHHS OCHOBHMX JIOMIIIKOBUX
CTaHiB, BIANOBIIAJBPHUX 32 MPOBIAHICTG Yy HAMIBOPOBITHUKOBUX MaTepiajax, Ta ix
eHeprii 1oHizamii 3 TouHicTIO 10— 15%, 06€3 HEoOXITHOCTI YITKOTO PO3YMIHHS

MEXaH13MiB PO3CitOBaHHSI.
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Pucynok 2.3 — IlopiBusinus ctaiionapuoro ta EJ[ ETIP (dowcepeno: [148]):

a, nisopyy — cramionapauii EIIP, curnan s(By) nponopuitinuii 10 mepuroi
noxigHoi curHanynorauHanas EIIP,
a, npasopyu — TIPUKJIAJl JBOKOMIIOHEHTHOTO criekTtpa cramionapuoro EIIP (o, —
4acToOTa MOYJISIIIT);
0, 1i6opy4 — NBOIMITYJIbCHA MOCIIAOBHICTh XaHa i AetektyBanHs EJ[ ETIP,

6, npagopyu — NPUKIAANEPIIOT MOX1THOT JBOKOMIIOHeHTHOTO criektpa EJI EITP.
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BaxxnuBum napaMeTpoM MIKpOXBHIBOBOTO pe30HATOpa € Moro JoOpoTHICTh (O-

dakTop), sika BU3Ha4Ya€, HACKUTbKU e(heKTUBHO pe3oHatop 30epirac HBY enepriio:

Q = ”Apv (2.10)

JI€ Vpe; — PE30OHAHCHA 4YacToTa pe3oHaropa, Av — mMpuHA Ha MOJOBHHI BHCOTH
pE30HAHCY.

Bucoka noOpoTHICTH O3Hayae, WIO0 PE30HATOP 3JaT€H KOHIICHTPYBaTH
MIKpPOXBWJIBOBY €HEPril0 B MajoMy 00’eMl Ta 3a0e3ledyBaTH CUJIbHY B3a€EMOJIIO 13
3pa3KoM, TMIABUINYIOYM  YYTJIMBICTh BUMIpPIOBaHHSA. T[WUIOBMMH  3HAYCHHSIMH
no6poTHOCTI 1ist pezonaTopis B EIIP € Q ~ 103 — 10%.

Pe3onaropHuii MeTOJ BUKOPUCTOBYE TOM BIAOMHM (PakT, IO MICIS BBEICHHS
3pa3ka pE30HAaHCHA YacTOTa IMOPOXKHBOTO pe30HaTopa Ta JOOPOTHICTH 3MIHIOIOTHCA
BHACIIJIOK 3MIHM 3arajbHOi €MHOCTI Ta MPOBIJHOCTI pe3oHaTopa 0€3 MOpYIICHHS
IHIYKTUBHOCTI, OCKUIbKM BimOyBatoThcs HBUY BTpatu [156]. Pesonartopuuit meton
JT03BOJISIE OLIIHUTH MPOBITHICTD 3pa3Ka 3a OTPUMAaHUMHU 3CYBOM PE30HAHCHOT YaCTOTH Ta
3MIHOIO TOOPOTHOCTI pe30HaTOpa Micisl BBEACHHS TOCHIKYBAaHOTO 3pa3ka. [IpuHimn
METO/Ja Ta TPUKIAAW JIIHIA HEHABaHTAXKEHOTO0 Ta HABAHTAXKEHOTO PE30HATOPIB
MOKa3aHo Ha puc. 2.4.

VY npaniii poGoti nmani cnektpockomii EIIP y HemepepBHOMY peXuMi Ta
PE30HATOPHOTO METOJIa OTPUMYBAIKCH y TeMIiepaTypHomy aianasoni Big 297 K o 5 K
Ha cnektpomeTpl Bruker ELEXSYS E580 y X-miana3zoHi 4acTtoT, 3 BUKOPUCTaHHSIM
peszonatopa ER 4122 SHQE SuperX High-Q (Q = 10000) 3 TE(;; Mmozoro.

Bumiproroun TemmnepatypHy 3aliexHiCTh 3cyBY pe3oHaHcHoi yactotu (6(T)) Ta
HBY Btpar (A(T)), MOXHa OLUHUTH TEeMIepaTypHy 3MIHY MpPOBIAHOCTI 3pa3Ka,
3aBaHTaXeHOro B pe3oHatop 3 TE(; Momoto, sk [28, 149, 159, 160]:

A(T)
@ 2

" ) (o)

o(T) = 2nv, &, (2.11)
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ne 6 = (vo—vy)/vg, Vo Ta V;, — 3HaUCHHSA PE30HAHCHOI YaCTOTH HEHABAHTAKEHOTO
pe30oHaTOpa Ta pe30HATOPA 13 3pa3KOM BiAMOBIIHO,
-1 -1 . .
A=Q, +Q, *, Qy 1 Q, — 3HaueHHSA JIOOPOTHOCTI HEHABAaHTAKECHOIO Ta

HaBaHTa)XEHOT'O 3pa3KoM pe30HaTOpa BIAIOBIIHO,
_12 CD . .
& = 8,854-10 — — JIEJIEKTPUYHA IPOHUKHICTH BaKyyMmy,
M

a — xoedimiedT 3amoBHeHHs (Wi pexumy TEg, a = 2Vs/V., ne V¢ — 06’em

3paska, V; — 00’eM MOPOKHUHU PE30HATOPA),

N = — % — dakTop Aenoaspu3ali.

T

BinonTa
MOTYKHICTh
HBY

V—

' -— Av

!
v res

[TopoxHil pe3oHaTop Pe3oHarop 31 3pazkoM

Pucynox 2.4 — JIns pe3oHaTopa 3i 3pa3koM BiIOYBA€ThCS 3CYB PE30HAHCHOT
YaCTOTH Ta PO3IIMPEHHS CUTHATY: BrOPi — CXeMaTUYHO, BHU3Y — 300paKeHHS,

OTpHUMAHC I pCaJIbHOI'O 3Ppa3Ka
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2.3.5. EnekTpMYHO-1€TeKTOBAHMI MATHITHUI pe30HaHC

Enextpuuno-nerektoBanuit marnitHuid pesonanc (EJIMP, anrn. Electrically
Detected Magnetic Resonance (EDPR)) € metonom, mo noeanye npunnunu EINTP Ta
BUMIPIOBAHHS E€JEKTPUYHUX BIIACTUBOCTEM MarepianiB. OCHOBOIO METOJy € 3MiHa
MIPOBITHOCTI, JIIOMIHECIIECHIIi, (DOTOMPOBITHOCTI, €MHOCTI ab0 IHIIMX EJICKTPUIHHUX
napaMeTpiB MaTepiany IiJ BIJIMBOM PE30HAHCHOI B3a€MOJIIi €JIEeKTPOHHMX CIIIHIB 13
30BHIIITHIM MarHiTHUM 1ojeM [142].

Meton EJIMP 6a3yeTbcst Ha sIBHIII, KOJIM €JICKTPOHHI CHIHU y TapaMarHiTHUX
IEHTpax, MiJ JI€0 30BHINIHBOIO MATHITHOTO TOJIsl, MOTJIMHAIOTh MIKPOXBUIIBOBY
CHEprilo Ha pe30HaHCHIN 4dactoTi. Ll B3aeMojis 3MiHIOE JIOKAJbHUI CTaH CHIHOBOI
CUCTEMH, 1110, Y CBOIO UepPTy, BIUTMBAE HA €JIEKTPOHHI ITpoliecu y maTepiani. Hampukian,
y HamiBIPOBIJHUKAX L€ MOXE MPU3BOJUTH A0 3MIHM PEKOMOIHAIi HOCIiB 3apsy abo
Moaudikaiii KOHIEHTpAIlli eJNeKTPOHIB y TMacTKax, M0 BiJoOpaxaeTbcs Ha
€JEKTPUYHUX XapakTepucTukax [161].

Meron EJIMP noxoauts Bin EIIP, ane iloro cxema BHUSIBICHHS BIJIPI3HSIETHCS:
CIIH-3aJICKHI MPOIECH KOHTPOJIIOIOTHCS Yepe3 3MiHy CTpyMy a00 HaNpyrw MPUCTPOO
NiJ BIUIMBOM MIKpOXBHJIBOBOro 30ymxkeHHsa [162, 163, 164]. Ha puc. 2.5 noka3zaHo
BIAMIHHOCTI Mk MexaHi3mamu BusBiaeHHS EITP ta EJIMP.

B EIIP nmepexomu M piBHSIMH CIIIHOBOI €HEPTii €IEKTPOHIB BUMIPIOIOTHCS SIK
MIKPOXBHJIBOBE MOTJIMHAHHS, KOJIM BUKOHYETbCS yMoBa pe3oHaHcy (2.5). B EJIMP mi
MEepPeXOaN CIOCTEPIraroThCA K 3MiHA €JIEKTPONMPOBITHOCTI 3pa3ka. [IpuumHamu Takoi
3MIHM € CIIIH-3QJIEKHI TPOLIECH, Takl K pEeKOMOIHaIlisl, TYHEIOBaHHS a00 CTpUOOK
[162, 163].

Meton EJIMP BUKOpUCTOBYETHCS JIST TOCITIKEHHS:

- HaniBnpoBigHUKIB, 30KpeMa 1ePEKTIB Y KPUCTAIIYHIA PEUIiTI, HAPUKIAd, Y
KpeMHii uu okcuiax metaii [161].

- OpraHiyHUX COHSYHHUX €JIEMEHTIB JUIs aHami3y MpOoIeciB TeHepaii Ta

TICPEHECCHHS 3apsiy.
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- MarepiainiB 3 BUCOKUM piBHEM MPOBIAHOCTI, A€ knacuunuii EITP mae oOmexeny

YYTJIMBICTh Yepe3 3HAYHE YIIUPEHHS JIiHIHN.
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Pucynox 2.5 — BigMiHHICTh M’k OCHOBHUMHU TIpUHIMNamMu aetektyBanHs EITP ta

EJIMP, na puc. «3I1» — 30Ha npoBigHocTi, «B3» — BaieHTHA 30Ha.
a — EIIP: nepexia Mi>k eHEpreTHYHUMHU PIBHAMU B 3pa3Ky BHACIIJIOK YMOBH
pe3oHaHcy (2.5) crocTepiraeTbes K MIKpOXBHIJIBOBE MOTJIMHAHHS 3Pa3Ka;
6 — EIIMP: MikpoXBHJIbOBE ONPOMIHEHHS IEPEBEPTAE CITIH HECTIAPEHOTO
€JICKTPOHA B LIEHTP1 AePeKTy (LIEHTP1 peKOMOiHaIliT), BIIOYBAEThCS CHIH-3aJICKHUI
mpoiiec. Y pe3ysbTati 32 YMOBU PE30HAHCY (2.5) CIIOCTEPIraeThesl 3MiHaA CTPYMY 3pa3Ka

(Oorcepeno. [164])

Meronx 0coOMMBO KOPUCHUM JUIsl aHAJi3y HAaIiBIPOBIIHUKIB, OPTaHIYHHUX

MOJIEKYJI 1 MaTepiaiiB 13 HU3bKOIO KOHILEHTpali€to crniHoBux 1eHTpiB. EJIMP no3Boiisie

BUSIBUTM MArHITHI JMIMOJbHI TEpPeXOAM MapaMarHiTHUX JAePEeKTIB 3a 3MIHOIO

Uepe3 BaxJIMBICTh TOYKOBUX JE(PEKTIB 1 JOMIIMIOK Yy

MPOBIAHOCTI  3pa3ka.
HaIIBIPOBIJHUKOBUX TMPUCTPOSIX BUSBJIEHHS €JIEKTPUYHOI MPOBITHOCTI € KpaluM 3a

BHSBJICHHSI MIKpOXBUJILOBOTO IMOrIMHAHHA [29, 161, 165].
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[TopiBusiao 3 EINP moHa BuaiinTu aeski nepesaru meroay EJIMP:

1. Buma 49yTnuBICTh: KOHIEHTpalisi MAEPEeKTIB y Cy4yaCHHUX MPHUCTPOSX €
HemocTaTHbOI i 3Bu4aiHoro EIIP 1 EJIMP 3pmatHuii BUSBISTH HaBITh HEBEIHKI
KOHIIeHTpalii JnedekTiB abo mapaMarHiTHUX [EHTPIB 3aBIASKH  EJIEKTPUYHOMY
nigcuiienHo curHainy. EJIMP no3Bonsie geTekTyBaTH 10 10%-10° rapaMarHiTHUX
neHtpi, tTomi sk EIP morpebye 10" [164, 165]. Ockinbku HpHYMHAMHE 3MiHH
CJICKTPUYHUX IMapaMeTpiB MaTepialy I BIUIMBOM PE30HAHCHOI B3a€EMOJIii CHIHIB 13
MarHiTHUM TI0JIEM € CITiH-3aJIC)KHI MPOIIECH, TakKi K PeKOMOIHAIlis, TyHEIIOBaHHS ab0
CTpUOOK, TOOTO TPAHCIIOPTHI MEXaHI3MHU, SIKI 0a3ylOThCsl Ha MpaBHJIax BIAOOPY CITIHIB.
to EJIMP, Ha BimMiny Big EINP, € uyTnuBUM 10 IUX MPOIECIB, IX MOXKHA AOCIIIKYBAaTH
3a goromorow EJIMP.

2. MoXIUBICTh JOKaIi3yBaTH: METOJ J03BOJSIE OTPUMYBATH 1H(OpMAIlito Tpo
B3a€MO/III CIIHIB Y MEKax BUIUICHUX JIOKAIbHUX o0sactei Marepiany [166, 167].

3. Inrerpamis 3 iHmmMu Merogamu: EJIMP MoxHa moegHyBaTH 3 MeTOAaMU
€JIEKTPUYHOI CIIEKTPOCKOITIi, 1110 JJa€ 3MOry OTPUMYBATH KOMILJIEKCHY 1H(QOpPMALIIIO PO
CTPYKTYpY ¥ BIacTUBOCTI MaTepiamis [168].

EJIMP wmae 3HayHUi NOTEHILIa] s BUBYEHHS BYIJIELIEMICTKHMX MaTepialiB,
Takux SK rpaden, amopdHi BYIJIENEeBl TUIBKA YM OPTaHIYHI MOJEKYJISIPHI CHCTEMHU,
OCKUTBKM 11l MaTepiajii 4acTO JEMOHCTPYIOTh CKIIAJIHYy EJIEKTPOHHY CTPYKTYpy Ta

HU3BbKUU PIBEHb CIIHOBUX CUTHAIIB y KjnacuuHux EITP-excnepumenTax.
2.4. OcHoBHi napamerpu cnexkrpa EITP

2.4.1. ®opma Jainii EITP

Xoya 3riJHO 3 OCHOBHUM pIBHSHHSIM PE30HAHCY NOIJIMHAHHS BiAOyBaeThCs
TITBKH TPU PIBHOCTI €HEPrii Majaroyoro KBaHTA PI3HUIN EHEPriii MiX pIBHIMHU
HeclmapeHux eJeKTpoHiB, crnekTp EIIP e Oe3nepepBHUM B OKOJII TOYKU PE30OHAHCY.
®yukis, mo onucye curnan EINP, nasuBaetwhes dynkiiero dhopmu ninii. dopma minii

BiloOpaXkae po3IOIiI eHeprii MiXK cTaHaMU, IO B3a€EMOIIOTH 13 30BHIIIHIM MarHiTHUM
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nosieM. Bona onucyetscst pynkuismu Jlopenua, ['aycca ta [aticona. Koxxna 3 Hux mae
cnernugiyHy MPUPOIY Ta 3aCTOCOBYETHCS B 3AJICIKHOCTI BiJl yMOB €KCIIEPUMEHTY.
@®opma JlopeHna omwmcye JiHI{, MHUPHUHA SKAX BHU3HAYAETHCS OJHOPIIHUMHU
MeXaHi3MaMH YIIUPEHHs, TAKUMH SIK B3a€EMO/IIsI CITiHIB 31 CTATUYHUM MarHiTHUM TOJIEM.
BoHa BHKOPHCTOBYETHCS, KOJIM BHECOK HEOMHOPITHOTO YIIUPEHHS (HAIPUKIA,
BUKJIMKAHOTO JedeKTaMH B KpPUCTAIYHIN CTPYKTypi) MiHIManbHuM. Haituacrimre,
¢ynkmiero JlopeHlla OMHUCYIOTbCA BY3bKI KpPWBI TOTJIMHAHHS B 130TPOMHHUX
Cepe/IOBUINAX, TaKWX SAK PpO3BEACHI PO3YMHM, DIIUHH, KOJIM MOXKHA 3HEXTYBaTH

B3a€MO/IIE€I0 MK MapaMarHiTHUMU YacTUHKaMu. DyHkiis Mae Bursia (Ha ocHOB1 [169,

c. 45]):

-1
(B—By)?
AB12 )

2

F,(B)=F,,|1+ (2.12)

ne Fi o — QyHKIis KpUBOi NOTJIMHAHHS Yy TOYLl pE30HAHCY, By — 3HaUeHHS MOJIsl y TOYI

pe3oHaHcy, AB1 — mupuHa CUTHAJIYy Ha TOJIOBMHI BUCOTU. AHAJIOTIYHI MO3HAYEHHS
2

BUKOPUCTOBYIOTHCS JIJII KPUBOi MOTJMHAHHS, 10 omucyeThess ¢yHKIiEw [aycca (Ha

ocHoOBi [169, c.45]):

In2(B—By)?

ABlz
2

F;(B) = F;yexp (2.13)

layccoBa dyHKIS BimoOpakae pO3MOAUI, IO BHHUKAE YEpe3 HEOTHOPIIHE
VIIUPEHHS, HAMpPUKIAJ], BHACIIIOK CTPYKTYpHHX JAedeKTiB y TBEepAMX Tiutax abo
Bapiallii JOKaJbHOTr0 MarHiTHoro noJjsi. L{st dopma gacTo 3ycTpiuaeTbes y MaTepianax i3
clibHOIO aHizoTpomieto. TobTo dynkuisa 'aycca € ormnatodoro cnektpa EINP, skmio
MDK MapaMarHiTHUMU YacTHMHKaMHU ICHye B3aeMofis. BpaxoByBatu ¢opmy JiHii
0COOJMBO BAXKIMBO IPHW BU3HAYCHHI IUIOIII ITiJI KPHBOIO IOINIMHAHHA. SIK BHUAHO 3

HaBeJleHUX BuIe Gpopmyn y JlopeHIiesiii JiHIT O1IbIT TOBUIHHE CIIAAHHS ¥ BiIMTOBITHO
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MIUPII KPWJia, [0 MOXKE JaBaTH 3HAYHy TNOXWMOKY TpPU IHTETPYBaHHI CIEKTpa.

["ayccoBuii mpodias 4acTO BHHHUKAE B MOPOIIKOMOAIOHMX 3pa3zkax abo y BUMAIKax,

KOJIM HEOHOPITHOCTI 3HAYHO NEPEBUILYIOTH OJTHOPIIHI MEXaH13MHU yiupeHHs [169].
[lepmi moximni ¢yskmiii Jlopenma ta ['ayca BiAMOBIAHO MalTh BUTIAL (Ha

ocHOBI [169, c.46]), 30epexkeHo Ti K MO3HAYEHHS, 1110 B PiBHIHHSAX (2.12), (2.13):

2AB1/22(B—B0)

FL,(B) = —Fp 2 (2.14)
[A312+(B—BO)2]
2
' 2in2(B-B In2(B—By)?
Fe'(B) = —Fgo =z exp | — 72252 (2.15)

2 2

®opma Jlaiicona 3ycTpidaeTbcsi 3HaA4HO piamie, HiX JlopenueBa ta ["aycoBa
KpuBi. BoHa XapakrepHa Il CHUCTEM, y SIKMX €JIEKTPOHHUH CIIH B3aeEMOJIE 3
MPOBIIHUMH  €JIEKTPOHAMM, HANPUKIAL, y MeTaJlaX YW HaliBOpoBiIHUKaX. Bona
BPaxOBY€ ACHMETPII0 MPOQUII0 Yepe3 MArHiTHY IHAYKLII0, CTBOPEHY LUPKYJIALIE0
€JICKTPOHIB, TOMY 3a3BUYail crioctepiraethesi, koiau HBY BunpominioBaHHs B3aEMOJIIE 3
PYXOMUMHU HOCIIMH 3apsly BcepeauHi ckiH-mapy. Dyskiis JlaiicoHa 3amaeTses y

BUTJISA/I (BUKOPUCTAHO Ti 5K MO3Ha4YeHHs, 110 B (2.12 —2.15) [170]:

ABlz

_ 5 a(B—Bo)
Fp(B) = AB1*+(B—Bo)? = AB1”+(B—Bo)¥
2 2

(2.16)

TYyT @ = tg@ — mapaMmeTp acuMeTpli — BIIHOIIEHHS AUCIEPCii A0 MOTIWHAHHA (@ —
(ba3oBuil 3cyB MIKPOXBUIILOBOTO MAarHiTHOrO MOJIA B 3pa3Ky IUIIBKH, 1O € Pe3yJIbTaTOM
CKIH-€(DEKTy B METAJIEBUX 3pa3Kax).

Takox BapTO 3a3HAYUTH, LI0 B NPOLECAX, KOJIU OJHOYACHO BPAXOBYHOTHCS
epeKTH SK JOIUIEPIBCHKOTO (TayCIBCHKOTO) PpO3IIUPEHHS, TakK 1 MPUPOJAHOIO
(JIOPEHIIIBCBKOTO) PO3IIUPEHHS CHIEKTpaJdbHUX JIiHIM, KpuBa morimHaHHs EITP

OMMHCYETHCS TakK 3BaHOO JiHiero Dotirta. [lg miHis € 3roptkoro minii Jlopenia ta ['ayca
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1 71 HEMOXKJIMBO BUPA3UTH aHAJITHUHOIO Qopmyior. Bona Moxe OyTu anpokcumMoBaHa
JiHIAHOIO KOMOIHAII€I0 JIOPEHLIaH 1 TaycciB, Tak 3BaHOi mceBao-¢yHkKIii doiirra.
Yacrto BukopucToByeThes s aHamizy EIIP curnaniB y cucrtemax, 1o MarTh IIUPOKUMA
PO3MOMALT JOKATHHUX MAarHITHHX IOJIB, HAIPUKIIAA, B METAJIOOPTaHIYHUX KOMITJIEKCAX

a0o0 CIIIHOBHUX CKJISHUX cucTeMax [133, 141, 143, 171].

2.4.2. lllupuna aiuii EITP

Mupuna miHIT € KIOYOBMM MapaMeTpoM, IO J03BOJISIE aHANI3yBaTH CIIHOBY
JTUHAMIKY, TUT AePEeKTIB y Marepianax 1 MPUPOIY JOKAIbHUX B3a€MOJIM, 30KpeMa y
BYTJIELIEMICTKUX CTpyKTypax [129, 131, 133, 169, 172].

upuna ninii EIIP BHU3HawaeThbcs mpoliecaMH pejlakcallii CHiHOBOI CHUCTEMHU.
Bona moB’s3aHa 13 TPUBAIICTIO 4Yacy, MPOTITOM SIKOTO CIIHOBa cUcTema 30epirae
KOT€PEHTHICTb, a TAKOXK 13 B3a€EMOAISIMA MarHiTHOrO MOMEHTY €J€KTPOHA 3 MAarHiTHUMH
MOMEHTAaMHU HAaBKOJIMIIHIX sifiep (rpaTku) (CHIH-IpaTKOBa B3a€EMOJIi) Ta EJIEKTPOHIB
(cin-criHoBa B3aemois). i B3aeMo/11i BUKIIMKAIOTh BTpATH €Heprii Ta Aeda3yBaHHs —
32 iX BIJCYTHOCTI €HEpris, MOTJIMHEHA eJNEeKTpPOHaMH, MPU3BOAWIA O 10 3HMKEHHS
PI3HUII 3aCEJICHOCTI PIBHIB Ta MPUIIMHEHHS norauHanHs [129, 172].

[To3asik, iICHYIOTh MPOLIECH, 110 HA3UBAIKOTHCA MPOIIECAMU PelaKkcallli, y XAl SIKUX
MOTJIMHEHA EJICKTPOMAarHiTHA €HEpris KBaHTa MEPENAEThCs IPaTii abo OTOUYYIOUUM
€JIEKTPOHAM, 1110 3yMOBJIIOE NTOBEPHEHHS €JIEKTPOHA HAa HIXKUYUN €HEepPreTUYHUN PiBEHb,
TOMY B EKCIIEPMMEHTI 3MiHU PI3HMII 3aCEJICHOCTI PIBHIB HE crocTepiraerbcs. Taki
MPOLIECH MIATPUMYIOTH TIOCTIMHY PI3HUITIO 3aCEICHOCTI eHEpreTHYHMX piBHIB. Toit yac,
SKUI €JIEKTPOH TMPOBOJIUTH HA BUIOMY EHEPreTUYHOMY pPiBHI, HA3UBAETHCS YaCOM
pemakcariii. BiagnoBigHo, MOYKHA BUAUIATH Yac CHIH-TPATKOBOI (T;) 1 CIIH-CIIHOBOI (T5)
penakcartii [129].

OpHi€o 3 TPUYMH YIIUPEHHS CMyT morivHaHHS B curHanax EIIP e xBuiboBi
BJIACTUBOCTI  €JIEMEHTApHUX  YaCTUHOK, SIKI MOXKHAa  ONUCATH  MPUHIIUIIOM

CIIBBITHOIIIEHHS HEBU3HaueHocTi ['elizeHOepra — YMM TOYHINIE 3aJlaHUM  Yac
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CIIOCTEpeXEeHHSI (YnM MeHie At), TUM OUIbIlIa HEBU3HAYCHICTh BEIMYMHHA EHEPTii

yactuHkd (AE) (Ha ocHoBi [169, c. 210]):
h
AEAt > —. (2.17)
2n

Axmo npuiiHATH, MO At — 1€ 4Yac penakcaiii, skui mo3Haunmo T, a AE

BU3HAYAETHCS 3a hopmyrnoro (2.3) (AE = gugAB), To oTpuMaemMo, 110

K1
2mgug T

AB =

(2.18)

CrnocrepexxyBaHHM yac penakcailii BBaXalOTh CYMOIO Yacy CHIH-PEIIITKOBOi Ta

CIIH-CITIHOBOT penakcartii [129, 131, 169, ¢. 212]:

h 1 h 2T1+7;

2mgup T 2mgup 2747,

AB =

(2.19)

BinbHi pagukany B po3uyMHax MaioTh T, >> T;, OTXKE IIMPUHA JIHIT 3a1eKaTuMe
MEePEeBAXXHO BiJI 4Yacy CIIIH-CHIHOBOI peJlakcalii T,, SKUW XapakTepu3ye IMPoIieC
nedazyBaHHsT MK ~ CIIHAMH, 3yMOBJICHUW CHIH-CIIIHOBUMM  B3a€EMOMISIMH  Ta
GbayKTyanisiMu JIOKaJbHOTO MarHiTHoOro modist [169]. Sk Buano 3 (2.17), 3MEHIICHHS T,
MPU3BOJAUTH JO0 3OUIBIICHHS IIMPUHU JiHII, 110 € XapakTepHUM MJIiS CHUCTEeM 13
CHJIBHUMH M1KCITIHOBUMH B3a€EMOIISIMHM Y 3HAYHUM MarHiTHUM Oe3naaom [169, 172].

«IIpuponne» ymupenns curtainy EIIP, 1o 3amexuTs BiJl 4acy CHiH-PEUIiTKOBOI
Ta CIIH-CIIHOBOI peNlakcalli — He €IMHUNA MEXaHI3M, 10 BIUIMBA€ HA IIUPUHY JiHIT
CUTHay. 3arajoMm, yIIMPEHHS MOKHA PO3AUIMTH Ha HEOTHOPIAHI Ta oxHOpiaHI [169].
Jlo dakTopiB HEOMHOPIAHOTO YIIUPEHHS BIMHOCATHCS HEOTHOPIHE MAarHITHE TOJIE,
aH3oTpornis g-hakropy Ta Hepo3auieHa ToHka cTpyktypa [169]. Jlo dakropis
OJTHOPITHOTO — JIUIIOJIb-AUIIONbHA B3a€MOJIis, CIIIHOBHUN OOMIH CJIEKTPOHIB Ta SACp

[169]. KopoTko po3risiHeMo jaesiki 3 paKkTopiB OJHOPITHUX Ta HEOJHOPITHUX YIIUPEHb.
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B ocHOBI AMMOB-AUIIONBHOT B3a€MO/IIT JIEKUTH B3a€MOJIiSI MAarHITHOTO MOMEHTY
HECTapeHOro €JNeKTPOHA 3 JIOKAJIbHMM MAarHiTHUM IIOJIEM, CTBOPIOBAHUM CYCIIHIMHU
CJICKTPOHAMHU Ta sAjpamMu. HampyXeHiCTh MarHiTHOTO TOJIA B TOYIl, J€ 3HAXOJIUTHCA
HECMapeHU eJEKTPOH, 3aJCKHUTh BIJl B3a€EMHOI Opi€HTAIli MarHiTHUX MOMECHTIB
HECITAPEHOr'0 EJICKTPOHA Ta IHIIOrO €JeKTpoHa abo sAapa Ta BIACTaHI MDK ITUMU
neHtpamu [169]. 3MiHa eHeprii HECMApEHOTO EJEKTPOHA BU3HAYAETHCS PIBHSIHHAIM

(2.1), po3nuiiemMo WOTO JCTANBHIIIE:
AE = hAv = guphB = gup— (3cos?0 — 1), (2.20)

Jie || — MarHiTHUM MOMEHT €JEKTpOHa, 0 — KyT MDX B3a€MOJIIOYUMH MarHiTHUMU
MOMEHTaMH, R — BiJicTaHb MIDK HUMH.

Buecok anizotpomnii g-dakropa B ymupenss jinii EIIP mos's3anuii 3 TuM, 110
OpOITAIbHUI pyX €JIEKTPOHA CTBOPIOE MArHiTHE IOJie, 3 SIKUM B3a€EMOJIIE CIIHOBUU
Mar”HiTHUH MOMeEHT. lle CcTBOprOo€ 3CyB BEIMYMHHM 30BHINIHHOTO TIIOJSA, 3a SIKOT
CIIOCTEPITAETHCSI PE30HAHC, TOOTO 3CYB MOIOXKeHHs MakcumyMy curHainy EITP. YV cBoro
Yyepry, Le MPOSIBISETbCS Y BIIAXWICHHI g-(hakTopa BUIBHOTO €JIEKTPOHA BiJl 3HAYEHHS
2,0023. 3 ixmoro 00Ky, BIUTUB OpOITaJILHOTO MArHiTHOTO TMOJISI HA €JIEKTPOH 3aJIeKUTh
BiJI Opi€HTAIlii MOJIGKYJH IO BIJHONIEHHIO 1O 30BHINIHBOI'O MAarHiTHOTO TIOJIS, IO
NPU3BOAUTH A0 ymupeHHs curHainy EIIP npu npoBeneHH! BUMIPIOBaHb y CUCTEMI, IO
CKJIaJIa€ThCs 3 O€3J11Ul XaOTUIHO OPI€EHTOBAaHUX MOJieKya [169].

Yuupennss curhany EINIP moxxe OyTu TmOB'sI3aHe TakoX 13 B3a€EMHUM
MIEPETBOPECHHSM JBOX MapaMarHiTHUX YaCTHUHOK. Tak, SIKIIO0 KOXHa 3 YaCTHHOK Mae€
cBiii cnektp EINIP, To 30inblIeHHs] MIBUAKOCTI B3a€EMHOTO MEPETBOPECHHS OJHA B OJHY
MPU3BOJUTUME JIO0 PO3MIMPEHHS JIiHIA, TaK SK IPH IIbOMY 3MCHIIYETHCS Yac KUTTS
paaukaiga B KOKHOMY cTaHl. Taka 3MiHa NMIMPUHU CUTHAITY HA3UBAETHCA AMHAMIYHUM
yIIMpeHHsIM curHaiy [133, 173].

CniHoBuil OOMIH € 1€ OJIHI€I0 MPUYMHOK yiupeHHs curHany OIIP. Mexanizm

PO3IIMPEHHS] CUTHAIY IPHU CIIHOBOMY OOMIiHI MOJSrae B 3MiHI HampsSMKY CIIHOBOTO
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Mar"HiTHOrO MOMEHTY €JIeKTPOHA Ha MPOTHJICKHE MPHU 3ITKHEHHI 3 1HIIMM HECHapeHUM
CJIEKTPOHOM a00 IHIIMM mapamMarHeTUKoM. OCKUTBKM TpU TakoMy 3ITKHEHHI
3MEHIIYETbCS Yac JKHUTTA €JeKTpOHa B JaHOMY cTaHi, TO 3HOBY curHain EIIP
ymproeThesi. HalGinpm vactum Bumnagakom yimpenHs jginii EITP Mmexanizmy criiHOBOTO
OOMIHY € pO3IIMPEHHsS CUTHAIY B MPHUCYTHICTh KHCHIO a00 IapaMarHiTHUX 10HIB

MetamiB [174].

2.4.3. InterpanbHa inTeHcuBHicTh JiHil EITP

[nterpanbua iHTeHcuBHICTh JiHIT EIIP € BaxiauBuM mapameTpoMm, 110
BijoOpakae KIJIbKICTh MapaMarHiTHUX LEHTPIB Yy JOCIII)KYBAaHOMY 3pa3Ky.
InutencuBHicTh niHii EIP BU3Hauae BIAHOCHY KUIBKICTh HECHAPEHUX EJIEKTPOHIB,
[0 B3Aa€EMOJIIOTH 13 30BHINIHIM MAarHiTHUM TOJIEM, 1 MpsSMO TPOIOpIiiHa
KOHIIEHTpAILIli [IUX €JIEKTPOHIB.

[nTerpanbHa I1HTEHCUBHICTh [, HAWOUIBII TOYHO BHU3HAYAETHCS YEpe3
IHTETpyBaHHs IUIONII MiJi KPUBOIO CUTHAIY IOIJIMHAHHS 3aJI€KHOCTI aMILNITyAu

curHaity A(B) Bing mar"iTHoro nosist B [169]:

I = [ A(B)dB. 2.21)

OueBUIHO, 110 JJIs TOTO, MO0 BCTAHOBUTH 1HTEHCUBHICTh MO KPUBINA MEPIIOT
MOX1JTHOT MOTJIMHAHHS, NOTPIOHO MPOBECTH ABA TaKUX IHTETPYBaHHS IMOCIIAOBHO.
SIkio 3ajaya mojsAra€ B TOMY, OO BCTAHOBUTH BIJTHOCHI 1HTEHCHUBHOCTI JBOX
JIHIA CHeKTpa 3 OJHAKOBMMHU (popMamMu Ta IMIUPUHAMHU, TO MOXKHA CKOPUCTATHCS
TUM (aKTOM, WO aMIUITyJAa MK MaKCUMyMaMH TIepIIOi TOXIJIHOI KpHUBOI
MOTJIMHAHHS MPOMOPIliHA THTEHCUBHOCTI. 3arajoM, HaBiTh SKIIO ITUPUHU JIHINA
pI3HATBCS, TO HAOIMKEHO MOXKHA BHU3HAYWMTH BIJHOCHY 1HTEHCHUBHICTH JiHII,

KOPHUCTYIOUHMCh BUpa3zom [169, c. 44]:

IiHTN Fr;lax (ABmax)Zf (2-22)
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ne E;, ,, — MOJIOBHHA aMILTITY AU MK TOYKaMH MakCUMyMYy, AB,,,, — IIUPHUHA JiHil

MIXK IIUMH K TOYKaMH (IUB. puc. 2.6).

18
E

1=
bo
|

B el NP P
e

2Fnax

PucyHok 2.6 — xpuBa nepuoi noxigHoi noriuHa"nHa JlopeHueBoi popMH JiHii
MOTJIMHAHHS, TTOKA3aHO aMILTITyy MK MakCUMyMamu 2F,, ,, Ta MUpUHY JiHii AB

Mix HUMHU (Oorcepeno: [169, c. 42])

OckibKu 1HTErpajbHa 1HTeHCUBHICTh JiHII EIIP nponopimiitHa KUIBKOCTI
MapaMarHiTHUX YaCcTHUHOK, $KI OepyTh ydacThb y PE30HAHCI, TO HEK MOXHAa
CKOPHUCTATUCS IS BU3HAYEHHS CIIHOBOI KOHUEHTpAl[li MapaMarHiTHUX LIEHTPIB Yy
JOCHiKyBaHIi peuoBuHi. s BumiptoBanHsx crektpiB EIIP Ha cmekTpomerpax

¢b1pmu BRUKER 3acTocoByroTh HacTynHuii Bupas [4]:

— IiHTV
57 Py BnQcS(S+D)np f (B1,Bm)’

(2.23)

ne V — 00’eM I0CIIKyBaHOTO 3pa3Ka,

P1, —3HaueHHsa noryxuHocTi HBY BUIIpOMIHIOBAHHS
/2 i

B,,, — 3HaYCHHS aMIUIITY 1 MOIYJIAIIIT,
Q — 106pOTHICTHL pe30HaTOpA,

¢ — KamOpyBajbHUHN (paKTOp pe3oHaTOopa,
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ng — MHOKHHK bonbiiMaHa,

f (B4, B,,) — naHi KaliOpOBKH pe30HaTOpa.

[HTEHCUBHICTh TaKOX TIPSIMO TIPOMOPIIMHO 3aJEKUTh BiJl MAarHiTHO1
CIIPUUHSTIMBOCTI 3pa3ka, TEMIIEpaTypy Ta MarHiTHUX BIIACTUBOCTEH CEpeOBHIIIA.
YV HaOaMKeHHI BUCOKOI TemiepaTypu iHTeHcuBHIcTh JiHIi EIIP, sk 1 MarxiTHa
CIIpUUHSTIUBICTh, TPSAMO MpOMOpLiiHa TemmepaTypi 3a 3akoHoMm Kropi [133,

c. 193]:

N
IiHT~ ey’
T

(2.24)
ne N — KOHIIeHTpallisl mapaMarHiTHUX IEeHTpiB, T — abcoitoTHA TemIiepaTypa.

OTxe, BUMIPIOBAHHS IHTErpajbHOI I1HTEHCHUBHOCTI Ja€ 3MOry HE JIHIIE
BU3HAUYUTH KOHIICHTPAI[II0 HECHApEHUX EJEKTPOHIB y 3pa3Ky, a ¥ oTpumaru

1H(pOpMAIIIIO PO MAarHiTHI B3aEMO/IIi B CUCTEML.

2.5. Cumyasuis cnexkrpis EIIP B Easyspin

Y pmanii  po6otTi cumynsmiro  cnektpiB  EINIP  Oyno mnpoBeneno 3
BUKOPHUCTAaHHAM mporpaMHoro moayis Easyspin cepenosuma MatlLab [171, 175].
Jlanuii mporpaMHH MOJYJb CHEIlaJbHO PO3POOJICHUIN Il CUMYJIALIl Ta aHajii3zy
cnektpiB EIIP mapamarHiTHUX HEHTPIB SIK y KPUCTAIIYHUX, TaK 1 B MOPOIIKOBUX
3pa3kax. BiH pgo3Bosisie oTpumyBaTH 1HGOpPMALIID PO CTPYKTYpPY, AHHAMIKY Ta
MarHiTH1 BJIACTUBOCTI MapaMarHiTHUX IIEHTPIB y Marepianax. Lleit Mmoxymnb 3a0e3neuye
BHUCOKY THYYKICTH Yy pOOOTI 3 PI3HMMH THIAMHU MAapaMarHIiTHUX LIEHTPIB 1 JTO3BOJISIE
e(eKTUBHO BHUKOPUCTOBYBaTHM cydacHi metoau crekrpockomii EIIP y HaykoBux
JOCTIIKEHHSX.

J1o ocHOBHUX MOXIMBOCTEN Easyspin BiTHOCSATHCS:

1. Cumysmsiris criektpiB EINP nnst pisHUX THIMIB mapamMarHiTHUX IIEHTPIB (BUIbHI
pagukany, mepexiiHi MeTand, JepexkTu B KpucTalax Toulo). BaxiauBo, 1o MoXHa

MOJICTIOBAaTH CIEKTPU SK JJIg CTAI[lOHApPHOTO, TaK 1 JJis IMIYJbCHUX PEXKHUMIB.
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[Iporpama miaTpumye pi3Hi aianazoHu yacTtoT (X-, Q-, W-giana3oHu TOIIO) Ta pi3Hi
MarHiTHi TOJIA.

2. PospaxyHok cmiHoBux ['aminbroHiaHiB — FEasySpin go3Bossie 3amaBaTu
napaMmeTpu criHoBoro [aminbroHiaHa, Taki Sk g-(pakTop, rimepdiHHa B3aeMomis,
HYJIbOBE PO3IICIUICHHS MOJIsA, 00epTalibHI MOJeNi, Ta 1HIII NapaMeTpH, IO OMHCYIOTh
MarHiTH1 BIACTUBOCTI CUCTEMHU.

3. Anami3 cnektpiB. [Iporpama n03BoJIsIE HE JUIE CHMYJIIOBAaTH CIEKTPH, ajie U
MIJTaHATH TEOPETHYHI MOJENI IiJI €KCIepUMEHTaIbHI JaHl HUISXOM BHKOPHUCTAHHS
METO/IB ONTHUMI3alli, TAKUX K IMOWIYK MIHIMyMYy pI3HHILI MK CUMYJbOBaHUM Ta

CKCIICPUMCHTAJILHUM CIICKTPaMH.
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BucHoBku 10 po3ainy 2

1. HaBemeno 3arampamii omuc wmetomy EIIP. MoxHa migkpeciautu, 1o
CJICKTPOHHUN MapaMarHiTHUA pE30HAHC € TMOTY)KHUM HEPYHHIBHUM METOJIOM JIJIst
JOCTI/PKEHHSI MAarHITHUX 1 €JIEKTPOHHMX BJIACTUBOCTEM MaTepiaiiB, OCOOJIMBO
BYTJICLIEBOMICTKUX, TakuX K DLC-1iBKH.

2. KopoTko pO3IISIHYyTO BIUIUB JOMIIIOK (JIETYBaHHS KpPEMHIEM, aproHOM,
HIKEJIEM Ta XpOMOM) Ha CTPYKTypy Ta MarHiTHi BractuBocTi DLC-miBOK, a Takox
IXHI} BIUIMB Ha CIIIBBIIHOIIECHHS spz/sp3-3B’${3KiB Ta OMVISIHYTO JOCHIIKEHHS IHOTO
BILIIMBY 3a jponomorotro merona EITP. Hapasi Hemae mitepaTypHux nanux monao EITP
nociikenas DLC mniBok, aeropanux Ge.

3. Posrmsuyro ¢dizuuni ocHoBu merony EIIP  (edpext 3eemana sk
(GyHIaAMEHTAIbHUIM MPUHLUIT) — PO3IICIUICHHS EHEPreTUYHUX pPIBHIB EJIIEKTPOHIB Yy
Mar"HiTHOMy  IOJII  3YMOBIIIOE  PE30HAHCHE  NOIIMHAHHA  MIKPOXBHJIBOBOTO
BUITPOMIHIOBaHHS.

4. Po3riasiHyTO MOHSATTS CIMIHOBOTO ['aMibTOHIaHA Ta HaBEIEHO MOro 3arajibHUi
BuJ. OmnmcaHo HOro CKJajoBi, 30KpeMa 3€€MaHIBCbKE PO3IICIUICHHS, PO3IIEIUICHHS
€JIEKTPOHHUX CTaHIB KPUCTAJIYHUM TIOJIEM, TINEPTOHHY B3a€EMOJII0, KBaAPYMHOJIbHI
edeKTH Ta 3eeMaHIBChKE PO3IICIIIICHHS SCPHUX PIBHIB.

5. BucBITIEHO eKcrnepuMeHTalbHI OCHOBH crekTpockomii EIIP. JlerampHo
OMKMCAHO OCHOBHI KOMIIOHEHTH CY4YacHOTO CIEKTPOMETpa, BKJIIOYAIOUM KpIOCTaT, Ta
HOTO pOJb Y AOCTIKCHHSIX.

6. PO3rissHyTO METOAM CTalllOHApHOTO Ta €XO-IAETEKTOBAHOTO (IMITYyJIBCHOTO)
EITP. HaBeneno mnepeBarm €XO0-IE€TEKTOBAHOTO METOAY. TakoX PO3IJISHYTO
MIKPOXBUJILOBUN PE30HATOPHHUN METOJ, SKUH JIO3BOJIIE OTPUMYBAaTH CIHEKTPU 3
BHCOKOIO PO3JUIBHOI 3JIaTHICTIO, JAa€ MOXJIMBICTh JCTAJIbHO JOCIIKYBAaTH
CTPYKTYpy Ta JAMHAMIKy CIIHOBHX CHCTEM Ta B3a€MOJIi MK crmiHamu. Mertoa
3aCTOCOBYETHCS K B CTalllOHAPHOMY, TakK 1 B iMmysscHoMy EITP.

7. BUCBITIIEGHO OCHOBHI €KCIEpUMEHTaJbHI Tnapamerpu cnektpa EIIP:

dbopMy JiHII MOrIMHAHHS, 11 IUPUHY Ta IHTErpajbHYy IHTEHCUBHICTh. PO3risiHyTO iX
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¢bi13uuHy mpUpoay Ta SKI MapaMeTpH MapaMarHiTHUX CUCTEM MO)Ke OyTH BH3HA4YeHO 3a
aHaJli30M €KCIIEPUMEHTAIFHUX MapaMeTpiB CIEKTpa.

8. 3aszHaueno, mo cumyisanilo cnekrpiB  EIIP Oyno mpoBeaeHo 3
BUKOPHUCTAHHAM TporpamHoro moxyis Easyspin cepemoBumia MatLab Ta po3riasiHyTO

HOro OCHOBHI MOKJIMBOCTI III0JI0 MOJICTIFOBAHHS CITEKTPIB.
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PO3/LTI 3
EJEKTPO®I3UYHI TA MATHITHI BIACTABOCTI
MOHOKPHUCTAJIIB 4H-SiC I3 PI3HOIO KOHIIEHTPALIICIO TOHOPIB
A30TY

3.1 Beryn

Koxen momitun SiC Mae yHiKaJbHI BIACTHUBOCTI, SIKI MOXKHA aJanTyBaTd IS
KOHKPETHUX 3acTocyBaHb. | ekcaronansuuii 4H momitun SiC € KpammM HIK TMOTITHITN
3C 1 6H 3 TOukM 30py 3aCTOCYBaHHS B MPHUCTPOSX BHCOKOi MOTYKHOCTI, BHCOKOI
HaIIPYT¥ Ta BUCOKOI YaCTOTH Yepe3 MOTro BUHITKOBI €JEKTPUYHI, TEIUIOBI T4 CTPYKTYPHI
BJIACTUBOCTI, Takl SIK OUIBII BUCOKI 3HAYEHHS HANpyru MpoOOro, TEIUIOMPOBIAHOCTI,
PYXJIUBICTH €JIEKTPOHIB, SIKICTh KpPHCTaJIa Ta MIKpIla 3a00poHeHa 30Ha [62 — 64], Brcoka
MEXaHIYHa MIIHICTh Ta CTIMKICTh 0 KOPO3li, BUHATKOBUM XIMIYHUW OIIp, HU3BKUU
KOe(]iIlieHT 3 TEIIOBOrO PO3IIMPEHHs, Ta BUCOKMM omip 10 pamiamii [176], mo nae
HIMPOKI MOXKJIMBOCTI IX BUKOPUCTAHHS B €KCTPEMAIbHUX YMOBAX.

A30T € nommpeHuM JOHOPOM it Beix nomiTuniB SiC il JOMiHYy€e B €1eKTPUYHHUX
BrnacTuBOCTAX SiC n-Tumy, KUl BUKOPUCTOBYETHCS SIK MIAKIAAKA JIJIT BUTOTOBJICHHS
MOTYKHUX €JIEKTPOHHUX NPUCTPOIB [177].

Honopu azoty (N) MaTh MIJKANA EHEPreTHYHUN pIBEHb 3ajsiTaHHS B
3a0opoHeHiit 30H1 SiC, 1 BOHM € OCHOBHOIO JOHOPHOIO Aomimikoro B SiC, sika MOXke
JaBaTU JTIOAATKOBUM €JEKTPOH Yy 30HY MPOBIJHOCTI, CHPUSIIOYM HOro MPOBIAHOCTI N-
tumny. Hanpukian, 3a 101oMororo JaHuX BUMIPIOBAHHS MPOBIAHOCTI Ta edekTy Xoia
B emiTakciitnux mapax 4H-SiC 3 HekomMneHCOBaHOIO KOHIIEHTpartliero 10HOpiB N Ny— N,
BIJ 310" em™® bi (o) 2:10" e OyJi0 OTpuMaHO 3Ha4YeHHs eHeprii akturaiii 40 — 65 meB
st joHopiB N Ha rexcaroHanmbHux («h»), Ny, 1 105 — 125 meB g nonopiB N Ha
KyO1uHux («k»), Ny, mozunisx [64, 178]. Hu3pka eHepris ioHi3alii 1oHOpiB N o3Hayae,
10 iX MOKHA JIETKO 10HI3yBaTH 3a HU3bKUX TEMIIEPaTyp, YTBOPIOIOYHN BUTbHI €JIEKTPOHU
B SiC. Kosnmenrtpariiss moHopiB N 3HA4YHO BIUIMBAE HA EJIEKTPOHHI Ta ONTUYHI

BracTuBocTI SiC. KoHTposbs koHIleHTpalii JoHOpiB N /1a€ 3MOry BUTOTOBUTH Matepial
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SiC 3 kpammmu XapakKTepUCTUKAMH JIsl KOHKPETHUX 3aCTOCYBaHb Y TaKUX MPHUCTPOSX,
AK  BHCOKOTEMIIEpaTypHa Ta TOTY)XHa CJIEKTpOHIKa, (OTOENEeKTpUIHA Ta
ONTOEJICKTPOHIKA [6 — 17].

A3zoT MoxHa jierko BBecTH B SiC 1i1 9ac pocTy 3a JOMIOMOTOI0 KOHTPOJIHOBAHOTO
MOTOKY ra3y N,, aje MOPIBHSHO 3 IHIIMMHU HaIiBIPOBITHUKAMHU, TAKUMHU SK KPEMHIM
abo anmas, y SiC ckimamaerbcs ckianHima curyaris. OcoOlMBO B T'eKcaroHaJbHUX
nomitunax, Takux sk 4H-SiC, MOXIHMBICTH AN JOMIIIKA a30Ty 3aiiMaTH pi3Hi
HEEKBIBAJICHTHI MICIlS BYIJICIIEBOI MiATPATKU MPU3BOAUTH J0 PI3HUX €HEpriil 10Hi3alii
JUUIs1 30Ty Ha TeKcaroHaabHiM, Ny, Ta kBa3ikyO1uHiid, Ny, Byriienesiit mo3unui [177].

CHekTpocKoIisi  eJIeKTPOHHOro mapamarHiTHoro pe3onancy (EIIP) sk vy
CTAI[lOHAPHOMY PEXKHUMI, TaK 1 B IMITYJIbCHOMY PEXKHMI € TMOTYXHUM, €(DEKTUBHUM 1
HEpPYWHIBHUM METOJOM JOCIIJKEHHS MArHITHUX MW €JIEKTPUYHHX OCOOJMBOCTEMN
noHOopiB azoty B SiC.

3rigHo 3 poboramu [177, 179, 180] cmexTpu CTallioOHapHOTO Ta IMITYJIBCHOTO
EIIP, Bumipsni 3a T = 4,2 — 40 K nna mnmactun 4H-Si1C 3 Ny — N, < 10" em,
XapaKTePU3YIOThCS TPhOMA TPUILIETAMH BHACIIZOK HAZTOHKOTO 3B 3Ky 3 sapamu "N
(I =1, 130TonHa nomupenicts 100%): Tpuruiet aiHii, mo BianoBigae Ny, TPUILIET JIiHii,
o Bignosigae Ny, Ta TpurieT Ny, 110 BUHUKAE 3aBASKH CITIHOBIA OOMIHHIM B3aeMoii
MK Ny, 1 Ny (muB. puc. 3.1 ta 3.2, 6). Sk BuruBae 3 puc. 3.2, 3a 7> 50 K, tpuruiern Ny,
1 Ny 3nukatote y cnektpi EIIP 4H-SiC 1 3’saBnsieThcs MMpOKaA JiHISA, aje JaeTalbHe
JIOCITIJIPKEHHST TEMITEpaTypHO1 3aJIEKHOCTI Ta TapaMeTpiB CIiHOBOTO ["amMinbTOHIaHA JJIst
I[LOTO TTAPAMarHITHOTO IIEHTPa MOMEePEIHIMU JOCTITHUKAMH He OyJIO TIPOBEICHO.

V maknankax 4H-SiC 3 Ny — N, Bix 10" bi (e} 10" cm? CIEKTPU CTAI[IOHAPHOTO
EIIP 3a T = 4,2 K numie TpurutetHi JiHii Ny 3aJMIIAI0THCS He3MIHHUMU (JIUB. pucC. 3.2,
a). JIinist Ny, moBHicTIO BiACYTHA. HaToMicTh 3’sBIII€ThCS IIMPOKA IHTEHCUBHA JIiHIS Ny
TOYHO B MOJIOXKeHHI HiHilt Ny y 3paskax 3 Ny — N, = 10'7 [177]. [TosiBy wiei inTeHCHBHOI
OJIMHOYHOI JIIHII IHTepIPETYyBaJi, 3p0OMBIIN BUCHOBOK, 1110 MOJI0KeHHs piBHS Depmi €
¢dikcoBaHMM Ha JIoHOpHOMY (+/0) eHepreTHYHOMY piBHI arperartiB J1Box (abo Oiiblie)
Nk TOHOPHHX TIEHTPIB MK PIBHSAMH €Heprii 130;boBaHMX Ny MoHOpiB. OJHAK HISKUX

TEMIIEpaTypHUX JOCHIPKEHb LbOr0 MNapaMarHiTHOro LEHTPY He npoBojuwioca. Y
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maknaakax 4H-SiC 3 Ng— N, =~ 10" CM'3, 3a T'="7— 140 K Oyna BusiBJieHa acCUMETpUYIHA

nariconiBcbka niHiA EIIP BHAcmigok oOMIHHOT B3aeMoali MK JIOKaJi30BaHUMH

CJICKTPOHAMH Ta EJICKTPOHAMH MpoBigHOCTI [181].

UNe e i

!
4.2 K

SO0K

60 K

80K

r\f
30K L//\ﬁ X10
«/\/Aﬁ

Nx

!

X10

X30

X100

333 335 337

339 341 343

MarHiTHe moie, M1

Puc. 3.1 — Cnekrpu EIIP 4H-SiC, nerosanoro N, s B ||C, BuMipsiHi ipu

Vepr = 9,5 I'T'm nuist 3pa3ka BuporieHoro moaudikoBanum meroaom Jlemi (N; — N, =

1018 cm™3). Curnan € naiicunsaimmm 3a T = 4,2 K (docepeno: [177])

Takum gwmHOM, mipupoma oxauHodHuX iHIA EIIP, mo BuHUKaIOTH

y

MoHokpuctasiax 4H-SiC 3 pi3HMMH KOHLEHTpauisMu JoHOpiB N, He Oyla BU3HAYeHa

BIJIMOBITHO JI0 €JEKTPUYHHUX 1 MArHITHUX BJIACTUBOCTEH IILOTO Marepiainy. Y IbOMY

O3l AMCepTalIiHOT POOOTH TOCHIIKYIOThCS €JIEKTPOHHI Ta MAarHiTHI BIACTUBOCTI S-

JiHI, sKa 3’sBWJIAacS dYepe3 OOMIHHO-3B’s3aHI JIOKAJI30BaHI Ta HEJIOKaIi30BaH1

enekTponn B MoHOKpuctanax 4H-SiC 3 pi3HUMH KOHIIEHTpalisiMu JOHOPIB N y

HIMPOKOMY J1ala30H1 TeMIeparyp, BUKOPUCTOBYIOUM O0€3KOHTAKTHUNA MIKPOXBUILOBUI
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pe3oHatopHuid MeTon Ta cnektpockomito EIIP B cramioHapHOMy Ta IMITyJIbCHOMY

peXKUMAX.

] ' 1 T

4984 4986 4088 4990 4992
MarHiTtHe one, M1

Puc. 3.2 — Cnekrpu EIIP 4H-S1C nns §| |¢ Bumipsni npu Vgpg = 140 I'Tn i
T=4,2 K. a — Tunoswuii cuextp, Bumipsauii aiia 4H-SiC, supouienoro npu T= 2200° C
CCM i momudixosanum metogom Jlem (N; — N, = 1018 cm™3), 6 — tunosuii criektp,
Bumipstauit 17151 4H-SiC, Bupomenoro pu T <2000° C CCM 1 PVT (N; — N, =
1017 ecm™3) (0arcepeno: [177])

3.2 Marepiaju Ta MeTOAH

Momnokpuctaniuti 3pa3ku 4H-SiC 3 KOHIIEHTpaIli€l0 HEKOMIIEHCOBAHUX JIOHOPIB
asory Ng — N,~ 10" cm” 6yn0 BupomeHo cybriMauiiiauM cenmsiu-metomoMm [182].
Mowoxkpucraniuni 3pasku 4H-SiC 3 Ny— N, ~ 510" - 5:10" cm™ 6yno Bupoueno 3a
J0noMoror0 MoaudikoBanoro Mmerosa Jlemi [183].

HocnimxenHss metogom EIIP y cramionapnomy pexumi 3paskiB 4H-Si1C 3 Ny —
N,~ 510" = 5:10" cM™, MikpOXBHUIILOBHM PE30HATOPHHM MeTONOM Yy 3paskax 4H-SiC 3
Ny— N, ~ 10" - 510" cm™ Ta exo-nerexkroBanum EITP y 4H-SiC 3 Ny — N, = 10" em™
Oynu npoBeneHi Ha criekTpoMmeTpi Bruker ELEXSYS ES80 X-nianazony qJOBXUH XBUJIb

(vp ~ 9,4 TTu). Hocmimxenuss metonom cramionapHoro EITP Ta mikpoxBuiboBUM
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PE30HATOPHUM METOJIOM MPOBOIMINCA B Aiana3zoHi temmeparyp Bix 4,2 K 1o 300 K i3
3aCTOCYBaHHAM ITiHIpuuHOTO pe3oHatopa Bruker ER 4122 SHQE SuperX High-Q 3
Monot0 TEg;; 3 BUKOpHUCTaHHSAM IIOTOKOBOTO rejieBoro kpioctatry ER 4112HV vy
HIUPOKOMY TEMIIEpaTypPHOMY 1HTEpBAJIL. BuxopucroByBanucs HACTYIIHI
eKCTiepruMeHTalIbHI TapaMeTpu: piBeHb HBY noTyxHocTi OyB BcTaHoBIeHHM Ha 0,4743
MBT, gactora moayssii 6yna 100 xI'm, amrurityna moayssiii Oyia BcraHoBjaeHa Ha 0,5
— 1,0 mTa (3anexxno Bin mmmpunu niHii EINP), yac neperBopenns — 70 Mc, cekTpajibHa
posnuibHa 3aaTHiCT — 2048 Touok. 3pasku 4H-SiC mowmimanu Ha CTPUKEHb 3
TUTABJIEHOTO KBapIly AiaMeTpoM 4 MM. Y SKOCTI €TaJIOHHOTO 3pa3Ky BUKOPHCTOBYBAIU
BUTbHUN pagukan 1,l-nudenin-2-nikpunrigpasun (g =2,0036). 3naueHHss koedilieHTa
no0poTHOCTI (Q-hakropa) 1l HEHABaHTAKEHOTO Ta HABAHTAXKEHOTO pe3oHaTopa OyIiio
BUMIPSHO, Koiu piBeHb HBY notyxHocti 0yB BctanoBienuii Ha 0,07518 mBt (33 ab).

BumiproBanns 3paskis 4H-SiC 3 Ng— N,~ 10" cm™ metonom cranionapaoro EITP
y X-miana3oHi xBuib (vp ~ 9,6 I'T'n) npoBoaunu Ha cnektpomerpi Bruker EMX EPR,
obnmagnanomy kpioctatom ESR 900 He Bigx Oxford Instruments. Cnektpu
crauionapHoro EIIP BumiproBaiuche 13 3aCTOCYyBaHHSAM HOJBIHHOTO NPSIMOKYTHOIO
pesonaropa ER 4105DR 3 TE o4 MOI0I0, BHKOPUCTOBYIOUM €TaJOHHUH 3pa30K
yIbTpaMapuHy SK CTaHAApPT IHTEHCUBHOCTI. EKcrnepuMeHTanbHI mapaMerpu Oyiu
HactynHumu: piBenb HBY motyxkuocti = 0,1517 mBt, cnekrpanbha posmaiabHa
3natHicTh = 2048 Touok, wacrtora monyisauii = 100 k[, ammuityna mMomymsimii =
0,2 MT, crana ygacy = 40,96 mc, a yac neperBopenHsi = 120 mc. Jlns BuUMIprOBaHHS
MIKpDOXBUJIBOBUM  pPE30HATOPHUM  METOJAOM  BHUKOPHCTOBYBABCS  PE30HATOp 13
HAJ[BUCOKOIO JOOpOTHICTIO. 3HaueHHs1 QO-(hakTopy Oyiu BUMIpsiHI, Koau piBeHb HBYU
NOTY>XHOCTI OyB BcTaHoBieHuit Ha 0,6325 MBT (25 nb).

TemneparypHa 3anexHicte crnektpiB EJ[ EIIP BuBYamach 3 BUKOPUCTAHHSIM
pesonatopa EN 4118X-MDS5, obnagnanoro kpioctarom ER 4118CF. Cnextpu E/] EITP
OyaM OTpHMaH1 3 BUKOPHUCTAHHSM JBOIMITYJIbCHOI MOCIIJIOBHOCTI €x0 XaHa: 772 — 7—

T— T— €X0 3 TpuBaioCcTsIMU My bCiB: 772 = 100 He, 7 = 1200 He, 7 =200 Hc.
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[Tapamerpu cnektpiB EIIP mapamaraiTHux meHTpiB y MOHOKpucTamiyHoMy 4H-
SiC ananmizyBayii 3 BAKOPUCTaHHSAM CIIHOBOTO ['aminbToHiaHa (2.9).

Jlnisa kyOi4HOi CHCTEMH 3 BICCIO CHUMETpii #-TO MopsAnaky (n = 3) mpu B || [001]
CHMETpIiA g-TEH30pa 0CboBa 1 g1 = g|, a g&» = g3 = g1, 4 BIANOBIIHUI TE€H30p HaATOHKO]
B3a€MOJII y IIbOMY BHIIAJIKy 3aHCy€eThCs SK: Ay = a; + 2D 1 A,= a; — b (a — xoHCTaHTa
130TpONHOI HAATOHKOI B3a€MOAII /-ro atoma, b, — KOHCTaHTa aHI30TPOMHOI HAJTOHKOI
B3a€MOIii /-T0 aToMa).

Jnst mapamaruitHoro ueHtpy 3 S= 1/2 ta [ =0, B piBHaHHI (2.9) crixa
BpaxoByBaTH nuiie H; Ta Hs, i B TakoMy Bumajky Oyje BHSBICHA OJWHOYHA JiHisA B
cunektpi EIIP. Jlns mapamarditHoro neHtpy 3 S=1/2 ta I =1 B piBHsHHI (2.9) cnia
BpaxoByBaTH noaaHKN Hs, Ha,, H., 1a H,, ., i B ciektpi EIIP criocTepiraeTbcs TPUILIET
(21 + 1 = 3 minii). i mapaMarHiTHOrO HEHTPY, o Mae S =1 ta /=1, BpaxoByIOTbCS
BC1 WJIEHH CIIHOBOTO ['amisibTOHIaHa B piBHSIHHI (2.9) ¥ ciocTepiraloThbes iBa TPUILIIETH
B criekTpi EITP.

[lepma moxigHa acumerpuuHoi Gopmu miHii [lalicoHa, 10 XapaKTepu3yeThCs
KOMIIOHEHTaMHU JucHepcii Ta MOTJMHAHHA, Oylia MiJirHaHa 10 €KCIEePUMEHTaIbHUX
CIEKTPIB 3a IonoMoroto nporpamboro nakera Matlab R2017a (MathWorks®, CILIA) 3a
HACTYTHUM BHUPa30M, MPUITYCKAIOYH, 0 CKIH-IIAP YTBOPEHO HA TUIOCKINA TJIACTHUHI

toBiuHOIO 2d [184, 185]:

2
Z_ZIBZA 2x >+D ! x2 5
2
(1+x ) (1+x ) ’ 3. 1)
_ sinh p+sinp N 1+ coshcos p D= sinh p —sin p N sinh psin p
2p(cosh p+cos p)  (cosh p+cos p)* 2p(cosh p+cos p) (cosh p+cos p)° (3.2)
e x = 2BBo) gt _ MIMPUHA JIOPEHIIIBCHKOT JIHIT BiJ MIKy 10 MKy, P = 2d/

V3ABg,® ’ &

’ 2 . .
6= |[—— — TOBOIMHA CKIH-IOApy, V;, — 3HA4YCHHA PCE30OHAHCHO1 YaCTOTH MIJIA

UoVLOAC
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3aBaHTaXEHOr0 3pa3KOM pE30HATOpa, Ljy — BaKyyMHAa MAarHiTHa MPOHUKHICTb, Oyc —
BJJaCHA TIPOBIJIHICTH 3MIHHOTO cTpyMy. Koedimieatn A 1 D moB’s3aHl 31
CHIBBIHOIIEHHAM acumeTpii miHiA [laiicona A/B sk A/B=1+1,5-D/A, mo ¢
IPOMOPIIHHOIO 10 MPOBIAHOCTI 3MiHHOTO cTpyMmy [186 — 188]. Bunanok, xonu D/4 =0
1 A/B = 1 BinnoBigae cumeTpudHii popmi aiHii Jlopenna.

Hst monemoBanHs crnektpiB EIIP Bim nokamizoBanux moHOpiB N, Oyio
BUKOPUCTAaHO (YyHKIIO «pepper» 3 1HCTpyMeHTiB Easyspin 5.2.28 [175] 3
BUKOPHUCTAaHHAM cHiHOBOro ['aminpToHiaHa 3 piBHsAHHA (2.9). TemmepaTypHi 3MiHH
CIOPUMHATIMBOCTI 0 CIiHY Ta MAroHKy mupunu diHii EIIP go Teopii Oyno npoBeaeHo

B OriginPro 8 (OriginLab, CIIIA).
3.3 ExciepuMeHTAJIbHI pe3yJIbTaTH

3.3.1 TemmneparypHa 3aje:xHicTb npoBigHOocTi MOoHOKpuctajidiB 4H-SiC i3

PI3HOI0 KOHIIEHTPALI€X0 IOHOPIB a30Ty

JUist oTpuMaHHA eHeprii akTuBauli J0HOpIB N y JOCIIKYBaHUX 3pa3zKax
BUKOPUCTAHO MIKPOXBUJILOBUHM pe3oHaTtopuuii meron 3a 7 = 4,2 — 300 K. Pezonartop
3alOBHIOBANIM  JIOCTIIP)KYBaHUM 3pa3KOM MEHIIOTO O0’€My, HDK pe3oHaTop, 1
peecTpyBai 3MiHY JOOPOTHOCTI pe30HaTopa Ta 3HAY€Hb YaCTOTH MIKPOXBWIIb. Y
pe3yJIbTAT] 3 TEMIIEpPATyPHOI 3aJIeKHOCTI MiKpOXBHIBOBUX BTpat, A = Q,~* + Qy ™" (O
Ta Q) — NOOPOTHICTh HABAHTA)KEHOTO Ta HEHABAHTAXXEHOTO PE30HATOPIB BIAMOBIAHO) Ta
3cyBy yactotn & = (Vo—Vv.)/vo (Vo Ta V; — B3HAUYCHHS pPE30HAHCHOI YaCTOTH
HEHABAHTA)KEHOTO pE30HATOpa Ta pe3oHaropa 13 3pa3koM  BIANOBITHO) B
nociipkyBaHux 3pazkax 4H-SiC 3 pi3HOI KOHIEHTpalli€l0 JOHOPIB a30Ty OyIio
OLIIHEHO TEeMIIepaTypHY 3aJ1€XKHICTh MPOBIIHOCTI (o) sk (2.11).

I'padix 3amexHOCTI HatypanmbHOro Jsorapudma o B koopaunarax 1000/7,
oTpuMaHuid 3 piBHSHHS (2.11) ans moHokpuctamiyHux 3paskiB 4H-SiC 3 pisHumu

KOHIIEHTpaIlisiMu JoHOPiB N, pencTaBieHo Ha puc. 3.3.
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VY 3aragpbHOMYy BHIIQJKy MPOBIIHICTE Y HAMIBIPOBIAHUKAX N-THIYy MOXHA
BUPAa3UTH CYMOIO TPBhOX BKJIAMiB: TYCTHUHH TEPMOAKTHUBOBAHMX HOCIIB y 30HI
NPOBITHOCTI 3 CHEPri€l0 akTUBalli &, MPOIECIB CTPUOKIB HAWOMIKYMX CYCiiB
CJIEKTPOHIB Bil HEHTPaILHUX JOHOPIB 10 HelTpambHux aoHopiB (2D° — D™ + DY) 3
CHEPTiE€I0 aKTUBAII] &, 1 B1JI HEUTPAIBHUX JOHOPIB A0 MO3UTUBHO 3aPsPKCHHUX JIOHOPIB

3 eHepriero aktuBalii & [189 — 192]:

o(T) = o,exp {— ,;%T} + o,exp {— ;TZT} + ozexp {—’;%T}, (3.3)

ne kg — ctana bonpimana.

3 puc. 3.3 BUIUIMBAE, 110 B MOHOKpUCTaTuyHuX 3pa3kax 4H-SiC 3 Ny— N, = 5 10"
cM™3a T'=297 — 170 K Ta B 3paskax 4H-SiC 3 Ny— N, = 5-10"® cm™ 3a T'=297 — 250 K
MIPOBIHICTH 3POCTAE 32 PAXYHOK PO3CIIOBAHHS €JICKTPOHIB IMPOBIIHOCTI HA 10HI30BaHUX
noHopax N.

[Ipouiec mnepexony €NeKTpOHAa 3 EHEPreTMYHUX pIBHIB JOHOpPIB N B 30HY
npoBigHOCTi BimbyBaetsest 3a T = 297 — 90 K mmst 4H-SiC 3 Ny— N, = 10" em™, 3a T'=
250 — 130 K ans 4H-SiC 3 Ny — N,~ 5-10'"° em™ it Bin 170 K 10 90 K mist 4H-SiC, o
Mae Ny— N, = 510" em”.

CrpubxoBuii mpoliec eIeKkTpoHiB Mk AoHopamu N BuHukae 3a 7 < 130 K y
MOHOKpHCTam4Hux 3paskax 4H-SiC 3 Ny — N,~510"™ em” it 3a T < 90 K B
monoxpucranax 4H-SiC 3 (Ny— N,) ~ 5:10" em™, Togi six y 4H-SiC 3 (Ny— N,)~ 10" em™
1elt mporiec BigcyTHi. KpiMm Toro, ctpuOKoBHUi MpOIEC 13 3MIHHOIO JIOBXKUHOKO CTPHUOKA
3a Iy’Ke HU3bKHX TeMIepaTyp MoxkHa ouikyBaT B 4H-SiC 3 Ny — N, > 5-10" em™.

Ha ocHoBi cmiBcTaBieHHs A0JaHKIB y piBHSHHI (3.3) 3 eKCnepruMEHTAIbHUMHU
JTAHUMHU, TIPEACTABICHUMH Ha puc. 3.3, Oyino orpumano: & = 40 meB ms 4H-SiC 3 Ny—
N,~10"7 — 510" em™ i & = 120 meB anst 4H-SiC 3 Ny— N, ~ 510" cm™. Snavenns &
Oyso oriHeHo sk 5 meB y 4H-SiC 3 Ny— N, = 510" — 5-10" em™. 3 wboro 3Hauenns &,

3"atouu pajaiyc bopa nns 4H-SiC ag = 1,2 am [193], MOKHA BU3HAUUTH TYCTUHY CTaHIB
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Ha piBHI eHeprii Depwmi, 3rigHo podotu [29], ana monokpucramiunoro 4H-SiC 3 Ny —

-1
Ny~ 510"~ 510" em™ six N(Ep) =~ (s3 - ad 4?”) = 2,8-1022 eB~1 - cm~3,

Temmepatypa, K

1

a Temnepatypa. K
100.0 50.0 33.3 25.0 20.0 16.7 143 125 11.1 10.0 50.0 25.0 167 125100 83 7.1 63 56 50
® [[ani eKcnepHMeHTy ¢, =40 meB
£, =40 meB | —o,exp(-s [k, T) _ .
1 =5 meB ® Tani eKcriepHMeHTY
] E =
T : 3 o,expl-c /K, T)
E = o,exp(-c/k,T)
. ] ® .
L ]
®e ® . q o
0 0 20 40 60 80 100 120 140 160 180 200
1000/T, K

0 10 20 30 40 50 60 70 80 90 100
1000/T, K

Temmepatypa, K
50.0 25.0 16.7 125100 83 7.1 63 56 50

£, =120 meB

® [[aHi excriepHMeHTY
G, exp( -a:l.."kET)
r:;exp( -& 3)' kﬂT)

e o
20 40 60 80 100 120 140 160 180 200
1000/T, K’

Puc. 3.3 — 3anexHnictb HatypanbHoro jorapupma o Big 1000/7, orpuMana 3 piBHSIHHS
(2.11) (wopni Toukn) A1t MOHOKpHUcTanigHoTo 4H-S1C 3 KOHIIEHTpaIlisIMU:
17 . -3 18 . -3 19 3 .
a—Ng—N,=10 "cM”,6 — Ng— N, =510 "cm”, 6 — Ng— N, = 510" cm™. UepBoni
Ta CHHI CYIUIbHI JIIHIT TOKa3yI0Th Y3TOJKEHHS €KCIIEPUMEHTATbHUX JTaHUX 3

piBHSHHAM (3.3)
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TemnepaTypHuil niana3oH eJIEKTPOHHUX MPOIIECIB 1 BIAMOBIIHI €HEPrii aKTUBALlii,
oTpuMani st MoHokpuctaidiunoro 4H-SiC 3 pi3HMMHM KOHIEHTpauisMu AOHOPIB N

npejcTaBiieHi B Tabymi 3.1.

Ta6n. 3.1 — TemmeparypHuid Jiama3oH €JICKTPOHHUX IIPOIIECIB 1 BIAMOBIIHI
eHeprii akTuBalli, oTpuMaHi [jsi MoHokpucrtaimigHoro 4H-SiC 3  pi3HUMEH

KOHIIEHTpAIIIMU TOHOPIB N 3 BUKOPUCTAHHSM METOAY BHUMIPIOBAHHS MIKPOXBUJIBOBUX

30ypeHb
TemneparypHuii iHTEpBaj eIEKTPOHHUX MPOIIECIB
[Tepexin Big
Poscitoanus EIT E€HEPreTUYHUX PIBHIB Ctpubku
Ny—N,, {OHI30BaHUMU noHopiB N 110 30HU €JICKTPOHIB MiXK &, &,
oM™ JoHOpaMu N MIPOBITHOCTI 3 & noHopamu N 3 & | meB | meB
510” | T=297-170K T=170-90K T<90K 120 | 5
510" | T=297-250K T=250-130K T<130K 40 | 5
10" ~ T=297-90K ~ 40 | -

3.3.2 TemnepatrypHa 3aJIe/KHICTh CIEKTPIB CTALIOHAPHOIO Ta IMIIYJIbCHOIO

EIIP Bix monokpucragiB 4H-SiC i3 pi3HOI0 KOHIIEHTPALIi€I0 IOHOPIB a30TYy

Puc. 3.4 imtoctpye HuzbkoTemieparypHi crektpu EIIP, Bumipsuiza 7= 10 K y
MoHokpuctaniunoMmy 4H-SiC, 1m0 Mae pi3Hi KoHIIeHTparlii JoHopiB N 3a B || C.

Byno BusiBneno, mo cnexkrpu EIIP B monokpuctanax 4H-SiC 3 Ny— N, = 10" em™
CKIAJAlOThCd 3 TPbOX TPUILIETIB BHACHIJOK HAJITOHKOT B3a€EMOJii HECIapeHOTro
enektpona 3 siapamp N (/=1): Tpumier umimiit, obymoBimenmit Ny (S=1/2,
g=2,0043(3), g1 =2.0013(3), 4;=50,95MI'n, 4. =51 MI'n) [51], apyruii Tpumier
muIA  3aBgakm N, (=172, g,=2,0063(3), g.=2.00053), A4;=2.9MIm,
A1 =27MI'n), 1 Tperii Tpumirer Bix Ny (S=1, g;=2,0053(3), g.=2.0010(3),
Ay=AL=25.6 MI'u, D =1,7-14 MI'n), cnpu4rHEHNI CIIHOBOIO B3a€EMOMIEI0 MK Nj 1

N, [177, 179, 180].
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T=10 K S-line Bllc

Hopmogana inTeHcHBHICTE ciekTpie EIIP, B. o.

340 341 342 343 344 345
MarniTae moae, MTa
Puc. 3.4 — Cnextpu EIIP, Bumipsiai y MoHokpuctaitiunomy 4H-SiC 3
KoHIeHTpauisMu: a — Ny— N, = 10" em™, 6 — Ny— N, = 5:10" em”, 6 — Ng— N~ 5-10" em™.
T=10K,B || €. 3HaYeHHs MarHiTHOrO MoJIs OyJIM CKOPMIOBaHi Ha 3HAUECHHS

MIKpOXBHJIBOBOI 4acToTH V) ~ 9,616784 I'T'. IntencuBHicts cnektpiB EITP HopmoBana

Ha 11 MaKCUMaJIbHE 3HAUEHHS

Jlnst morokprctaniunoro 4H-SiC 3 Ng— N, = 5-10" cm™ (puc. 3.4, 6) 3a T=10 K
BUSIBJICHO IIHUPOKY, 1HTeHcuBHY dJiHit0o EIIP, mo xapakrtepusyerbcs S=1/2,
g =2,0045(3), g1 =2.0010(3) (na pucyHky 3.4 mosHaueHa sK S-IiHif), SKa HE Mae
HAJITOHKOI CTPYKTYPH, pa3oM 13 TpUIieToM Ny Ay’Ke HU3bKOI IHTEHCUBHOCTI. Y 3pa3Kkax
4H-SiC 3 Ny — N, ~ 510" em™ (puc. 3.4, 6) 3a T = 10 K crocrepirazach aHanoriana
IIMpOKa IHTEHCHMBHAa S-JiHIA, mo Mae mnapamerpu S=1/2, g,=2,0046(3),
g1 =2,0010(3).

VY tabnumi 3.2 HaBeneHo mapameTrpu criHoBoro ['aminbToHiaHa 1yisi TOHOPIB N

(/=1) y monokpuctaiiunomy 4H-SiC 3 pi3HUMH KOHLIEHTpaLIIMH TOHOPIB N.
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Tabmums 3.2 — [Napamerpu crinoBoro I'aminmbToHiana 1t AoHopiB N (/ = 1) y

moHokpuctaniyHomy 4H-SiC 3 pi3sHUMH KOHLIEHTpaLisIMA JOHOPIB N

AJ_ N A” , D, ITocu-

Nd - Na:
i MIg | Ml | MI'n JIaHHS

oM T,K | HOentp | S gL g

Jana
pobora,
<40 Ni 2 | 2,0005(3) |2,0063(3)| 2,7 2,9 - | [177, 179,
180]

Jana

10" | 7_ | pobora,
<40 | Ny 1 | 2,00103) |2,0053(3) | 25,6 | 25,6 14 | [177,179,

180]

Jlana

<60 | N | % | 2,00133) |2,00433)| 51 |5095| - p{)f;;f,

Jlana

510% | <40 | Ny | % | 2,0013(3) |2,00433)| 51 |5095| - pff;:f’

Ha puc. 3.5 moka3zano temmeparypHy 3ajiexHicTh crekTtpiB EINIP, Bumipsny B
MOHOKpHCTamyHUX 3pa3kax 4H-SiC 3 pi3HUMH KOHUEHTpauisMu J0HOpiB N, B
IMPOKOMY TeMIIEPaTypPHOMY 1HTEpBaJIi.

YV 3paskax 4H-SiC 3 Ny—N,~ 10" cm™ 3a T>90 K crmextpu EIIP me
cnoctepiranucs. Ak BumHo 3 puc. 3.4 (a), 3a 7< 90 K y umx 3pa3kax BUSBJICHO
onuHo4HY JiH1t0 ETIP acumerpuunoi popmu, nozHaueny sk S-miHist. 3a 7' < 60 K nopsig
3 OJIMHOYHOIO S-JiHI€I0 3'sBisieThest TpUtieT Ny. [Ipu 3umxenni remneparypu g0 40 K
S-ninis 3uuKae, a B criektpax EIIP 3’sBnstoTees Tpuruietu Big Ny, 1 Ny.

V 4H-SiC 3 Ny— N, ~ 5:10"® em™, cnexktpu EITP ne Oynu BusiBneni 3a 7> 190 K,
TO/Al SIK OJIMHOYHY aCUMETpUYHY S-JiHi0 Oyno BusBieHo 3a 7'<190 K, a cnabki 3a
IHTEHCUBHICTIO JiHI1 TpurieTy Ny 3’ sBunucs y cnektpi EITP 3a 7'< 20 K (puc. 3.5, 6).

V 4H-SiC 3 Ny— N, ~ 5-10" cm™ ne oyno BusiBnieHo cnektpiB EITP 3a 7> 150 K,

TOJ1 SIK OJTMHOYHA acuMeTpuuHa S-niHis crioctepiranacs 3a T <150 K (puc. 3.5, 6).
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0
] S-line __/y S-line
/ oK

cmexTpis EITP, B.0.

HopryoBaHa IHTEHCHBHICTh
crnektpie EITP, B.0

HopMoBaHa IHTEHCHBHICTD

340 341 342 343 344 345 328 330 332 334 336 338 340 342
Marmitee moae, M1 MarsuiTHe ntoe, MT1

838238
XXX

EHEREELSIER

[Ergp—g——
[ =T
=

=

EOoOXSEN X XX EXX XX

HopmoBana iHTeHCHBHICTE

[CT-T-]
XX

330 351 352 353 354 35‘5 355 35? 35-5 359 Jl;ﬂ 341
MarmiTHe moxe, M
Puc. 3.5 — Temnepatypna 3anexHicth criektpiB EIIP B MoHOKpHCTaTIYHUX
: : 17 -3 18 . -3
3paskax 4H-SiC 3 konuenTpamisamu: @ — Ng— N, = 10 "cMm™, 6 — Ng— N, = 510 "cm™,
19 33 -
6 —Ny—N,~ 510" cm’. B || ¢, T= 10 K. IuTeHcHBHICTH KOKHOTO crieKTpy EIIP

HOPMOBAaHa HA MAKCUMAJIbHE 11 3HAYECHHS

Temneparypny 3anexHicts criekTpiB EJ EITP y moHokpucraniuaux 3pa3zkax 4H-
SiC3Ny— N, ~ 107 em™ y inTepBaii Big 6 K 1o 50 K nokasano Ha puc. 3.6.3a T<25 K
y cnekrpax EJI EIIP cmocrepiratotecs tputetan Ny, N1 Ny, Tomi sik 3a 7> 25 K y
CIIEKTpax CIrocTepiraerbes auiie TpuruieT Ny. Onunodyna S-miHis y iHTepBam 1 = 40 —

50K y cnekrpax EJI EIIP cnocrtepexxena He Oyna (Ha BiAMIHY BiJI CIEKTpIB
crarfionapaoro EIIP). Takum 4unHOM, MOKHa 3pOOUTH BUCHOBOK, IO TIapamMarHiTHHM
LEHTp, SIKUWA BUKJIMKAE MOSBY OJMHOYHOI S-nmiHii B cnektpi EINP, mae xopoTki yacu

penakcauii 1, 0Tke, He Moxke OyTu BusiBnieHul y cniektpax EJI EITP.
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6K
15K
18K
20K
22K
235K
25K
30K
S0K

HopMoBaHa IHTEHCHBHICTB

cnektpiB EIIP, B. 0.

T T T T T T T T T r T
348 349 350 351 352 353
MaruiTHe mone, M1

Puc. 3.6 — TemnepatypHa 3anexHictb criekTpiB EJ[ EIIP, Bumipsina y

. . 1 - =g
MOHOKpHCTaTiuHnX 3paskax 4H-SiC 3 Ny— N, ~ 107 em™3a B || &

TemreparypHa 3aJIeKHICTh TOABIMHOIO 1HTErpaja BiJ I1HTEHCHUBHOCTI S-miHIi
(TpOMOPIIAHOTO CIIHOBINA CIIPUUHSITIMBOCTI, Ygepr) Oysa oTpuMana 3a 77=5 — 150 K y
MOHOKpHCTaTiuHuX 3paskax 4H-SiC 3 Ny— N, = 5:10" cm™ (us. puc. 3.7).

[lepen moaBiiHKMM 1HTErpyBaHHSIM I1HTEHCUBHICTH criekTpiB EIIP y koxHiit
TEMIIepaTypHii Toulll OyJla CKOpPUTOBaHa BIJAMOBIIHO N0 3MIHA JOOPOTHOCTI
pe3oHaTopa BHACIIIOK TeIuioBHX BTpart. [licims mporo 3HaueHHs ygpr Oy HOPMOBaHI
Ha MiHIMaJbHE 3HAYCHHA. TemmeparypHa 3alieKHICTh OTPUMAHUX 3HAa4YeHb 1/ygpr
BUSIBUJIA JIIHIAHY TOBEIIHKY 32 HHU3bKUX TeMIIEpaTyp, MOB’S3aHy 3 JIOKaJI130BaHUMU
enekTpoHamu (3akoH Kropi-Beiica), Toai Sk 3a BUIIMX TEMIEPATYyp BUSBICHO 3HAYHY
KPUBHU3HY 4Yepe3 BHECOK TEeMIIepaTypHO-He3aJeXHOro BHecKy Ilaymi o 10 yepr, 1O
BUHHKAE BHACIIOK MOSBU HEJIOKAI30BaHUX €JIEKTPOHIB MIPOBIAHOCTI.

3rigHo 3 [195], TeopeTHUHMIA ONMKC SKCIEPUMEHTAIBHUX JAaHUX, MPEACTABICHUX

Ha puc. 3.7, 0yJ0 BUKOHAHO 3 BUKOPUCTAHHSM HACTYITHUX BUPA31B:
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c
Xepr(T) = Py + Xo» (3.4)

1 T-8
xepr(T)  xo(T-60)+C’

(3.5)

ne C — crana Kropi, 60— temneparypa Kropi-Beiica.

3 y3romkenHs piBHsSHHS (3.4) 1 piBHsSHHA (3.5) 3 eKCIIEpUMEHTAIPHUMHU JTaHUMH,
HABEICHUMH Ha puc. 3.7 i MoHokpucTamuHoro 4H-SiC 3 Ny — N, ~ 5:10" em”, 6yio
orpumado 6 =24 K, 0 CBIYUTH NP0 TE, IO Y CIIHOBIA CHCTEMI MPUCYTHIN ClIaOKHii
dhepomMarniTHui 3B's130K. BogHovac 1 moHokpucTamiyaoro 4H-SiC 3 Ny— N, = 5- 10" em,
y3rojkeHHs 3 piBHsHHsIMU (3.4) Ta (3.5) mano 3HaueHHs 6=-19.8 K, 1m0 Bkaszye Ha
CWIbHY aHTU()EPOMATHITHY B3aEMO/III0 B CIIIHOBIN CUCTEMI.

Acumerpia popmu criektpy S-niHii EIIP monokpucranis 4H-SiC BuHukae yepes
T€, 10 TOBLIMHA CKIH-IIApy Taka cama ad0 MEHIIa, HIXK PO3Mip 3pa3Ka, 1110 COPUYUHEHO
30UTBIICHHSIM MPOBIJIHOCTI Ta, sIK HACHIJIOK, Yacy audy3ii HOCIiB yepe3 CKiH-1Iap, 1110 €
3HAYHO KOPOTIIUM 3a 4Yac CcHiHOBOi penakcaiii. Omxke, B cnektpax EIIP 3’sBruseThcs
acuMmetpuyHa ¢opma miHii Jaiicona [196, 197]. Ha puc. 3.8 mokazaHo MpHKIIaJ
y3rojikeHHs piBHSAHHA (3.1) 3 excriepumenTanbHuMu crektpamu EINP, BumipsiHuMu B
MoHOKkpucTaiyuHoMy 4H-SiC 3  pi3HUMH KOHUEHTpalisiMd JOHOPIB a30Ty 3
BUKOPUCTAHHSAM PI3HUX 3HA4YeHb Koedimienta acumertpii. PiBHsuas (3.1) Oyno
y3rOJKEHO 3 eKCIepuMeHTalbHMMH  criektpamu  EIIP,  BumipsHumMu B
MoHokpuctasiiyuHoMy 4H-SiC 3 pi3HUMH KOHIIEHTpPAIISIMU JOHOPIB a30Ty B IIMPOKOMY
IHTEepBaJl TeMmmeparyp 3a JBOX PI3HHX OpIEHTAIlld MAar”HiTHOro TmMojs. AHai3
OTPUMaHUX JaHUX JO3BOJMUB MPUITYCTUTH, IO JJIsi S-JIiHIT ICHye TeMrepaTypHa
3anexHicTh mupuHu JiHli EIIP, koedimienTa acumeTpii Ta MOJOKEHHS PE30HAHCHOTO
MarHiTHOTO MOJIS.

Ha puc. 3.9 npeacraBieHo temneparypHy 3MiHy KoedilieHTa acumeTpii hopmu
miuii [laficona nns S-niHii B MoHOKpucTanmiunoMy 4H-SiC 3 pi3sHUMEU KOHIIEHTpaIlissMu
noHopiB a3zoty. CriBigHomenns A/B nns 4H-SiC 3 Ny— N, = 10" em™ 3miHIOETBCS Bix

1,25 mpu 90 K no 1,0 (popma minii Jlopenna) npu 7 = 60 K. ng 4H-SiC 3 Ny— N, =
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510" cM”, criBBinHOmenHs A/B mnocrymoBo 3MeHmyerbcss Bix 1,87 mo 1,0 3
temneparyporo Big 190 K go 5 K. Temnepatypni 3Minu criBBigHoueHHss A/B s 4H-
SiC 3 Ny — N,~ 510" cm™ 36imbmyerscst Bin 1,68 1o 1,84, xomu Temmeparypa
3amKkyeThes Bim 150 K mo 120 K, a moTim crnagae, pocsraroun 3HadeHHs 1,04, konu

TeMIiepaTypa 3HIKyeThes 10 S5 K.

a 140 J10
® ExcrniepuMenTanbHL AaHi
1204 — Teopin
: ExcrniepuMeHTanBHI AaHi 108
© 100- :
& — Teopia
é 80 106 <
n g
— -
n 604 =_=
= 104 &
- ~
& 404 -
Koy
x <4102
b 204
I
045 400
L) L) LI L) Ll L) L]
0 20 40 60 80 100 120 140 160
Temmeparypa, K
o 18
® ExcrniepuMeHTamBHI AaHI 110
161 —— Teopin
g 14 ExcriepuMeHTaIbHI AaHi dos
. Teopia
PQ_ 12 <
< |
o 104 0.6 c.
=] R/
n 8- x
- 404
g 61 N
ad
M
4 d
g Jo2
~
2-
0 T T 0.0

O 20 40 60 80 100 120 140 160 180 200
Temmeparypa, K
Puc. 3.7 — TemnepaTypHa 3a/Ie’KHICTh €KCIIEPUMEHTAILHUX 3HAYEHDb YEpR
(3adpapOoBani YopHI KpykeukH) Ta 1/ ygpr (He3ahapOOBaHI UEPBOHI KPYKEUKH) U
BIJIMOBIJTHI y3TOJDKEHHS 3 PiBHSIHHAM (3.4) (CyIiIpH1 YOpHI JiHIT) i piBHIHHIM (3.5)
(cyuuibH1 4epBOHi JiHIT) 11t S-iH1T B MoHOKpucTanax 4H-SiC 3 koHLeHTpalisMu

a—Nj—N,~510"cm>, 6 -~ N;— N, ~510%cm™>, B L ¢
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1 Bllc ——— ExcrepiMeHTATHH CISKTPH
1T=90K —— CiMyIBOBAH] CIIEKTPH

g -

E o A/B=1.25

D«

Ay A

“E" =

4

=

s E

A e

S w
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Q

I

331 332 333 334 335 336 337 338 339
MarsiTHe mone, M1
Puc. 3.8 — ExkcnepumenTanbHi ciektpu EITP — S-miHis (Cy1isibHI YOpHI JIiHIT) Ta
y3roJiKeHHs 3 popMmoto JiHii [laiicona, piBHsHHS (3.1) (CyIIbHI UepBOHI JiHIT), IS
MoHokpuctaniynoro 4H-SiC: a — (Ng— N,) = 10" em™, 6 — (Ng—N,) = 5 10" em,
6—Nyg—N,~510” cM>. T=90K, B || &

3aNIe)KHICTh TOJIOKEHHSI PE30HAHCHOTO MAarHiTHOTO Toiis (By) BiJ TeMmeparypu
Oyrna oTpuMaHa 3 y3rojJKeHHs piBHSAHHSA (3.1) 3 ekcnepumeHTaIbHUMU criekTpamu EITP
y MmoHokpuctamiyHomy 4H-SiC 3 pizHumMu konuentpaimisiMa aoHopiB N. Ha ocHoBI

OTPUMAaHHX 3Ha4eHb Bj OyJ0 OIIHEHO TeMIEpaTypHY 3aJCKHICTh g 1 g, JJIA S-JiHIi 3a
hVO

ZI0TIOMOTOI0 BUpasy: g = - — - (puc. 3.10).
BP0

YV s3paskax 4H-SiC 3 Ny — Ny~ 10" cM” 3i 3HwKeHHAM TemmeparypH g
sminnyetbes Big 2,0053(3) no 2,0061(3), Toai K g, AEMOHCTPYE JIUIIE HEBEIUKUN 3CYB
Bizx 2,0010(3) 1o 2,0008(3). Y 4H-SiC 3 Ny— N, =~ 5-10"° cM™ BusiBIeHO 3CyB 3HAYCHHS
g Bix 2,0052(3) mo 2,0045(3), a 3HaueHHsA g, 3MIHIOETBCA B MEXKaX NOXHOKH BiJ
2,0011(3) mo 2,0010(3) 31 3umxkennsm temnepatrypu Bij 190 K 1o 5 K. A B 3pa3zkax 4H-
SiC3 Ny— N, ~ 5-10" cm™ 3umkeHHs temriepatypu Bin 150 K mo 5 K npuzBoauts 1o

3MEHIIEHHA g 3HadeHHs Bix 2,0057(3) mo 2,0044(3) 1 3mayenna g, Bix 2,0019(3) mo
2,0011(3).
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Puc. 3.9 — TemneparypHa 3aexHiCTh KoedinieHTa acumeTpii hopmu JiHiT

Jaiicona s S-niHii, OTpUMAHOTO NUIAXOM y3TOJKEeHHs piBHSIHHS (3.2) 3

€KCIIEpUMEHTAJIbHUMU CIEKTPaMH, BUMIPpSIHUMHU Yy MOHOKpucTainiunomy 4H-SiC 3

Ng— N, = 10" cM-3 (ue3adapboBani uepBoni TpukyTHHKH), Ng — N, = 5-10'® cM-3

(3abap6osani cuni kBaaparn), Ng— N, = 5-10" cm™ (3adapGoani 4opHi Kpyxeukn) 3a

T=90K,B| ¢

Ha puc. 3.11 npencraBneHo temmeparypHy 3ajiexHicTh mupunu JiHii EITP

(ABﬁp) Uit S-JiH1T, OTpUMaHa 3 MOJENIOBaHHS eKcriepuMeHTanbHuX crekTpiB EINP,

3anucanux y MoHokpuctanignomy 4H-SiC 3 pisHuME KOHILIEHTpaIisiMu JOHOPIB N mpu

B 1 &3a pismstasm (3.1).

JInsg onucy eKCHEpUMEHTAJbHHUX JaHUX Ha puc. 3.11 MoOkKHa BUKOpPHUCTATH

HACTYMHUIN BUpa3, MOJIOHUI 10 BUpa3y, BUKOPUCTAHOTO JJII BUCOKOJEroBaHoro 6H-

SiC y [198]:

A

ABpp(T) = ABy + b+ T + c ——7——,

oo (@)1

(3.6)
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ne ABy, — 3amumkoBa mupuHa JiHiT EIIP B Toumi 7 =0 K, koediuieHT b
XapaKTEePU3Y€EThCS TEIUIOBUMHU (PIIYKTyaIllsIMH OOMIHHOTO 3B’SI3Ky MarHiTHUX MOMEHTIB
JIOKaJII30BaHUX EJICKTPOHIB 3 HEJOKANTI30BaHUMHM 32 HU3BKHX TeMIeparyp (perakcaiis
Koppinru), TpeTiii ujaeH MOB’S3aHUN 3 peakcalli€lo JIOKaTi30BaHUX EJICKTPOHIB 3a
BUIINX TeMIepaTyp udepe3 30yIKeHI piBHI 3 €HEpri€lo A, MOB'S3aHOI0 3 OCHOBHHUM
CTaHOM, HOTO TMOSBa BUKJIMKAaHA OOMIHHMM 3B'SI3KOM JIOKQTi30BaHMX EJIEKTPOHIB 3
Hesokam3oBanuMu (mportec OpOaxa), 1 Koe(ilieHT ¢ BU3HAYA€ CUIY OpOiTaabHO-

I'PaTKOBOI B3a€EMO/IIi.

2.0065 -
4 Y | . . gll‘:hlh:l
2.0060 4 g"(n AL T - T T @
2.0055' ...09'.... C
h - 7. . 1 * ] + & T T [ . | . | |
200504 1 WEEREELELELEE B " 7 _
o 7 ‘| | 1 4 +£ 1L = L = =
E 2.0“5:& 1 + & 7 gu{Nk;l
g 2.0040::9 (T} o (NU-Na)-1[|.IT P
1 £ ] . T . & 18 -3
5% 4 0020 3 (1400 4 MNaNyE0"em
- . T | i - i - — " 19 .3
o ! . . (120 :_o (Ng-N,) 591{DN ;:m |
2000{Rs e m B agamas , F
20005 T ' g.(N)
1 UL L L N N

0 20 40 60 80 100 120 140 160 180 200
Temmeparypa. K
Puc. 3.10 — TemnepaTypHa 3aJ1€KHICTb g1 g Ul S-JIiHII, OTPUMAHOI 3
y3roJikeHHs piBHAHHA (3.2) 3 ekcniepuMeHTalibHuMu ciektpamu EINP y
monokprctatiunomy 4H-SiC. Hesadbap6osani ueponi TpukyTHHKE — Ng— N, = 10" em”,
3adapGoBani cuHi kBagpat — Ny— N, = 5-10'° eM™, cyminbHi wopHi kpyxedkn — Ny— N, =

5-10" em™. TlyHKTHpHI NiHiT TOKa3yIOTh MONOKEHHS g1 g nnd ueHtpiB Ni1 Ny,

. 1 - o - .o .
Y 4H-SiC 3 Ny— N, ~ 10" cm”, nurue mepumit i Tpetiit wienn Gy BpaxoBaHi [ist

MIJTOHKU eKcnepuMeHTaIbHUX AaHux A A = 57 meB. V 4H-S1C 3 Ny— N, = 5- 10" em™
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yci  Tpu wieHd piBHAHHA (3.6) Oynu  BHUKOPUCTaHI JJisi  amnpoOKCHUMAIlii

EKCIIEpUMEHTAJIBHUX JAaHuX s A = 68 meB.

2?2_‘ ® (N-N,)~5"10" cm™ o’
26] ® (N-N,)~510%cm® b

2:1 2 (Ny-N,)~10" em™ o
2o — Teopinpi(36)
1.8
16
144
1.24
1.04
084
0.6
044

[Mupuna cnekTpanbHoi mHii EITP, MTn

o

[¥]
-

4

. . . ———————————
0 20 40 60 80 100 120 140 160 180 200
Temmeparypa, K

. . cee L . cee
Puc. 3.11 — Temneparypna 3anexuicts mmpunu ninii EITP (AB, ) mis S-iwii,
otpumMaHi 3 mojientoBanHs criekTpiB EITP 3a momomoroto piBasiHHS (3.1) y
MoHokpucraniunomy 4H-SiC. Hesadap6osani yepsoni TpukyTaukn — Ng— N, =~ 10" em™,
. . 1 - . .
3adpapGoBani cuni kBagpatn — Ny— N, = 5:10"° cm™, 3adpapGoBani qopHi kpyskedxu — Ny
19 3 . . . e e e
— N, = 510" cm ™. UepBOHI Ta CHHI CYLLJIbHI JIIHIT TOKAa3yIOTh PE3YyJIbTAT Y3TOJKEHHS
EKCIIEPUMEHTAJIbHUX JIaHUX 3 PIBHAHHSM (3.6). YopHa MyHKTUpPHA JHISA 115

=g -
HaIlpaBJICHHs norysany. B L ¢

YV 4H-SiC 3 Ng— N, = 5:10" cm, mmpuna S-ninii EIIP niniiino 36inbiyeTses 3
TEMIIEpaTypoIO 3 HEBEITUKOIO 3MiHOIO Haxuiy 3a ~40 K, moB's3aHo0 3 IpyruM wieHOM
y piBHsiHHI (3.6). Le#t (hakT y3roKyeTbes 3 BUMAIKOM, KOJU CIIH-IPaTKOBA pesiaKkcalis
HEJIOKAJI30BaHUX EJIEKTPOHHUX CIIIHIB Y METajlaX PEeryJ0€ThCS MOMAYJISIIEI0 CIiH-

opOiTanbHOI B3a€MOIT uepe3 KoJmBaHHs rpatku [199].
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3.4 AHaJi3 OTPUMaHUX pPe3yJIbTaTIB

TemneparypHa TIOBeJiHKa CIIHOBOI B3a€EMOJIi MK JIOKaJi30BaHUMHU Ta
HEJIOKaIi30BaHUMHU eJeKTpoHaMu B MoHOKpuctanax 4H-SiC 3 HexoMIeHCOBaHOIO
KOHIIeHTpamielo joHopiB asory Bix 1:10" cM™ mo 5-10" oM™ Gyma mocmimxena
metonamu EITP Ta MikpoxBrIbOBUX 30ypeHb pe3oHaTopa npu 7' = 4,2 -300 K.

bazyrounce Ha JOCHIPKEHHI TEMIEpaTypHOi 3MIHM IIPOBITHOCTI, €HEprii
aKTUBAIlll &, & 1 & OyJIM OIIHEHI IUIAXOM alpoOKCUMaIlli TEMIEPATypHOi 3aJIeKHOCTI
npoBigHOCTI 10 wieHiB 3 piBusuus (3.3). Mt 4H-SiC 3 Ny— N, = 1-10" — 5.10'% em”
oTpuMmaHe 3HadeHHA & = 40 MeB TOBHICTIO Y3TOJKYEThCS 3 HEIIOJABHO
3apeecTpoBaHuM y po6oTi [191] 3Hauennsm 40 meB st Ny, y minactunax 4H-Si1C 3 Ny—
N,~ 1-10"® - 510" em, a s 3paszkiB 4H-SiC 3 Ny — N, = 510" cm? OTpUMAHE &
3HaueHHsa 120 meB no0pe y3romkyerbes 3 piBHeM eHeprii joHopiB Ny y 105 — 125 meB,
oTpuMaHuM y poboTtax [64, 178].

Pi3HuIA MIDK OTPUMaHUMH 3HAUYEHHSIMU & Y JTOCHIKYBAaHUX 3pa3Kax Ta 3B’SI30K
MDK KOHIIEHTpali€ro aoHopa N y 3pa3kax Ta €HEpri€lo akTuBallii, IOTpedye OKpEeMOro
MOSICHEHHS.

OuikyBasioch, o B SiC, jeroBaHoMy a30TOM, €HEpPrisd aKTUBAIlli, HEOOX1IHA IS
30y/DKEHHS  €JIeKTpOHa BIJ pPIBHA JOHOpAa a30Ty JIO 30HH  IPOBIIHOCTI,
3MEHIITYBaTUMEThCSI 31 30UIBIICHHSIM KOHIICHTpallli JOHOPIB a30Ty, 3a0e3medyrouu
OuIbIlIe JOCTYIMHUX JOHOPIB JUISl BiJlaui €IEKTPOHIB y 30HY MPOBIIHOCTI, 110 MOJETIIYE
30yKEHHS €JIEKTPOHIB 3 JOHOPHOTO piBHS. OHAK 3B 530K MK KOHIIEHTPAIII€I0 TOHOPIB
N Ta eHeprie€ro akTUBAIlll MOXKE CTaTH OUIBII CKJIaJHUM Ha METAJIEBIM CTOPOHI MEpEXoy

HamiBrpoBigauk-mMetan. Y 4H-SiC MeraneBa cTopoHa mepexo/ry HamiBIIPOBIIHUK-METa,

K BUIUTMBAE 3 Kputepito Motra (a,N., ~0.25) [200], Mae XapaKTepH3yBaTUCh BHUIIOO
KOHIICHTpaIi€l0 JOHOPIB N, HIK KPUTHUYHA KOHIIEHTpAIli HOCIIB Ny ~ 810" cm™. 3a
TaKUX BHCOKMX KOHIIGHTpalisx JieryBaHHs a3oroMm y SiC edekT camomnacupalii depes3
yTBOpEHHS arperariB a3oTy [201] abo koMruiekciB a3oT-Byriielb [202] Moke BUSBUTUCA

BIJINOBIAAJIbHUM 32 HU3bKY €(EKTUBHICTh IMILIAHTALlI BUCOKUX J03 a30Ty Ta HUKIY
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3, edekr

nposiguicts. Tomy B MoHOKpHcTamiunomy 4H-SiC 3 Ny — Ny~ 5-10"” cm
camomniacuBallii, yrBopeHHs N-arperaTiB a0o N-BYIJICIIEBUX KOMIUIEKCIB MOXXe OyTH
MPUYMHOIO 30UIbIIEHHS 3HAYSHHS & 1, IK HAC1/I0K, 3HWKEHHS MPOBIIHOCTI.

Sx mpaBuno, €Hepris akTWBaIli, HEOOXiMHA IJIs TEPEeXOAy €JICKTPOHA Bij
3aMHITHX 10 HE3AWHATUX TMO3UIlIN JOHOPAaMH, TOBUHHA 3MEHIITYBATHUCS 31 301IbIIICHHIM
KOHIIEHTpAaIlli JOHOpIB Yy HaMIBOPOBIAHUKY n-Tuny. OAHAK y HalIOMy BUIAJIKY
3HAUEHHA €Heprii & cTaHOBWIO 5 MeB y Bcix qocmikeHux 3pazkax. Y MOHOKpHCTaNaX
4H-S1C 3 N > N caiJy IpOBECTH BUMIPIOBAaHHS XOJIJIa 32 HU3BKUX TeMIeparyp, oo
MOSICHUTH 1€ SIBUIIIE OLIBII JETATBHO.

Sx BurmuBae 3 puc. 3.3 (a), cnextp EIIP y monokpucramiunomy 4H-SiC 3 (Mg —
N, ~ 10" oM™ cknamaerses 3 TppoX TpUIUIEeTiB: Ny, Nj 1 Ny BIANOBIAHO IO JaHUX,
HaBeleHux y pobotax [177, 179, 180]. V 3pazkax 4H-SiC 3 Ny— N, > 510"% cm™3a T =
10 K, cnoocrepirazach IIMpOKa IHTEHCMBHA S-JIIHIA 3 [apaMeTpaMy CIIIHOBOTO
["aminbTOHIaHA, OJIM3BKUMU J0 TUX, MTPO K1 OYJIO BIIOMO paHillie, IHTEHCUBHY OJIUHOYHY
minito B migknaakax 4H-SiC 3 Ny— N,~ 10® em®3a T=42 K [177]: gy =2,0054(1),
g1 =2,0011(3). Po30ixHICTh 3Ha4€Hb, OTPUMAHUX Y JIaHii poOOTi Ta podoTI [177] Moxke
OyTH TOB’s13aHa 3 HIXKUOIO KOHIIEHTpalliero N y 3pa3zkax, BUMIpsiHUX y poooTi [177].

Amnaniz TemneparypHoi 3anexHocti cnektpiB EIIP S-miHii B MOHOKpUCTaNIYHUX
3pazkax 4H-SiC 3 pi3zHuMEU KOHIIEHTpalisiMd N 103BOJIMB BCTAHOBUTH, IO S-JIiHISI Ma€
3aJIeXKHY BIJl TEMIIEpATypU 1HTErpaibHy IHTEHCUBHICTb, IIIUPUHY JIiHI1, ACUMETPIIO JIIHI1
Ta MOJIOKEHHS! PE30HAHCHOTO MAarHiTHOTO TOJISL.

TemneparypHa 3aneXHICTh Koe(IiliEHTa aCUMETPIi S-JIiHIi B MOHOKPUCTATIIYHOMY
4H-S1C 3 pi3HUMU KOHIEHTPAIISIMU JIOHOPIB a30Ty, Y3TOJUKYEThCS 3 TEMIEPaTypHOIO
3aJICKHICTIO TPOBIJHOCTI, SK BHBEICHO 3 BHUMIPIOBAHb 3a JIOMOMOTOK METONIY
MIKpPOXBUJIBOBUX 30ypeHb MOPOXKHUHU pPE30HATOpa. 3a BHCOKMX TeMIleparyp, 1€
MPOBIIHICTH BUCOKA, criocTepiranacs opma Jinii Jaiicona. 3 iHIIIOro 60Ky, 3a HU3BKUX
temmneparypax gopma mainii Jlopenia qominye B criektpi EIIP Big S-minHii uepe3 HU3bKY
MPOBIAHICTE y 3pa3kax. Toil ¢akt, MO TeMmrepaTypHa 3aleXHICTh KoedirieHTa

acumetpil Gopmu JiHii s S-ninii B MoHOKpucTaniunomy 4H-SiC 3 Ny— N, ~ 5-10" em™
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TpPOXU 3pocTae mpu 3HWKeHHI Temmnepatypu Bin 150 K mo 120 K, a motim cnazmae 3
TEMITepaTypoI0, MOXKHA TIOSICHUTH IPOIIECOM TEPEXOAY EJIICKTPOHIB 3 €HEePreTHUYHUX
piBHIB IoHOPiB N B 30HY MPOBIAHOCTI, 1110 BiOyBaeThesi 3a 7= 170 — 90 K.

TemnepaTypHa 3aJIeXKHICTh CIIHOBOI CHPUHHSATIMBOCTI Oyna oOMHCaHa JIBOMA
BHeckamu: BHeckoM Kropi-Belica 3a Hu3bkux 3HaueHb 1 yepes JIOKaai30BaHl eIeKTPOHU
Ta BHeckoM [layi, 3a OUIBII BUCOKHX TeMIIEpaTyp yepe3 iICHYBaHHS HEJIOKaTi30BaHUX
CJICKTPOHIB.

HasiBHICTE 3B'sI3Ky JIOKa130BaHUX 1 HEJIOKATI30BaHMX €JEKTPOHIB BHUILIMBAE 3
TEMIEPATYPHOI 3aJIEKHOCTI TOJIOKEHHS PE30HAHCHOTO MAarHiTHOro mojst (i, Takum
YUHOM, g-(pakTopa). 3 BUCOKOTEMIIEPATypHOI YaCTUHU TEMIIEPaTypHOI 3aJI€KHOCTI g-
dakTopa, ne B cnekrpax EIIP qoMiHyIOTh HElOKaI30BaH1 LIEHTPH, MOKHA MPUITYCTHUTH,
110 BUIBHI eJIeKTpoHU B MOHOKpHcTanax 4H-SiC xapakrepusytorses g = 2,0053(3) g, =
2,0011(3) mst Ng— N, < 5:10" em™ i g = 2,0057(3) i g,=2,0019(3) s Ng— N, = 5-10"
cM™. V Toil ke uac, IS JIOKAN30BAaHHX CICKTPOHIB (IEPeBaka0uMX 3a HH3BKHX
TeMmieparyp) y MoHokpuctaniganomy 4H-SiC 3 (Np— Ny) ~ 10" em™ g=2,00613)1g,=
2,0008(3), TobTO OMM3BKI J0 3HA4YeHb g-(aktopiB moHopiB Ny y 4H-SiC [177, 179,
180], Tomi sx y 4H-SiC 3 Ny — N, > 510" cm”, noxamizosani €JIEKTPOHU
xapakrepusytoTbes g = 2,0044(3) 1 g, =2,0011(3), Axi 01m3bKi 10 3HaYeHb g-(haKTOPIB
Nk nmonopiB y 4H-SiC [194]. Otxe, MokHaA 3pOOUTH BHUCHOBOK, 110 JOHOpH Ny
BiirparoTh poib ToKamizoBaHux neHtpiB y 4H-SiC 3 Ny— N, ~ 10" em™ , toxi six y 4H-
SiC 3 Ny— N, > 510" em™, nokanizosani IIEHTPH TOB's13aH1 3 Ny JOHOpaMH.

BinnoBinHe g i 3HaYeHHS g JUIS JIOKATi30BaHUX 1 HEJIOKAJI30BaHUX €JICKTPOHIB,
OTpUMaHi B 11 poOOTI Ta 3a JITEPAaTypHUMHU JaHUMH, HaBeaeHi B Tabmui 3.3. Kpim
TOro, y tabnmui 3.3 HaBeAEHO cepelHe 3HadeHHs g-(Qakropa: g, = (2g. + g))/3 mia
HEJIOKaJII30BaHUX EJIEKTPOHIB, SIKe BUSBUIOCS B MoOHOKpuctaimiynomy 4H-SiC 3 Ny —
N, ~ 1-10" - 5-10"® em™ GausbKEM 10 g-(hakTopa BUTLHOTO €JIEKTPOHA, TO1 K i1 Ny —

19 -3 .
N, ~ 510" cM” BOHO Mac€ JI€elo OUIbIIE 3HAYEHHS.
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Kopotkuii yac cniHoBoOi penakcaiii /uist S-niHii, OTpUMaHUN 3 TeMIepaTypHOi
3anexxHocti cmnektpiB EJI EIIP, Takox miaATBepIKye OOMIHHY HOpPHPOAY IHOTO
napamMarHiTHOrO LEHTPY.

TemnepatypHa 3anexsictb S-nmiHii mupuau jdiHii EIIP y MoHOKpucTamigyHuX
spaskax 4H-SiC 3 Ny— N, ~ 10" cm™ xapaxrtepusyerscst mponecom Opbaxa, Tofi K Ast
3paskiB 3 Ng— N, = 5-10'® cm™, Bona ommcyeTbes penakcaniero Koppinra ta Op6axa, a
s 3paskiB 3 Ny — Ny~ 510" oM™ (ma MeraneBiii croponi mepexomy Merain-
HaITIBIIPOBITHUK) 3aJICKHICTh JIIHIHHA 3 HEBEJIUKUM HAXWJIOM, IO BIATOBIJAE JIUIIE
npoiiecy penakcaiiii Koppinra.

Bimomo, mo s pgonopiB N y 4H-SiC 3HaueHHs JOIMH-OpOITAIIEHOTO
posuierieHHst (AE,,) MK ocHOBHUM 1S(A;) 1 30ymkenum 1S(E) enepretnuHumu
piBHAMHU CTaHOBUTH AE, _, = 45,5 meB st Ny [203, 204] 1 AE, .= 7,0 — 7,6 meB st Ny, B
4H-SiC [204 — 209]. Takum unHOM, 3Ha4YeHHS A (57 — 65 MeB), oTpumani 3 arpokcumariii

piBHsHHSA (3.8) TemmnepaTypHOi 3aJIEKHOCTI IMMPUHU S-JiHII MOXYTh BianoBinatu AE,

st Ny ioHopiB y MoHOKprcTamianomy 4H-SiC 3 Ny— N, < 5-10" em™.

Tabmuns  3.3. Ilapamerpu cmiHOBoro ['aminbTOHIaHA JIOKATI30BaHUX 1

HEJIOKaIi30BaHUX €JIeKTPoHIB MOHOKpHucTaniyHoro 4H-SiC 3 pisHUMU KOHIIEHTpAIIsIMU

JTOoHOpiB N, oOTpuUMaHI 3 TEMIIEpaTypHOi 3aJeKHOCTI g-hakTopa sl S-JiHii,

npeacTaBiieHoil Ha puc. 3.10.

JlokamnizoBaHi
EJIEKTPOHU HenokanizoBaHi e1eKTpOHU
Na— _I;IEU (HM3BKI (BUCOKI TEMIIEPATYPH) Hocunanns
M TEMIIEpaTypH)
8L 8l 8L 8 8ep
10'7 | 2,0008(3) | 2,0061(3) | 2,0010(3) | 2,0053(3) | 2,0024(3) | Lz pobora
1018 | 2,0011(3) | 2,0054(1) - - - [177]
5.10'8 | 2,0010(3) | 2,0045(3) | 2,0011(3) | 2,0052(3) | 2,0025(3) | L pobota
10" | 2,0003(3) | 2,0045(3) - - - [181]
5.10° | 2,0011(3) | 2,0044(3) | 2,0019(3) | 2,0057(3) | 2,0032(3) | L pobota
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BucHoBkmu 10 po3aiay 3

1. JlocmimKeHo MarHiTHI Ta eJeKTpu4Hi BiracTHBOCTI MoHOKpucTamiB 4H-SiC 3
KOHIICHTpAIlis MU JOHOPIB N Bif 1-10" em” 1o 5-10% CM'3, BUPOIICHUX CYOIiMaIliitHUM
CeH/BIY MeTogoM U MonaudikoBanuMm Meronom Jlemi. JlocmipkeHHS MPOBEICHO
meronoM EIIP B X-nmiama3oHi Ta METOAOM MIKPOXBHJIBOBHX PE30HATOPHUX 30YpeHb Y
IIMPOKOMY Jlialia30HI TeMIepaTyp.

2. BusBieHo, MmO TeMIepaTypHa 3aJeKHICTh MIKPOXBUILOBOI MPOBIAHOCTI
XapaKTEePU3Y€EThCS PO3CIIOBAHHIM €JIEKTPOHIB MPOBIIHOCTI HA 10HI30BaHUX JOHOpax N
B 4H-SiC npu Bucokux TemmepaTypax mist Ny— N, > 5-10" cMm™ Ta TepmoakTuBariero
TYCTUHHM HOCIiB y 30HI MPOBIJHOCTI 3 €Hepriero aktupaiii & piBHOw 40 meB mns
MoHokpucTaniunoro 4H-SiC 3 Ny— N, ~ 10" — 5-10" cm™ i 120 meB s 3paskis 4H-
SiC Ny— N, =~ 5-10" em™ ta mporiecamu cTpHOKiB HaifiGIMKIMX CYCIIiB IEKTPOHIB Bif
HEUTpaJIbHUX JAOHOPIB N 10 MOPOKHIX MO3UTUBHO 3apsAHKEHUX JOHOPIB N 3 eHepriero
aktuBamli & 5 meB g1g Ng— N, = 5- 10" oM™,

3. YV cnekrpax EIIP wmonokpuctamiB 4H-SiC mpu BuCOKHMX Temmeparypax
BUSIBJICHO OAMHOYHY S-1iHito (S = 1/2) maiicoHiBchkoi popmu. 3po0IeHO BUCHOBOK, 1110
el MmapaMarHiTHUM LEHTP € HACIIIKOM OOMIHHOTO 3B'S3Ky MiX JIOKaJII30BaHHUMH Ta
HEJIOKaI30BaHUMU €JIEKTpOHaMU. PoJb TOKaIi30BaHUX LIEHTPIB Y MOHOKPUCTATIYHOMY
4H-SiC 3 Ny— N, = 10" cm™ Bigirpatots goropu Ny, Toai sk y MoHokpuctanax 4H-SiC 3
> 5-10"® cm™ mokamizosani LIEHTPH TMOB's13aH1 3 Ny.

4. Ha ocnHoBi aHamizy 3Miau 1mupuan iHii  S-miHil  EIIP y  4H
SiC 3 Ny— N, < 510" em™, OyJi0 oTpuMaHo 3Ha4ueHHs 57 — 65 mMeB 11 po3miernieHHs
MK ocHOBHUM 1S(A) 1 30ymkenum 1S(E) piBHSMU eHeprii, 10 BIAMOBIJAE 3HAYCHHIO

JTOJMH-0pOiTabHOTO po3ierieHHs 1oHopiB Ny B 4H-SiC.
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PO3JILI 4
EIP JOCJIKEHHS BE3BOJTHEBUX AJIMA3OMOIIBHUX
BYTJIEHEBMX ITIBOK, IETOBAHUX TEPMAHIEM

4.1 Beryn

AnMa3zonoai0H1 ByTJIeleBl IUIIBKM — I1€ aMop(H1 ByTIJICIEBl IJIIBKU 31 3HAYHOIO
KiNbKiCTIO 3B’s13KiB sp° [210]. DLC-IUTiBKH € MMPOKO30HHHMH HAITiBIIPOBIIHUKAMH 3
BHCOKOIO MEXaHIYHOIO MIIHICTIO, XIMIYHOIO CTIMKICTIO Ta ONTHYHOI MPO30PICTIO.
®i3muni BiaactuBocti DLC IUTIBOK BH3HAYAIOTHCS BMICTOM BOJHIO Ta BIJHOCHUM
CIIiBBiZHONICHHAM TiOPHIM30BAHUX sp° BYTJICLEBHUX 3B’S3KiB 1 TETpaeApHUHMX abo
TPUTOHANBHUX sp° 3B°s13KiB [211]. TIokpuTTs noBepxHi Bupo6y DLC-IUTiBKAMH IHPOKO
BUKOPUCTOBYIOTHCS B ONTHYHUX BIKHAX, MAarHITHUX HAKOMUYyBauyaxX, TOHKOTUIIBKOBUX
JaTyuKax, ONTUYHUX TMOKPUTTAX 3 AHTUBIIOIUCKOM, aBTOMOOUIBHHMX JCTalsX,
O010MEIMYHUX MOKPUTTAX, MIKPOCIEKTPOMEXaHIYHUX MpUcTposix Toio [210, 212]. Kpim
toro, DLC-mniBku MOXyTh OYyTH YCHIIIHO 3aCTOCOBaHI B TEXHIKAaX KOJbOPOBOIO
IPaJlEHTHOTO NOKPUTTS, 11l eHepro30epeKeHHs, B ONTUYHUX (uibTpax 1 O1loHimi [213].
HemonaBuo y po6oti [214] Oyno 3a3HaueHo, 110 3aBIASKH CBOiM 130TPOMHIN CTPYKTYpi
DLC-mniBkM € MEepCrneKTUBHUMU JIJIi BUKOPHUCTAHHS B MPOLECI TOMOTeH13allli JiTii-
10HIB MICIIA TOro, SIK Ti MPONAYTh Yepe3 MOJIMPOINUICHOBUN cemapaTtop y JITii-
MeTajeBux aHogax. OcTaHHi JOCTIHKEHHS CTPYKTYPHOT €BOJIOLIT JT1a3epHO-BIANAICHUX
DLC muiiBOK, HaHECEHHWX Ha MIJKJIAJKH 3 LEMEHTOBAHOIO KapOily y BITHOBJICHUUN
okcuj rpadeHy, TOKa3ye IiX BaXKJIUBICTb y po3poOllli HaHOMATEepialiB HAa OCHOBI
LEMEHTOBAHOTO  KapOiay/BIIHOBIEHOTO OKCUAY TIpadeHy sAK HEeIOpororo Ta
BUCOKOE()EKTUBHOTO €JICKTPOKaTaji3aTopa peakiiii BUAIICHHS BOIHIO [215].

Taxi yuikanpHl BiactuBocTi DLC mumiBok, K BHCOKa TBEpIICTh, BHCOKA
3HOCOCTIMKICTh, BHMCOKAa CTIHKICTb JI0 KOpO3ii Ta XIMiYHA I1HEPTHICTh, HU3bKUU
Koe(DIIieHT TepTs, Aye€ HU3bKA MIOPCTKICTh MOBEPXHI Ta BIAMIHHA MPO30OPICThH IS
1H(pavepBOHOTO CBITIA, POOJIATH iX MPUBAOIUBUMH B SAKOCTI O10CYMICHMX MaTepiaiB.

Takum ynHoMm, DLC mokpuTTsi 3aCTOCOBYIOTHCS B OPTOMEIi, ISl CEPLEBO-CYIMHHUX
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IMIUTAHTIB, KOHTAaKTHHUX JIiH3, KaTeTepiB, 3yOHUX mpote3iB Tomo. biocymicHicts DLC
IUTIBOK BHU3HAYAETHCS B3aeMmoxiero Olonoriyamx kmituH i3 DLC moBepxneo i Moxe
OyTH JOCHIPKeHA IUIIXOM XapaKTePUCTHKH ITUTOTOKCHMYHOCTI, aacopOiii OUIKiB, abo
HUIIXOM Mikpoda3Hoi aaresii MiiBoK.

Binomo, mo crpykrypa 1 BiactuBocti DLC IIIiBOK 3MIHIOIOTBCS B IIHPOKOMY
Jiarma3oHi B 3aJIeKHOCTI BiJI CIIBBIJHOIIEHHS BYIJICIIEBUX 3B’SI3KIB sp3/sp2 Ta
JeryBaHHS pi3HUMH efnemMeHTamu [33, 34].

OnuuM 13 TOJOBHUX HeAodikiB ToHkMX DLC mmBoK mjis NpakTUIHOTO
3aCTOCYBaHHA € iX ciabKa aaresis 10 MIAKIAJ0K Yepe3 BUCOKI BHYTPIIIHI HAIIPYTH, SK1
MOXHa mojojaTy BBeneHHIM MetaniB y DLC-miBky [70]. Takum uMHOM, JIeryBaHHS
DLC miBoK aHTUMIKpOOHUMH MeTajlaMH, 110 IIPU3BOJUTH JO0 IIJIBHUINCHHS ajare3ii Ta
010CYMICHOCTI, € JyK€ NEpPCHEeKTUBHUM IS IX 3aCTOCYBaHHS $K Ol10CYMICHUX
MaTepiais.

DLC-mniBkH, jeroBaHi TaKUMH aHTUMIKPOOHMMH MeETallaMH, SIK TutaTuHa [75],
cpibsio [76, 77], Tutan [78], H106i1#1 [79], monmiOaen [80], amtominit [81], 1 migs [82],
Oy MIHUPOKO JOCIIKEH] i OyJI0 BUABIICHO, [0 BKIIOYEHHS METAJIEBUX HAHOYACTHHOK
y BepxHii map DLC miiBOK € BUTIIHUM ISl MIOKPALIEHHS 3arajibHUX XapaKTEPUCTHK
DLC mniBok.

HomyBannss DLC mumiBok repmaniem ((Ge) TakoX BHUSBUJIO TOTEHITIHHI
antuOakTepianbHl edexktu [90]. ¥V [88] aBTOopu mnpoaHanizyBaiud LUTOTOKCUYHICTH
DLC: Ge mniBok 13 Bmictom Ge Bix 0 at. % mo 12 at. % , BuUpOIEHUX IBOJA3EPHUM
cniibHUM ocamkeHHsaM 3 Ge Ta rpadity. DLC-miBku 6e3 repmanito i DLC: 1%Ge
TUTIBKY BUSIBUJIM HU3bKY LHUTOTOKCUYHICTH (200 Maike BIACYTHICTh HUTOTOKCHYHOCTI),
tomi sk DLC: Ge mmiBku 3 2,5-5 at. % Ge BUSBISAIOTH MOMIPHY TOKCHYHICTh, a
DLC: Ge miiBku 3 9 — 12 ar. % Ge Oynu BUCOKOTOKCUYHUMU.

Hemonasue nocaimkenns DLC mmiBok, nerosanux Ge, 3a JOIIOMOT'OI0 METOJIB
peHTreHiBcbkoi (poroenexkTponnoi cnekrpockomnii (POEC), po3cissHHSIM 10HIB HU3BKOT
€Heprii Ta CIEeKTPOCKONii KOMOIHALIMHOIO PO3CIIOBaHHs, NOKa3allo, 1o JeryBaHHsa Ge
iHIyKy€e MepeTBOPEeHHs sp° BYIIELEBHX 3B’A3KiB HA TiOPUAN30BaHHII CTaH sp” 3B I3KiB

[96]. Kpim Toro, y DLC: Ge mniBkax 3B’si3ku Ge-C nomiHyroTh Haj 3B si3kamu Ge-Ge
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ta Ge-O. byno 3po61eH0 BUCHOBOK, IO ITUTOTOKCHYHICTH Yy TiBKax DLC 3 HU3bKUM
BMicToM Ge Moke OyTH eKpaHOBaHa 3akpuBar4or C-IUTiBKOrO, c(HOPMOBAHOIO Ha
BEpPXHIN MOBEpPXHI 3pa3ka, KOJM piBeHb JieryBaHHA (Ge € HU3bKUM. A TakoX s
eKpaHyBaHHs MOKHA BUKOpHcTaTu cyMim okcuay Ge ta C B moBepxHi, konu BMicT Ge €
BUIIUM.

Jleropani DLC-1iBKM MIMPOKO AOCHIKYIOThcs MetogoMm EINP. Hanpuknan, y
[216] aBTOpH BUBYa/IM BILTUB JeryBaHHS kpemHieM Ha DLC-muiBku metomom EIIP 3a
KIMHaTHOi Temneparypu. byno BusiBieHo, mo Hu3bkuil BMicT Si B mmBkax DLC: Si
NPU3BOANTE 10 3OiIBIICHHS CIIBBi/JHOIICHHS BYIJIELEBUX 3B’SI3KiB Sp /sp> IpH
3MEHILEHHI po3Mipy rpagiTono1i0HUX OCTPIBIIB.

EIIP nocnimkenHs BBy aprony (Ar) Ha BiactuBocTi DLC-mmiBku Oyro
MPOBEJICHO 3a KIMHATHOI TemmepaTypu y [217]. Byno nmoka3zaHo, 110 BUCOKUN BMICT Ar
MPU3BOJUTH 70 3BYKEHHsS criocTepekyBanoi JdiHii EINP BHacmimok edexty pyxoBoro
3BykeHHs. Llei edekT BUHHMKA€E BHACIIIOK 301IBIICHHS IeJIOKaTi3allii €JICKTPOHIB uepes
3pocTaHHs po3Mipy kiaactepa C 3 sp” 3B’SI3KOM.

VY [218] aBTopu 3a momomororo EITP mocmimxyBanu BIUTUB JIETYBaHHS HIKeJeM
(N1) na BmactuBocti DLC mimiBok 3a KIMHAaTHOi TemmepaTypu. Byno BusiBiieHO, 110
30UTBIIIEHHST BMICTY Ni MPU3BOAMUTH O 3MEHIICHHS 3HAYCHHS g-(pakTopa 3a paxyHOK
36inburenns BMicty C sp” 38°s13kiB y MaTpuui DLC-1tiBku. CIIOCTepeKyBaHe 3BY/KEHHS
ninii EINP 31 301bmenHsM BMicTy Ni Oyiio mosicHeHe 301IbIIEHHSIM 0OMIHHOT B3a€MOJIIT
BHACJIIIOK 3011bI1eHHs BMICcTY C sp2 3B’ SI3KIB.

Heransue EINP nocnimxkenns DLC: Cr miiBok, HaHeceHUX Ha miakiaaku Si0O,, y
HIMPOKOMY [l1alla30Hl TeMIlepaTyp BUKOHaHO y poOoti [219]. Cnoocrtepiranocs asa
curmanu EIIP: oauH Bin meexTy, MOB’SI3aHOTO 3 sp -TiOPHAM30BAHUM BYTJICLEM,
IHIMI — BiO Ae@exTy Ha MexXl po3Auly. BUCHOBIIEHO NpUIYIIEHHS, LI0 CIIHOBA
HIUIBHICTB MOB’SI3aHOTO 3 BYTJIEIEM JAePEKTY 3HIKYEThCA 31 301bIIeHHAM BMICTY Cr 3a
paxyHOK nosiBu 3B’s13KiB C-Cr.

[Ipore, Hapa3i Hemae miteparypHux naanux moxao EIIP mocmimxenns DLC
IBOK, JieroBanux Ge. Tomy mel po3ain mpucssueHo pocmimkenHo DLC mmiBok 13

pizauM BMmictoM Ge meronoMm EITP. BuBueHHs MarHiTHUX BJIACTUBOCTEH Yy HIUPOKOMY
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Jiana3oHi TEMIEPATyp J03BOIMIO PO3PI3HUTH BHECOK JIOKaIi30BaHUX eleKTpoHiB (JIE)
Ta HenokamizoBaHux enekTpoHiB (HE) B oOMiHHY B3aemMofil0 Ta KOPENAIII0 MiX

. 3,024
CHIBBIIHOLIEHHSM sp~ / sp” i cTyneHem JieryBaHHs Ge.

4.2 3pa3ku Ta 00/1aTHAHHS

be3sogneBi DLC-mmiBku, nomnosani repmaniem (DLC:Ge), Oynu HaHeceHi Ha
kBapreBi migkianku (Si0,) 3a JOMOMOIO IMOABIMHOTO IMIYJBCHOTO Ja3€pHOIO
ocampkennsa (1JIO) 3 BukopuctanusM nBox ekcumepHux jaszepiB KrF (oaun mazep OyB
chokycoBaHuil Ha TpadiTOBYy MIIIEHb BHUCOKOI YHCTOTH, IHIIUN Ja3ep OyB
choKycOoBaHUI HA TepMaHi€BY MilleHb). JleTanbHa npoueaypa HanmuiIy IJIIBOK ONUCaHa
y [178]. ToBumHa OTpUMaHUX IUTIBOK cTaHOBWJa Onu3bko 160 HM. JlochmimxyBaHi
IUTIBKY paHilie Oyiu oXapaKTepU30BaHI 3a JIOMOMOTOI0 JBOKYTOBOi (DOTOEIEKTPOHHOI
CHEKTPOCKOMI, CIEKTPOCKOIi PO3CIIOBAHHS 10HIB HHM3bKOI €HEprii, CHEKTPOCKOIi
PaMaHIBCHKOTO PO3CIIOBaHHS, CKaHYIOYOl E€JIEKTPOHHOI MIKPOCKOMIi, PEHTI€HIBCHKOI
CIEKTPOCKOTI1, 3aJIeKHOT BiJl JIOBKMHU XBUJIl Ta METOY TpormyckaHHs y Buaumiit (VIS
— visible) Ta OnuxHil iHpauepBoHii (NIR — near-infrared) oGnacTsax crnekTpa IHIIUMU
aBTOpamu B poboTax [96, 178].

Crnextpu EIIP y cramioHapHOMY pexuMi BUMIpIOBaluCs Ha criekTpoMeTpl Bruker
ELEXSYS E580 B X-miama3oni gactot (v ~ 9,4 I'T). Byno Bukopucrano pe3oHaTop
ER 4122 SHQE SuperX High-Q 3 mporounum renieBum kpioctratom ER 4112HV, mio
JTa€ MOKJIUBICTD MMPOBOJIUTH BUMIPIOBAHHA Y IIMPOKOMY TEMIEPATYPHOMY 1HTEPBAII.

YMOBHU €KCIIEPUMEHTY BCTAHOBIIOBAIMCS HACTYIMHUMU: PIBEHb MIKPOXBHJIHOBOI
notyxHocTl = 0,04743 MBT, yactora moaymsuii = 100 k['u, ammiiTyaa Moaynsmii =
0,1 MTn, yac meperBopeHHss = 80 MC, PO3JUIBHICTh CHEKTPIB BCTAHOBIIIOBAJACS BiJl
1024 no 4096 Ttouok (3amexxHo Bim mupuHU JiHii EIIP). JlocmimkyBaHi TUTBKH
PO3MIIIYBaIMCS HAa CTPMXKHI 3 IUIABJIEHOTO KBaply giamMmerpoM 4 MM. VY  SKOCTI
CTAJIOHHOTO 3pa3Ky OyJi0 BHKOPHUCTaHO BUIbHHMM  pamukan 1,1-gudeHin-2-
nikpunriapasui (g = 2,0036). Cnextpu EIIP MonentoBanu 3a J0IOMOTO0 1THCTPYMEHTY

Easyspin 5.2.28. MatLab [175].
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4.3 AHaJii3 OTpMMAaHUX pe3yJIbTAaTIB

VYei pocnimkxeni DLC:Ge muniBKY BUABHIM OJWHOYHUEN 130TpornHui curHan EITP
13 popmoro minii JlopeHna BiJ mapaMarHiTHOro LeHTpy 3 S = =. BcTaHoBieHo, 110 31
2 5

30iIbIIeHHsAM BMmicTy Ge 1HTeHcuBHICTh curHainy EIIP cTpimko cmamae, Tomy
netanbHoMy aHaiizy napametpiB jdiHii EINP y mniBkax DLC 13 Bmictom Ge > 5 at. %
3aBakajy 0a3zoBa JIiHIA CIEKTPOMETpa Ta piBeHb HIyMy. BinmoBigHo A0 1poro, Oymu
po3risiHyTi BiactuBocTi DLC mmiBok smmie i3 Bmictom Ge y 0 at. %, 1ar. % 1
2,5 at. %.

Ha puc. 4.1 HaBeneHo TemiepaTypHy 3anexHicTh criekTpiB EIIP, BumipsaHux y
mupokoMy pgianazoni temmeparyp s DLC mmiBok 3 0 ar. %, 1at. % 1 2,5 ar. %
Bmicty Ge. 3 puc. 4.1 BugHo, mo Taki mapametrpu crnekrpy EIIP, sk mosoxeHHs
PE30HAHCHOTO NOJS (Byes), IHTECHCUBHICTD JTiHII Ta MKpHHA JiHIT (AB,,), 3a1eKaTh B1J
TEMIEPATYPH.

Ha puc. 4.2 nokazaHo TeMIepaTypHy 3aJI€KHICTh CIIHOBOI CHPUUHSATIMBOCTI
((Esr), KOTpa MpoOMOpIIiHA IHTETpabHIi IHTEHCUBHOCTI criekTpiB EIIP, oTpumana s
DLC mniBok 3 pizHuM BMicToM Ge. SIK BUIHO 13 BCTaBKHM Ha pucC. 4.2, ICHY€ BIIXUJICHHS
Bil 3akoHy Kropi-Beiica 3a 7=75-100 K. CyuinpHi 4yepBoHi JiHii Ha puc. 4.2
MOKAa3ylOTh TEMIIEPATYPHY 3aJIeKHICTh CHIHOBOI CHPHUUHSATIMBOCTI, OMUCAHY K CyMYy
HE3JIeKHOr0 BijJ TemmnepaTypu BHecky [laymi (yp) 1 3aJieXXHOTO Bij TeMmMmepaTypu

BHecky Kropi-Beiica (ycw):

C
Xesr(T) = xp + Xcw = Xp + p— 4.1)

ne C — crana Kropi, 6 — remnepatypa Kropi-Beiica.
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Puc. 4.1 — TemnepatypHa 3anexHictb criekTpiB EIIP, Bumipsiaux y DLC-miBkax

3:a—0ar. %,06—1ar. %16—2,5ar. % Ge, HaneceHUMU Ha NiaKIagaku Si0,

3icTaBisitoun piBHSAHHSA (4.1) 3 eKcliepUMEHTaILHUMU JaHUMHU, MPEJCTaBICHUMU
Ha puc. 4.2, Oyno orpumano 3HaueHHsa 0 nns DLC mniBok 3 pisaum BMicToM Ge (1uB.
Tabn. 4.1). OTpumanuil Bi’eMHUI 3HAK 3HAaYeHb O O3HAYae, M0 HU3bKOTEMIIEpATypHE
BupiBHIOBaHHS cmiHIB Yy DLC:Ge mmiBkax € antudepomarriTHuMm. CrioctepexyBaHe
3MEHIIIEHHsSI a0COMIOTHUX 3HA4YeHb BIJI’€MHMX BEJIMYUH O MOXHA TOSCHUTH
3MEHIICHHSIM aHTHU(EPOMArHITHUX B3a€EMOJIN JIOKAIBHUX MAarHiTHUX MOMEHTIB 31

30utbeHHsM BMicTy Ge y DLC:Ge miBkax.
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Puc. 4.2 — TemneparypHa 3aJI€:KHICTh CITIHOBOI CIIPUHHSATINBOCTI, OIlIHEHA IS

oauniei minii EITP y DLC-miBkax 3: a — 0 at. %, 6 — 1 at. % 16 — 2,5 at. % BMmicTy Ge.

TeMmeparypHa 3aJIe)KHICTh 3BOPOTHOI CITIHOBOI CIPUHHATIMBOCTI MOKa3aHa Ha

BcTaBKax. Kpamku — ekcriepuMeHTaNbHi 1aHi, CyIiIbHI CUHI1 JiHIT — 3akoH Kropi-Beiica,

YEpBOHI JIIHI — pe3yJIbTaTy MIATOHKH 32 PIBHAHHSM (4.1)

Ockinbku BuMipsaT Macy gociinfxysanux DLC:Ge mniBok Oyia0 HE MOXIMBO,

KUTbKICHUN aHaui3 3HaueHb yp 1 C OyB yCKIaJAHEHUU. 3aMICTh BUMIPIOBAHHS Mac OyJio

OIIIHEHO CHIBBIMHOMIECHHS ycw/yp 3a 295 K (auB. Tabm. 4.1). 3 oTpuMmaHuX 3HAYCHBb

CHIBBIIHOIIEHHS Ycw/¥p MOXHA 3pOOUTH BUCHOBOK, IO BHECOK JIOKAJTI30BaHUX
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enextpoHiB (JIE) € 3naunum nist DLC mniBok 3 0 at. % 1 1 at. % Ge, toxi sk mius DLC

IUTiBOK 3 2,5 at. % (Ge, OCHOBHHI BHECOK BHOCATH Heslokami3oBaHi enexkrponn (HE).

Tabnuus 4.1 — 3nauenss 6, ycw/xp , gne, gie Ta a otpuMani 111 DLC:Ge muiBok

: . o 30,2 -
3 pi3HUM BMicTOM Ge. CriBBIHOILICHHS Sp°/Sp” B3ST1 3 poboTh [96]

Bumict Ge | sp’/sp’ Yoew! e a
0[K] 8NE 8LE
[aT. %] [y. 0.] (295 K) [y. o.] [MT/K]
0 205 | —14,0 1,89 2,0027(3) | 2,0006(3) -
1 0,83 —8,6 3.41 2,0025(3) | 2,0012(3) | 12:10™
2.5 0,78 -2,0 0,83 2,0025(3) | 1,9988(3) | 34-10™

Ha puc. 4.3 npencrapiieHa TeMrepaTypHa 3aJIe)KHICTh MMOJ0KEHHSI PE30HAHCHOTO
MarHiTHOTO TIOJIs, OTpUMaHa B pe3yJbTaTi MojentoBaHHs crnekTpiB EIIP 13 miniero
dbopmu Jlopenua nust DLC muniBok 3 pi3HuM BMicToM Ge.

Sk BuruMBae 3 puc. 4.3, BeJIMUYUHA PE30HAHCHOTO MarHiTHOTO TOJISI 3pOCTaIOTh 31
3HUKEHHSAM TeMIIepaTypu, Mo ciig nosicHutd B3aemonietro HE Tta JIE y cmiHOBIH
CUCTEMI, 1[0 MPU3BOAUTH J0 OOMIHHOTO 3B’SI3Ky MiX HuMH. lleil 3B’430K MOXKHa
BUPA3UTH MOJIEJUII0 CHJIbHOI 00MiHHO-3B’si3aHoi cuctemu HE Tta JIE y pexumi

«BY3bKOTO Micisi» [219]:

B ‘X¥1.st+B 4
Bres (T) — DreslLs igzixge:ws XLS' (42)

€ Bieste 1 Bresne - TOJOXKEHHS pe3oHaHcHOro MarHiTHoro mosg ais JIE 1 HE
BinnoBiHO; ¥ = yew(l + axp), yie = Yew(l + & pp ), a— cTana oOMiHHOT B3aEMO/III.
Jlist BUNanKy, KO - Y1, & yng << 1, piBHsAHHA (4.2) MOXHA NepenucaTH Tak

[220]:
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(Bres,LE - Bres,NE ) ) (Tciej
B (T)=B, +

res ,NE C* bl
1+——
T-0

ne yis/ans = yewlye = CH(T — ) i C* = Clyp € He3aNeXHUM BiJ TeMIepaTypu

(4.3)

3HAYCHHSM.

[TinroHka ekcrepuMEeHTaIbHUX TaHUX, IPEICTABIICHUX Ha puc. 4.3, 3a pIBHSIHHIM
(3), BpaxoBylOuUM OTpHMMaHI BHUIIE 3HA4Y€HHS 0O, T03BOJWIA OTPUMATH 3HAYCHHS
PE30HAHCHOTO MAarHiTHOTO IOJIA, a OTKe, g-OaKkTopu (g1 ewe) = 714,48V/ Bres 1ENE)) A
JE (grg) 1 nns HE (gng) as DLC mmiBok 13 0 at. %, 1 at. % 1 2,5 at. % Ge, sxi

npejcTaBiieHl B Ta0uI. 4.1.

335,60
rY
1 ® DLC 0Ge
O DLC_1Ge
335,551 A DLC 25Ge
Teopis,
BHIHES (4.3
335,50 P ( )

335,45

335,40

ITomoxenHsa pezoHaHcHoro MII MTn

335,35 T T | T T
0 50 100 150 200 250 300

Temmepatypa, K

Puc. 4.3 — TemnepatypHa 3aJI€KHICTb MOJOKEHHS PE30HAHCHOTO MarHiTHOTO
nostst oquHouHoi JiHii EITP y DLC-mmiBkax 3 0 at. %, 1 at. % 12,5 at. % BMmicty Ge.
Touku — ekcriepuMeHTabH1 JaHi, CYIUTbHI JiHIT — pe3yJbTaTH alpoKCUMaIlii

piBHSIHH:M (4.3)
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3nadenns gng = 2,0027(3) y HenmeroBanmmx DLC-mmiBkax ciijg BiIHECTH [0
CJIEKTPOHIB Ha sp° opbitani [221], O MiATBEPKYETHCA THM (GAKTOM, IO IIAPUHA JiHii
EIIP 3a kiMHaTHOI TemnepaTypu ctaHoBuTh ~0,38 MTn (< 1 MTn), mo, sk mpaBuio,
CIIOCTepiraeThcsl IS BYIJICLI0 B Sp -TiOpuamsoBaHomy crami [222 — 225]. 3cys
3HaueHHd g g 10 2,0025(3) y DLC-muiBkax, jseroBanux Ge, Moxe OyTH MOB’sI3aHUM 31
3MiHOIO criBBigHOMmEHHS sp’/sp° Bix 2,05 y Heneroanux 10 ~0,8 y merosanmx Ge
riBkax. Takwii ske 3cyB croctepirascs aBropamu y [226] B UNCD/a-C:H mniBkax i3
CIiBBiHOMICHHSM sp’/(sp” + sp°) 61i3bK0 64%.

Po3paxyHKoOBi 3HaUeHHS g g, HaBeAeH1 B Ta0uuill 4.1, OMU3bKI 10 THX, K1 aBTOPU
y [227] cnocTtepirany B MIKpO- Ta HaHOCTPYKTYPOBaHOMY MAarHiTHOMY BYTJIEIl, IIIO
CKJTaJa€Thes i3 CyMilli ByrJeneBHX 3B’S3KiB sp” Ta Sp 3 OCHOBHHMM BHECKOM Bix sp C
(g =2,0009(6) — 1,9996(6)). Takum arHOM, MH Moxemo Bixaectr JIE 1o sp” a6o sp C-
3B'SI3aHUX LIEHTPIB.

Cnin 3a3naunth, mo JjgiHis EINP 3a kiMHaTHOI Temmeparypu pO3IIUPIOETHCS 31
30utbeHHsM BmicTy Ge B DLC:Ge muriBkax. MokHa NPUITYCTUTH, 1110 LeH ePeKT MOoKe
OyTH BUKJIMKAHUN PI3HOIO CITIHOBOIO IMHAMIKOIO, sSIKa MPUCKOPIOE peaKcallifo CIiHOBO1
CUCTEMU MpHU MiABULIECHHI Temneparypu [39], 1 WIBUIKICTh penakcallii 30UIbIIy€eThCs 13
BmicToM Ge. Lle Takoxx mMoxke OyTH TMOB’S3aHO 3 OLIBIIOI0 CIIIHOBOIO JICJIOKAJI3AIlIEr0
Yepes CHIBHIMMIT 3B’S30K HaHOKIacTepiB sp° [39]. KpiMm Toro, cmocrepesxyBane
3MeHIeHHs iHTeHcuBHOCTI JiHiT EIIP 31 301npmenusam Bmicty Ge y DLC:Ge miiBkax
MOJKe GyTH BHKIIMKAHO PETAKCAIEI0 «CKPYIEHUX» 3B S13KiB sp” [228].

Ha puc. 4.4 nokazana temrepaTypHa 3aJ€XHICTb IUPHUHM JdiHIT criekTpiB EIIP,
OTpMMaHa B pe3yJbTaTli MOJENIOBAaHHA CHEKTpiB 13 JlopeHueBowo (opmoro miHIi A
DLC mmiBok 3 pizaum Bmictom Ge. Y HenmeroBanii DLC mmiBmi dopma minii EITP
Maiike He 3aJeKHUTh BiJl Temneparypu, Toal ak y DLC-miBkax, neroBanux Ge, BoHa
JHIAHO 301TBITYETHCS.

[Tonibna miHifiHA TeMmepaTypHa 3aleXHICTh 1y mupuau jdiHii EIIP Oyna
CIIOCTEpEX’EHA B HAHOCTPYKTypoBaHOMY Tpaditi [229] 1 Oyna MosicHeHa pellakcalliero

Koppinru, siky MokHa ONHACATH SIK:
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AB _ Thy

= [IN(E)] T=aT, (4.4)

ne a — crana Koppiuru, J — konctanta oomiaHoro 3B’s3ky Mk JIE ta HE, N(Eg) —
n1ieHICTh cTaHiB JIE Ha piBHI eHeprii ®epmi Er.

3icTaBisitoun piBHSHHS (4.4) 3 eKCIIEpUMEHTAJIbHUMU JaHUMH, MMOKa3aHUMU Ha
puc. 4.4, otpumaHo 3HaueHHs cTamoi a gua DLC mniBok, neroBanmx Ge,
npejacTaBieHux y Taou. 4.1. BusBieHo, 110 3HaYEHHS @ 3pOCTalOTh Pa3oM 13 BMICTOM
Ge B DLC:Ge mniBkax. BpaxoByrouu, mo BHecok JIE cTae O6umbmuM 13 301IBIICHHSIM
BMicTy (Ge, MOXHa NPUITYCTUTH, IO €PEKT 30UIbIIEHHS 3HAaYeHb CTAJIOi @ MOXe OyTH
MOB’sI3aHMM 13 OUTBIIOI0 MUIBbHICTIO cTaHiB JIE Ha piBHI eHeprii @epmi, CIPUIMHEHOIO

neryBaHHAM Ge.

24
A
2,21
= 2,0-
= 18-
" ® DLC 0Ge
18- O DLC_1Ge
SR A DLC 2.5Ge
g — Teopis.
E 12 —— piemaHEA (4.4)
(41 .
= 104 )
5‘ 08
0,6 -
04 atesmo0e ©¢ @ @ o ° ° °
0,2 T T T T T T T T T T T
0 50 100 150 200 250 300

Temmepatypa, K

Puc. 4.4 — TemneparypHa 3aexxHicTh UpUHU ouHOo4HOI JiHii EITP y DLC-
riBkax 3 0 at. %, 1 at. % 12,5 at. % Bmicty Ge. ToukaMu 1Mo3HauY€HO

eKCIIEpUMEHTaJIbHI AaH1, CYLIbHI JiHIT — pe3yJbTaTH MIATOHKH 32 PIBHSHHAM (4.4)
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BucHoBkmu 10 po3aity 4

1. Bumipsino cniektpu EIIP y ctarionapHoMy pexumi 6e3BoaHeBux ToHkux DLC-
ITiBOK TOBIIMHOIO 160 HM, jmeroBanux Ge, Ha miakiaami SiO, Taki MmiiBku BHepiie
nocaimkeni metogom EINP B mumpokomy mianmazoni temmeparyp Bix 5 K go 295 K B
Jiarma3oHi yactoT X-Jianazony. Y JOCTIKYBaHUX 3pa3Kax CrocTepirajiacs €auHa JiHis
dbopmu JlopeHIia 3a paxyHOK OOMIHHOI B3a€MOJII1 JIOKaJi30BaHUX 1 HEJIOKaJII30BaHUX
CJICKTPOHIB.

2. Bcranomieno, mio 31 30unbieHHSIM BMICTY Ge iHTeHCHBHICTh curHany EITP
CTPIMKO crajae, Tomy Oyiu po3riasHyTi BaacTuBocTi DLC-mmiBok 13 BmicTom Ge y
0 ar. %, 1 at. % 12,5 at. %.

3. byno BufBIEHO, 10 TEMIEpaTypHA 3aJIEKHICTh CHIHOBOI CIPUHHATIUBOCTI
BIIXWIsETbCs BiJ 3akoHy Kropi-Beiica nmpu T > 75-100 K uepe3 BHecok Ilayi,
CIPUYMHEHUN eJIeKTpOHAaMU MpoBigHOCTI. OTpUMaHi HETaTUBHI 3HAYEHHS TEMIIEPATypH
Kropi-Beilica o3HauaioTh, 1110 HU3bKOTEMIIEpAaTypHE clliHOBe BropsakyBaHHsi B DLC:Ge
IUIIBKaX €  aHTU(PEepOMarHiTHUM. 3aBISIKU  CIOCTEPEKYBAaHOMY  3MEHIIICHHIO
abcomoTHUX 3HadYeHb Temrepatypu Kropi-Beiica Oyno po3misiHyTO 3MEHIICHHS
aHTU(PEpOMArHITHUX B3aEMOJIIA JIOKAJbHUX MArHITHUX MOMEHTIB 31 30UIbIICHHSIM
BMicTy (Ge B TUTIBKaX.

4. 3 orpumanoro criBBigHomeHHs [laymi-moniGHOTO BHECKY Ta 3aJeHOTO Bij
TemriepaTypu BHecky Kropi-Beiica 3HaueHb CIiHOBOI CHPUMHSITIMBOCTI, BUSBJIEHO, IO
BHECOK JIOKaJII30BaHUX eJeKTpoHiB € 3HauHuM i1 DLC mniBok 3 0 at. % 1 1 at. % Ge,
tomi sk g DLC mmiBok 3 2,5 ar. % Bwmicty Ge OCHOBHUN BHECOK BHOCATH
HEJIOKaIi30BaH1 €JIEeKTPOHH.

5. 3 TeMrepaTypHOi 3aJIeKHOCTI 3HAY€Hb PE30HAHCHOTO MArHiTHOTO TOJisA Oynu
OTpUMaHI1 3Ha4YeHHs g-(pakTopa IS JIOKAJII30BaHUX Ta HEJIOKAJi30BAHMX E€JIEKTPOHIB.
3poGeHO BUCHOBOK, 1110 JIOKAJTi30BaHi eIEKTPOHH T10B’A3aHi 3 sp° a0 sp ByIJICLEBUMH
IIEHTPAMH, a HeJIOKATi30BaHi BiMOBIIAI0Th €IEKTPOHAM Ha Sp° OpOiTali.

6. BUABICHO KOPEIAI[iI0 MK CIiBBiJHOIICHHSIM sp’/sp” i 3CyBOM gyp B OiK

HIUKYHMX 3Ha4YeHb npu nonysaHH1 Ge. [upuna minii cnexktpy EINP maitke e 3anexana
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Bia Temmeparypu ans HeneroBaHoi DLC-mumiBku, a B DLC-mniBkax, neroBanux Ge,
BOHA 3MEHIIyBaJacs JiHIMHO. TakuM 4YHWHOM, HABEACHO peNaKCaliifHy MOJeh
Koppiaru pis remneparypHoi 3anexkHocTi mupunu JiHli EITP. 30inbiieHHs 3HadeHb
koHcTaHTH Koppiarn wmoxke OyTh TIOB’si3aHe 3 OUIBIIO IIUIBHICTIO CTaHIB
JIOKATI30BaHUX €JIEKTPOHIB Ha piBHI eHeprii depmi, crnpuunHeHoo (Ge-JieryBaHHSIM

DLC miiBok.
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PO3JLTI 5
MMPAPOJIA EJEKTPUYHO-IETEKTOBAHOT'O MATHITHOT'O
PE3OHAHCY B MOHOKPHCTAJIAX 6H-SiC 3 BACOKMM BMICTOM
A30TY

5.1. Beryn

VY nmanomy posnuii posrisaaerbes 6H momitum, sskuit cepen iHMMX mojitumiB SiC
BUJUISIETbCA ~ CTAaOUTBHICTIO,  IIHPOKOIO  3a00pOHEHOI0  30HOI0,  BHCOKOIO
TEIJIONPOBITHICTIO, MEXAHIYHOIO MIIHICTIO Ta ONTHYHUMH BIACTUBOCTSAMHU, IO
3YMOBJIIO€ 1Or0 IIMPOKE 3aCTOCYBaHHA B 0aratbox raimyssax [230 — 234].

OCHOBHOIO HEKOHTPOJILOBAHOIO JIOMIIIKOIO N-TUMY B ycix nomitunax SiC € a3or
(N). HamiBmpoBignukoBi miactuHd (migkiaaguaku) 6H-SiC 13 BUCOKUM CTymneHEM
JIETYBaHHA a30TOM HEOOXIJHI JUIsi BUTOTOBJICHHS MOTYXHUX (mioaiB IloTTki,
MOSFET), BuUCOKOYAaCTOTHUX MPUCTPOIB 1 MiACHIIOBaYiB paniodactor. Kpim Toro,
HEIIOJIaBHO B Po0OTi [235] Oys0 MOBIAOMIIEHO, 1110 HEOAHOPIIHICTH MUTOMOTO OMOPY Y
BUpOIIEHUX Kpuctaigax SiC 3HA4YHO 3MEHIIYeThCsA, Koiau Kpuctan SiC CHIIbHO
jeroBanuii N, 110 103BOJISIE OTPUMATH TOMOTEHHO JieroBaHi azoToMm kpuctanmu SiC 3
OJTHOP1THUMH MU TOMHUMH €JIEKTPUIHUMH OTIOPaMHU.

BignoBimno mo [236], omHi€l0 3 OCHOBHHX MpOOJIeM BHUKOPHUCTaHHS N-
BakaHCIHHUX HEeHTpiB y SiC y KBAaHTOBUX pPO3PaxXyHKax 1 CEHCOPHHUX CHCTEMaxX €
KOHTPOJIb BMICTY MapaMarHiTHUX AOHOPIB N 1 CIIHOBUX 3B’SI3KiB, 0 MPU3BOAUTH 0
BTpaTH KOT€PEHTHUX BJIACTUBOCTEH Takux HEHTPiB. Ockinbku goHopu N B SiC MaroTh
HEBEJIMKI pIBHI 3a00pOHEHOi 30HM, iXHI XBWJIbOBI (PYHKIIi CHJIBHO JE€IOKaIi30BaHI, a
HECIapeHi JOHOPHI €JIEKTPOHU MOXYTh OyTH AenokanizoBaHi Ha atomax C 1 Si. Kpim
TOTO, TIOJIITUII 1 MICIIE JOHOPHOI oMimTku B Ipartii SiC BIUIMBAIOTH HA CIIBBIIHOIICHHS
CTymeHsl Jeinokanizamii. TakuM YMHOM, BHUBYEHHS 3B’S3Ky MIDXK MAarHiTHUMHU Ta
CJICKTPUYHUMH BJIACTUBOCTSIMU JIOHOPIB a30Ty B Marepiaidi 3 HU3BKUM MUTOMHUM
ormopom, Takomy sk 6H-SiC, € myxe BaKJIMBUM SIK JJIi BUTOTOBJICHHS €JIEKTPOHHUX,

TakK 1 1711 KBAHTOBHUX MPUCTPOIB.
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JIisg AOCHIKEHb MarHITHUX Ta €JIEKTPUYHHMX BJIACTUBOCTEH CHIIBHO JIETOBAaHUX
azotroM MoHokpuctaniB 6H-SiC y maniit po6oti BukopucroByBasiucs meroau EIIP ta
EIMP. Xoua nani EJIMP ngns SiC O6ynu mumpoko BuBueHi B MOII-Tpan3ucropax Ha
ocaoBi 4H-SiC [237 — 239], tpansuctopax [240 — 242], Bakanciax Si, aedekrrax
posnity [243, 244], HenacuueHux 3B’s3kax C  [245, 246], 1HAYKOBaHHUX
BUNPOMIHIOBaHHSIM jedekrax, ski BuHuKatoTh y 4H-SiC/Si10,, npore mnoku
3anumaTbes BiacyTHiMHU naHi EJIMP mpo crhiHoBi nedektu B 00’€MHUX KpUCTaIax
SiC [247].

HemonaBHo B poGoti [28] Oyno MNOBIAOMIIEHO MpO MEpIIE CIOCTEPEKEHHS
curHaty EJIMP B monokpuctamax I5R-SiC 3 HEKOMIIEHCOBAHOK KOHIIEHTPALIEO
nonopa N npu6ausso 5 - 108 cM™ npu HE3BKHX TeMImepaTypax. BHHHKHEHHS CUrHATY
EJIMP 6yno noB’si3aHO 3 JIOHOpamMu a30Ty, MOB’SI3aHUMU 3 OOMIHHOIO B3a€EMOJIIEIO, 1
MOSICHEHO TMPOIIECOM CIIH-CTPUOKIB 1 MEXaHI3MOM IIBUIIECHHS TEMIIepaTypH,
BukJinkanuM EIIP.

Y [29] sBucsitmoerbcs EJIMP  nmocmimkenns kpucramiyHoro 4H-SiC 3
(Ny;-N,) ~ 108 cm™ ta 6H-SiC 3 (N;-N,) =~ 2-10'® cm. Buxopucrauus X-
mianazony (~9 ITn) mo3Bonamino aBTopaM 3pOOMTH  BHCHOBOK, IO MEXaHI3M
iHaykoBaHoro  EIIP  migBuineHHss — TeMmiepaTypd  NPU3BOAUTH 10  MOSIBH
HU3bKOTEMIIEpaTypHOTO curHany E/IMP.

VY To#t xe uac momepenHi TtemmeparypHo-3anexHi EITP-mocmimxenns B X-
nianasoHi kpuctamB 6H-SiC 3 HekomneHcoBaHUMU N-IOHOpaMHU, KOHIIEHTpaLls SKHX
nepesumye 10" cM™, BUsSBHIM OpHHANMHI [IBa CHTHAIM, SKi EPEKPUBAIOTHCS, IPH
HU3BKUX TEMIlepaTypax: OJMH CHTHajl OyB TOB’SI3aHUM 3 OOMIHHUM 3B’ S3KOM
JIOKATI30BaHUX 1 HEJIOKAJTI30BaHUX EJEKTPOHIB, a IHIIMA — YMOBHO BIJHECEHUH 10
OOMIHHOTO 3B'SI3Ky MiX JIOKQJII30BaHUMHU JIOHOpaMu N, 5K CTal0Th y TekcaronaibHi (h)
ta Kyo1uHi (k) mozumii [30].

OcCKUIBbKY TIapaMeTpH CHIHOBOTO ["aMibTOHIaHA JIJISt CIIOCTEPEKYBAHOTO CUTHATTY
EJIMP y [29] ne Oynu mpeacrtaBieHi, 3B’ 430K 13 crocTepexyBaHumMu criekrpamu EITP

ta EJIMP He OyB BCTaHOBJEHUM, 1, SK HacHiAoK, npupona curHainy EJIMP,
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BIJIMOBIIAJILHOTO 3a EJIGKTPUYHI BIACTUBOCTI MOHOKpuctaniB 6H-SiC 3 Bucokum
BMICTOM a30TY, 3JIMIIIAE€THCS HEB1OMOIO.

VY uiit po6oTi, BukopuctoBytouu 6aratrouactotny EIIP ta EJIMP cniektpockoriio,
3pobsieHo crpoOy 3’scyBaTH TPHUPOAY CHIH-TIOB’SI3aHUX SIBUIN 1 BIUIUB a30THOTO

JIETYBaHHSI Ha €JIEKTPUYHI Ta MarHiTHI BIacTUBOCTI MOHOKpucTaniB 6H-SiC.

5.2. Marepiaau Ta MeTOAU JO0CTiTKEHHS

O6’extom  nmochimkeHHs Oynu  moHokpuctamn  6H-SiC  n-tumy 3
HECKOMIICHCOBAHOIO KOHIeHTpauicio noHopie N (N; - N,) =~ 8- 108 cm™ po3mipom
4,5 MM x 2 MM x 0,5 MM Ta (Ny- N) = 4-10Y em™ posmipom
6 MM x 2,1 MM x 0,5 MM (KOHLIEHTpaLIl0 BU3HA4YE€HO e€(peKTOM Xoiia Mpu KIMHATHIN
temriepatypi). Jlani MoHokpuctanu Oynu BUpoIleHi MoaudikoBaHUM Metoaom Jlemi
[183] 3 BUKOpUCTaHHAM MOJiKpucTaniqHoro SiC K BUX1AHOrO MaTepiaiy 31 MIBHAKICTIO
pocty 1,2 mm/ron Ha moBepxHi [0001] Si mpu 2200 — 2400 °C i tucky Ar 30 — 50 mOap.

Ha puc. 5.1 300paxkeno kpucrtamiuny ctpykrypy OH-SiC, mo wmae nBi
HeeKBIBaJeHTHI KBa3ikyOiuHi mo3umii («kl» 1 «k2») #1 oaHy rekcaroHanbHy («hy).
Jonopu N 3aMilIyroTh Il HEEKBIBAJICHTHI MO3HUIlll 3 TIMOOKUMH DPIBHSMH €HEprii B
3a0oponeHiii 3001 6H-SiC: 81 meB s 3amiau no3utii «h» (Ny), 137,6 meB a1 3aminu
«k1» (Niy) 1 142,4 meB nns 3amiau no3utnii «k2» (N, ) [248].

Crnextpu cramionaproro EINP y X-niamazoni (v~ 9,4 I'T) B MoHOkpucTanax 6H-
SiC Oyno BumipsiHO 3a nonomoroto criektpomerpa Bruker ELEXSYS E580, ocnamenoro
TiHApuaHOIo mopokuuHor Bruker ER 4122 SHQE SuperX High-Q TE(;, Ta renieBum
kpioctatom ER 4112HV 3 MOXIMBICTIO 3MIHM TeMmIeparypu. byiu BUKOpHUCTaH1
HACTYMHI MapaMeTpu: piBeHb MiKpoxBwIb0BOi (MBT) motyxknocti — 0,4743 MBrT,
gactoTa MoayJsamii — 100 k', ammmityaa moxyssii — 0,1 mTi, yac kouBepcii — 70 mc,
CHEKTpaibHa pO3/iJIbHA 31aTHICTh — 2048 TOUOK. 3pa3Kku 3aKpIUTIOBATIMCEH HA CTPIDKHI 3
MJIaBJICHOTO KBapily giameTrpoM 4 MM. SIK eTajoHHHWM 3pa30K BUKOPUCTOBYBABCS

BUIbHUY paaukan 1,1-gudenin-2-mikpunriapasui (g = 2,0036).
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6H SiC

P6ymec
a=3.08A
b=189A
c=15.12A Si

Pucynok 5.1 — Kpucraniuna crpykrypa 6H-S1C, HamanroBaHa 3 BUKOPUCTaHHSIM

nanux 3 [249] y nporpami VESTA 3.5.2 [250]. € || [0001]

Cnexktpu BucokouyacrotHoro EIIP (Bigx 100 ITu mo 395,12 1Tu) ta EAMP
(100 I'T'r) 6ynmo Bumipsino Ha criektpomeTpi THz FraScan Spectrometer (CEITEC BUT,
bpao, Uecbka Pecrry6Oumika) [251, 252] 1 nBox pizaux mxepen HBY (ta Habip macuBHUX
NOMHOXXyBauiB 4yactotu (X 3) mna 395,12 'Tu) 3 BUKOPUCTaHHSIM HAAMPOBITHOTO
6e3kpiorenHoro marHity, Cryogenic Ltd, BenukoOpuranis.

Bucokouactotni cnexktpu EIIP BuMiproBanuch 13 HacCTYMHMMH HapaMeTpaMu:
MIBUJIKICTh po3ropTku MarHiTHoro mojst — 0,1 — 0,18 mTiu/c; crana vacy — 30 Mmc;
gactoTa moumynsamii — 2,8 — 4,3 xI'i; ammmityga moxayismii — 0,24 — 0,4 mTa; piBeHb
notyxHocti HBU — ~1 — 2 MBrT.

Bucokouacrotai cnektpu EJIMP Oynm 3amucani 3 BHUKOPHUCTAaHHSM CXEMHU
JETEeKTyBaHHA 3 [253] 3 TaKUMU MapaMeTpaMu: MIBUIKICTh PO3TOPTKUA MArHITHOTO MOJIS
— 0,1 MmTn/c; crana yvacy — 30 Mc; amruniTyaa MoAyJsiii mar"itHoro mnojs — 0,24 —
0,5 MTn; wactora Momymsiii mar”HiTHoro mons — 734 I'm; Hampyra 3MilIeHHS —
+4,88 B; piBens notyxkHocti HBY — ~125 mBr. [{ns BumiptoBans EJIMP 3pa3ok Oyio

MPUBEJCHO B KOHTAKT 3 (hapOor0 Ha OCHOBI Ag Ha CKIISIHIN MITKIAI 3 KOHTAKTHUMU
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npokiaakamMu 3 Au. Sk eranoHHu#M 3pa3ok s BucokouactotHoro EIIP Oymo
sukoprcrano Cr' B MgO 3 g = 1,9797.

Jlns monemoBanHs criekTpiB EIIP Oymo BukopucTtaHo GyHKIIIO «pepper
iHCcTpyMmeHTiB  Easyspin 5.2.36 [175], BHKOpHUCTOBYIOYM CHIHOBHH TaMiJIbTOHIaH

(BUpaKEHMI B OJUHUIISAX KYyTOBOI YaCTOTH):

H:#B

BgS >
- I (5.1)

—awins 7 15 SA T, + 1
Iie Lip— MarHeToH bopa;

— . .

B =(0,0,B,) — 30BHIIIHE NPUKIAJACHE MAarHiTHE Toje, By, — TMOJOXKCHHS
PE30HAHCHOTO MarHiTHOTO TOJIS;

J — g-TEH30p ENEKTPOHa,;

— OIIepaTop CIIIHY €JIEKTPOHA;

=t Ly

h
= -~ 3BEJICHa CTaa IInanka;

gy — AnepHuii g-pakTop;

L, — SIAEPHUNA MarHeTOH;

-

I; — oniepaTop SAEPHOTO CIIIHY i-TO Spa;

~

A; — TEH30p HaATOHKOI B3a€MOII i-T0 S/pa;

= TEH30p SACPHOI KBaJAPYHOJIbHOT B3aEMO/II.

VY BHIanKy OChOBOI CHMETpIl g-T€H30pa g1=g| , 2= g3= g1 Ta A= a;+2b,
A, = a,— b; (a;— xoOHCTaHTa HAATOHKOI 130TPOITHOI B3aeMO/Iii /-Tr0 aToMa, b;— KOHCTaHTa
HAJITOHKOI aH130TPOMHOT B3aEMO/Ii1 /-T0 aToMa).

JIy1st mapaMarHiTHOTO TEHTPY, 1o Mae S = 1/2 1 /=0, ciig BpaxoByBaTH MEPIIHA 1
JIpYTUH JO0JIaHKK PIBHSHHS (5.1) 1 B TAKOMY BUITQJIKy CTIOCTEPITAETHCS JIUINE OJ{HA JiHIS

B cnektpl EIIP. /Ins mapamaruitHOro HeHTpy, uo Mae S =1/2 1 /=1, ciig po3risnatu

yci unenu piBHaHHS (5.1), 1 Toai B criektpi EINP BusiBnsietses tpuruter (27 + 1 = 3 minii).
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5.3. EkciepuMeHTAJIbHI pe3yJabTaTH

5.3.1. Amnaniz pganmx, orpumaHux Merogom EIIP y mmpokomy

TeMIIePpATYPHOMY IHTepBaJIi

Ha puc. 5.2 npencraBneno tumnoBuii crektp EINIP, Bumipsuuit y X-miana3osi
(v~9.,4 I'Tn), 3anucanuit y Monokpucranax 6H-SiC 3 (N; - N,) =~ 8- 10 e npn
T'=5K. VY nuenrpanpHiii dactuHi cnektpy FEIIP HasBHI 1Ba curHaim, 1110
NEPEKPUBAIOTHCS, TTO3HAYEH] HA PUCYHKY AK S-miHis Ta S1-minisg 3 §=1/2 ta = 0. IIpo
BHSIBJIEHHS WX JiHil 118 MoHokpucrtanis 6H-SiC 3 (N, — N,) y nianasosi sig 1 - 101°
10 4-10'° cM™ panime mosizomisinocst B po6oti [30]. TemmeparypHa moBeiHKa S-
JiHIT BIAMOBIZA€ THUM, IO OTPUMAaHI JJI CUTHANy CIIHOBOTO PE30HAHCY E€JIEKTPOHIB
nposigHocti (EIT) B [30]. Kpim Toro, y ciekTpi BUIHO TPUIUIET MaJIOi IHTEHCUBHOCTI (3
Habarato HMUKYOIO CIIIHOBOIO KOHIICHTPAIII€I0, HIXK IEHTPaAJIbHI CUTHAJH), 1[0 BUHUKAE
BiJl JOHOPIB Ny, (S'=1/2, [ = 1). IIpo noniOHuUii TPUILIET MOBITIOMIISLIOCS B po0OOTI [254].
Jonopu Nj ta Ny (13 MEHIIMMU PIBHSAMU €HEPTii B 3a00pOHEHIN 30H1, HIX Ny,) y HHX
3pa3kax 10Hi30BaHi, oTke, crekTpu EIIP 3 1iux neHTpiB He criocTepiraaucs.

V 3paskax monokpucramis 6H-SiC 3 (Ny—N,) =~ 410" em™, numre curnamu S-
miuii Ta S1-miuii cnoctepiranucs B crnektpax EINP mpu 7=5 K, curnamiB Bim Ny,
JIOHOPIB HEe Oyno. 3rigHo 3 JuKepesnoM [253], ans BUpIIIEHHS MUTaHHS CUTHAJIB, 1110
NEepPEeKpUBalOThCs, OyB BUKOpUcTaHui OararowactrotHuid EIIP. Ha puc. 5.3 mokazaHo
eKCIIepuMEeHTalbH1 Ta 3MoaenboBani cnektpu EINP B monokpucranax 6H-SiC 3 (Np —
N, = 810" cm™ na pisnux wactorax HBY y 1BOX Opi€HTALiSX MArHITHOTO MOJISL.

3a J0MOMOroK 3acTOCyBaHHA BHCOKHMX 4actoT HBY, cramo wmoxiuBum
pO3pi3HUTH MapaMmeTpu criHoBoro ['aminbToHiaHa juist S-miHii Ta S1-minii. [Ipu Takii
BUCOKIA KOHIEeHTpalii N BUJIbHI €JIEKTPOHH, SIKI 10HI3YIOThbCS Bia JOHOpPIB N Ha
no3utisx «h» 1 «kl» y 6H-SiC, MoXyTh ekpaHyBaTH JIOKai30BaHl €leKTpOHU Ny, 1,

TaKUM YHHOM, IIPU3BOJIUTH JIO 10H13aIlli riuommx 10HOpiB N 1, [255].
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Pucynok 5.2 — Cnektp EIIP B X-aiana3oHi, BUMipsiHUI B MOHOKpHcTanax 6H-

SiC3(N;—N,) =810 ¥ cm *npu T=5KiB || ¢

Tabmuua 5.1 MiJICYMOBYE  MapaMeTpd  CIIHOBOTO  TaMUIbTOHIaHA
CIIOCTEpPEKYBAaHUX MapaMarHiTHUX IIEHTPiB. BUIHO, 10 KOHCTAaHTH HAATOHKOTO 3B SI3KY
JUIs TICHTPY Ny, IS0 HYOKY1, HDK KOHCTaHTH, 3HAWJICH1 paHille B MOHOKpHCTanax 6H-
SiC 3 (N;—N,)=110"cm™ [254]. Leit edekT MOXHA TOSICHHTH MOXIIMBHM
BixwieHHsM Bij crexiometpii Si/C B moHokpuctanax 6H-SiC 3 BHCOKMM BMiCTOM
azory.

BpaxoByroun oTpuMaHi 3Ha4eHHs g-(akTopa s S-JiHIi, el mapamarHiTHHMA
HeHTp ciig BigHectn 10 oOminHoro 3B’si3ky EIl Ta Ny,. Pi3nuio B mapamerpax
ciniHoBoro ['aminbToHiana ana S-miHii npu 7=5 K y uiid poboTi 3 OTpUMaHHUX IS
curHany Big EIl B X-miamazoni B po6oTi [30] MOXHa NOSICHUTH THUM, IO
O6ararouactrotHuii EIIP 103BoSMB O1MbII TOYHO BCTAHOBHUTH IapaMETPH CIIIHOBOTO
ramMiJibTOHIaHa.

Jlinis S1 cnoctepiraetses npu T < 25 K [20] 1 mae g1 = 2,0030(2), uro 30iraeTbes
31 3HaYeHHAM g1 U Ny, , a g = 2.0040(2), mo Bianosinae 3Ha4eHHIO g 11 Ni;. OTxke,
MOXHa 3pOOUTH BUCHOBOK, 0 S1-JiHisS Mae OyTH MOB’si3aHa 3 OOMIHHUM CHIHOBUM

3B’SI3KOM JIOKaJTi30BaHuX JOHOPIB Ny 1 Ny, y cunibHONeroBanoMy azotom 6H-SiC.
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Pucynok 5.3 — Cnekrpu EIIP, 3anucani B Monokpucranax 6H-SiC 3 (N;— N,) =
8:10' cM~ ma wacroti: a — v=940 TTu B || €,6 — v=150,01 ITw, B || &, 6 —v= 9,40
ITu, B L& r-v=39512TTu, B L& T=>5 K. YopHi cywiibHi JiHi] MPeICTaBIsIOTE
eKCIIEpUMEHTaJIbHI CTIEKTPU. POXkeBi, CHHI Ta 3eJIeH1 CYLUIbHI JIiHIT € 3MOJIeThbOBAHUMU

CIEKTPaIbHUMHU KOMITIOHEHTaAMU 3a JOTIOMOTO0 piBHSAHHS (5.1), a 4epBOHI CYITUIBHI

JIHIT TOKa3yIOTh CyMY 3MOJIETbOBAHUX CIIEKTPATIbHUX KOMIIOHEHTIB

3po0iieHi BUIlE BUCHOBKU MIATBEP/KYIOTHCA TaKOX THM, IO TEMIIEpaTypHUN
iaTepBan nosieu S-nmiHii (7' < 150 K) BianoBizae TeMrnepaTypHOMY 1HTEpBaIy MEPEXO/iB
€JICKTPOHIB 13 JIOMIIIKOBHX PIBHIB y 30HY MpoBigHOCTI B MOoHOKpucTtanax 6H-SiC 3
(N;—N,) =~ 110" —4.10" em™ [160] (mpur T> 150 K 106GpOTHICTH pe3oHATOpa 3aHANTO
HU3bKa, 00 HANAITYBAaTH aBTOMaTHYHE perymoBanHs yactotu (APY) 1 3anmcat criekTp

EIIP mns S-miuii). Y ToM e yac TemreparypHuil mianazod mosisu Sl1-minii (7'< 25 K)
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36iraeThCs 3 JiaNa30HOM TIPOLIECY CTPUOKIB eNEeKTPOHiB depes pomimkosi atomu N y D'-

cMyrax, siki Binoysatotses B 6H-SiC 3 (N, — N,) = 1-10"° - 4-10" em™ [160].

Tabmums 5.1 — IlapameTpu CIiHOBOTO TraMuIbTOHIAHA JJI TapaMarHITHUX

neHTpiB y MoHokpuctasiax 6H-SiC 3 Bucokum BmicTtom azoty npu 7 = 5 K pasom 3

JITEpaTypHUMU JaHUMU

apamarnitauit | (Va—Nd), | ianmazon A, | Ay,
gL g [Tocunanns
HOCHTP oM™ TeMIIeparyp MmTi | MTn
N 8-10™ T<25K {2,0030(2) |2,0037(2) | 1.11 | 1.11 | IIs po6ora
N 1-10" T<80K |2,0030(3)[2,0037(3) [ 1.19]1.19| [254]
N 1-10" T<80K |[2,0026(3)]2,0040(3)| 1.2 | 1.2 [254]
S-niHis 8:10'° | T<150K |2,0029(2) | 2,0038(2) | - - | Iz pobota
. 1-10"+
curnan Big EIl o T<150K |2,0034(3) | 2,0047(3) | - - [30]
410
S1-miuist 8-10"® T<25K [2,0030(2) | 2,00402) | - - | 1Ia pobora
. 510"+
S1-minis o T<25K |2,0031(3) |2,0045(3) | - - | [30,256]
410

5.3.2. AHaJji3 naHux, orpumanux meroaom EJIMP

Y BucokovactotrHux cnekrpax EJIMP monokpucranis 6H-SiC 3 (N,—N,) =

1 _ . .. .
810" cM™ mpu T<10 K cnocrepiranack oamHouna miinis. TeMrepaTypHa NoBeIiHKa

(puc. 5.4), 3anexHICTh B MOTY>KHOCTI (puC. 5.5) Ta 3aJI€KHICTh BiJl CTpyMy (pHcC. 5.6)

uporo curHany EJIMP BianmoBigatoTh THM, 110 OyiM paiiie 3apeectpoBani s 15R-
SiC 3 (N;— N,) =~ 5-10" cm™ y po6orti [28], 4H-SiC 3 (N,— N,) = 10" cm™ ta 6H-SiC 3
(N;—N,)=~2-10" em™ y po6ori [29].
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T=8 K
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Pucynox 5.4 — Temneparypna nosesinka curuany EJIMP, BumipsiHoro B

moHokpucranax 6H-SiC 3 (N, — N,) ~ 8-10" em mpu v = 100,03 I'Tw, Blé¢
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Pucynok 5.5 — 3anexuicts Big notyxHocti curany EJIMP, Bumipsina B
MoHokpuctanax 6H-SiC 3 (N;— N,) = 8-10" cm™ mpu v= 100,03 [Ty, T=5K, B L &.

Touku — eKcriepuMEeHTalbHI JJaH1, CyLJIbHA YEPBOHA JIiHIA — MIATOHKA 3T1IHO PIBHSHHA:

C1Pyw

—————, ¢ Py — piBeHb MIKPOXBUIBOBOI MOTY>KHOCTI, C;, C; —
(1+c1Puw)

Igpur = ¢ +

napameTpH MiJITOHKU
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Pucynok 5.6 — 3anexHicts Bij ctpymy curnany EJIMP, BumipsiHoro B

moHokpucranax 6H-SiC 3 (N, — N,) ~ 8-10" cm° Bixg 100 HA (4,745 B) mo 1 HA

(0,15B).v=100,03ITu, T=5K, B 1 & Touku — eKCTIIEpUMEHTAJIbHI JIaHl, CYIILJIbHA

YEepBOHA JIHIA — alPOKCUMALisl TIHIHHOIO (DYHKIIIEIO

Ha puc. 5.7 nokazaHo mopiBHsiHHSI BucokodacTOTHUX crnekTpiB EIIP ta EJIMP,

samucanux npu 7= 5 K B monokpucrazax 6H-SiC 3 (N, — N,) = 810" cm™ na wacrori

v=100,03 I'Tt, B L ¢. Moxmua M0OAYHTH, 10 TOJIOKEHHS PE30HAHCHOTO TOJIS OJHIET
ninii EJIMP Bignosinae S1-minii, BusiBaeHin y cnekrpi EIIP. Ie#t dakT y3romxyerbes 3
paHilie oOmnyOJIKOBaHUMHU pe3ylbTaTaMd Juisi MoHokpucrtaniB 15R-SiC 3 (N, —
N,) =5 10" CM_3, ne ninis EJIMP Takox Oyia moB’si3aHa 3 0OMIHHOIO B3a€MOJIIEI0 MIXK
1IEHTUYHUMH ToHOpamu Ny [28].

Kpim Toro, 3rimHo 3 mxepenom [29], cTpuOKkoBa MPOBIAHICTh € JAOMIHYIOUHUM
MPOIIECOM MEPEHOCY 3apsiay MPU HU3BKUX TeMiiepaTypax y kpuctaiax SiC 3 (N;— N,) 3
10" 1o 10" cm™. YV 6H-SiC, mo mae (N,—N,)= 2:10" cm™, pisenr Depmi nexuthb
no0JaM3y eHepreTHYHoro piBHA N y By3/Iax KBa3iKyOIYHOI PELIITKH, 1, TAKUM YHUHOM,
CTpUOOK Ma€ BiIOYBATHUCS JIMILIE MK JOHOPaMH KBa31KyOI14YHMX BY3JIIB.

Ha Binminy Big po6oTu [29], ne sik iHTeHcuBHA jdiHisg EJIMP, Tak 1 jiHisS JOHOPIB

N cnocrepiranucs B crnektpi EJIMP mms 6H-SiC 3 (N,—N,) =~ 2:10" cm™, y nawiii
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poboti cnocrtepiraetscs yumie oana JdiHis EJIMP y 3paskax, mjo Mo)kHa MOSCHUTH

BUIIIUM BMIiCTOM JOHOPIB N y TOCTIPKYBaHHUX 3pa3Kax.

Blc v0=100.03 Mu, T=5K

(g =2.0028)

EIIP cnextp

S$1-niuisi (g =2.0030)

EJIMP cnextp

HopMmoBaHa IHTEHCHBHICTh CHTHATY, B. O.

3568 3569 3570 3571
MarHitHe mone, M1 11

3566 3567

Pucynok 5.7 — Cnextpu EIIP ta EJIMP, 3anucani B MoHokpuctaiiax 6H-SiC 3
(N;—N,)~ 810" cm™ na wacroti v= 100,03 I'Tw, B1l¢é3a temnepatrypu 7' =5 K.
YopHi CylLUIbHI JIIHIT TPEACTaBISAIOTH EKCIIEPUMEHTANIbHI cieKTpu. PoxkeBi, CUHI Ta

3€JIeHI CYIJIbHI JIHIT € 3M0IeTbOBAHUMU CIIEKTPATTbHUMU KOMITOHEHTAMH 3a
nonoMororo piBHsAHHSA (5.1). CekTpanbHy IHTEHCUBHICTH HOPMOBAHO J10

MAaKCHUMAJBbHOT'O 3HAYCHHAA

Takum 4YWHOM, MOKHa 3pOOMTH BHCHOBOK, IO CIOCTEPITAETHCS TOM CaMUA
curnan EJIMP, sikuit 6yB panime BusBnennii y 6H-SiC 3 (N, — N,) = 2:10" ecm™ [29], ne
fioro mosiBy OyJj0 MOsSCHEHO, 0a3ylOYHCh Ha HACTYIHOMY MIKPOCKOMIYHOMY MpoIieci
(mpoinrocTpoBaHO Ha puc. 5.8): Mi Yac pe30HAHCY CITIHOBA CHCTEMa TOTJIMHAE SHEPTII0
MIKPOXBUJILOBOTO BUIIPOMIHIOBAHHSI, 110 MPU3BOAMTH JI0 3MiH Y PO3MOJLII CIHIHOBUX
cTaHiB. Uepes CIIH-TPATKOBI B3a€MOJII ISl €HEPris MEPeNacTbCs IPaTIll, BUKIUKAIOYN
JIOKaJbHE MIABUIICHHS TeMIEepaTypu. Y pekuMi CTPUOKOMOAIOHOT MPOBIAHOCTI 13

3MIHHOIO  JalibHICTIO  CTpuOKiB  (aHri.  variable-range hopping — VRH)
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eJIEKTPONPOBIAHICTh MaTepially 3aJeXuTh BIJ TEMIEpaTypud, TOMY TaKuUW Harpis
MOJIETIIIYE JOJATKOBI CTpUOKM HOCIiB 3apsay. Takum umHoM, Mmexanism EJIMP y
JOCITIKYBaHUX 3pa3Kax IMOB’sS3aHUN 13 3MIHOK WMOBIPHOCTI €JIEKTPOHHUX MEPEXO/IiB,

CIPUYMHEHOIO SIK HarpiBOM, TaK 1 pe30HAHCHUMH CITIH-3aJICKHUMH MPOLIECaMHU.

MikpoxBunLoBe gxepeno

CniHoBa cuctema

EHepeis
CniH-rpatkoBa :
e o teseieneie... CTPUODKM
enakcayia "': > < :
P S A4 v i (rapaui enekTpoHu)
KpucTtaniyHa rpatka » Hocil 3apsaay ;
Tenno
Y Y
HaekonuwHe MpoBigHicTb
cepepnoBuULe

Pucynok 5.8 — MexaHi3M, BIANOBIAAIBHUM 32 MOSIBY CUTHATY S-JIiHIT y CHEKTP1
EJIMP B pexxumi VRH B 15R SiC, mo mae (N;— N,) = 5:10" em™ (adanmosano 3
Oorcepena [29])

VY [29] Oyno 3ampomnonoBaHo, 10 MexaHizM EJIMP 3MiHIO€TBCS 3aJI€KHO Bijl
KoHIeHTparii goHopiB a3zory B SiC. Jlng curnamis EJIMP, cnpuunHeHMx CIIiH-
3QJIE)KHUM JOHOPHO-aKIIENTOPHUM MEXaH13MOM pekomOinarli, (N, — N,) Mae nexartu B

> 1o 1:10° cm”. Curnan EJIMP, BHKIHKaHHil CTPHOKOBOIO

Mmexax Bim 1-10'" oM™
MIPOBIIHICTIO BHACIIIOK MIiABUIIICHHS TeMIiepaTypu, Bukiaukanoro EIIP, Buaukae, komu
(N;— N,) nexutsb y Mexax Big 1:10'° em™ o 1:10" em™. 3pasku 3 (N;—N,) ~ 1-10"
CM ™ He TOBHMHHI BUSBJISATH CHIHAIM EJIMP, ockiIbKH 11 KOHIIGHTpAIli € 3aHajTo
BEIIUKOIO IS CIIH-3QJIEKHOTO MEXaHi3My pekomOiHarli (IMBUAKICTh peKoMOiHaIil

3aHaATO BUCOKA MOPiBHSIHO 31 mBUAKICTIO EIIP) 1 € 3aHanT0 HU3BKOIO JIJIsi CTPUOKOBOI

MPOBIAHOCTI (cepedHsl BincTaHb MK N JOHOpaMu € 3aHAATO Benukor) [29]. Jns
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KOHIeHTpaliit (N, — N,), BUIIKUX 3a KPUTUYHE 3HAYCHHsS KOHLEHTpALii JOHOPIB IS
Nepexo/ly HaMiBIPOBIAHUK-MeTan, mosiBy curHany EJIMP caig noB’s3yBatu 3
MEXaHI3MOM CITIH-3aJICKHOTO PO3CISIHHS Ha HEWTpaidbHUX gomimkax [257]. Takum
YUHOM, TIEPEXiJl HAMiBIPOBIAHUK-METad po3aiise obnacte MK iHAykoBaHuM EIIP 1
CIIH-3QJIC)KHUM CTPUOKOM.

BignoBigHo no kputepiro MoTTa mepexiJi HamiBIPOBIIHUK-METaN BiIOyBa€ThCS,

KOJIN Ncl/ 3-ap = 0,3 (N, — KpuTHUYHA KOHIIGHTpalllsl JAOHOPIB, ag — paaiyc bopa).
Curnanis EJIMP B monokpucranax 6H-SiC 3 (N,—N,) = 4-10" cM™, 10 61au3bko 10
Noii =~ 7-10" em™ s 6H-SiC (ag = 7,2 A), e 6yno BusBneHo. OTxke, MOKHA 3POOUTH
BHUCHOBOK, IO KOJU 3HayeHHS (N;—N,) Onusbke A0 N, BOHO BCE IIE € 3aHAATO
HU3BKUM JJIsl BAHUKHEHHS CITIH-3QJIKHOTO MEXaHI13My PO3CiIOBaHHS M y TOM K€ 4ac —
3aHAJITO BUCOKHUM JJIs MOSIBH Ipouecy cTpuOKiB, BukinkaHoro EINP, 1 curnan EJIMP y
6H-SiC He Moxe OyTH BUSBIICHUI.

Toit dakr, mo curnanu EJJMP B MoHokpuctanax 6H-SiC 3 (N, — N,) ~ 410" cm™
HE CIIOCTEPIrar0ThCs, TAKOX TOB’SI3aHUM 13 HUKYOIO MPOBITHICTIO IIUX 3pa3KiB, IO
nepenkokae BusBieHHto curHainy EJIMP. V' po6oti [29] moBimomusuiocs, 1o B
kpucranax 6H-SiC 3 (N;—N,)~ 2:10” em™ i (N,—N,)= 410" cM™ nmromuii omip
nigBuInyBaBcs mij BrumBoM HBY-ompomiHeHHS, 1 1€ MOSICHIOBAJIOCS THM, IO KOJIH
KoHIeHTpauiss N BHUIIA 33 N, JOHOPHI CTaHU JEJIOKANi30BaHl, a TPAHCIOPT 3apsiny —
cmyroBuid. Komu 3acrocoByerbcss HBU-onpomiHeHHS, pyXJIMBICTh €JIEKTPOHIB
MPOBIIHOCTI 3MEHIIYETHCA, 10 MPU3BOAMWTH O MIABUIIEHHS MUTOMOTO omnopy. Kpim
TOro, Takui camuii edekt cnocrepiraBcsa B kpucranax 4H-SiC 3 (N, — N,) > N [28].

Crnig TakoXX 3a3HAYUTH, MO0 S-JTiHIS XapaKTepu3yeThcsi 4yucto JlopeHieBoro
dbopmoto miHii, Toal sik S1-miHis omucyeThes popmoro miHiT Doiirta sk y cnekrpax EIIP,
tak 1 B EJIMP. 1le y3romkyetbes 3 opmoto JiHii curnany EJIMP, 110 crioctepiraerses
s MoHokpuctanis 6H-SiC 3 (N;—N,) =~ 2:10" cm™ [29], sika mama dopmy miHii
4acTKOBO ['aycoBy uepe3 HEOTHOPiIHE pO3LMIMPEHHS Ta YacTKOBO (hopmy JiHii JIopeHia

yepe3 OJHOPIIHI BHECKH BiJl OOMIHHOI B3a€MOIii.
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BucHoBku 10 po3aiay 5

1. PO3risiHyTO BaXKIIMBICTh BUBUCHHS 3B’ 513Ky MK MAarHITHUMH Ta €JICKTPUYHUMU
BJIACTUBOCTSIMU JIOHOPIB a30Ty B Marepiaji 3 HU3bKUM MUTOMUM OMOPOM, TAKOMY SIK
6H-SiC.

2. Hocmimxeno moHokpuctamun 6H-SiC n-tumy, BupolieHi MoauQiKOBaHUM
MeTozoM Jleni, 3 KOHIGHTpAIisAMA HECKOMIICHCOBAHHX IOHOPIiB azota 8- 108 cm™ i
4101 cM > 3a nornomororo 6ararogactoTHuX MetoaiB EINP ta EJIMP npu 7= 5 K.

3. BusiBeno, mo B EINIP crextpax kpucranis 6H-SiC 3 (Ng—N,) = 810" cm™
CIOCTEpITaloThCcsl TPU MapaMarHiTHI I1eHTpu. CHocTepiraeTbCsi TPUILIET MaJol
IHTEHCUBHOCTI, 1110 BUHUKAE BiA N JOHOPIB, SIKi 3HAXOAThCA B Mo3uiisaX «k2» (Ny,) i
Maoth S=1/2, I=1 Tta mnapamerpu chHiHOBOro ramuibToHiaHa: g1 =2,0030(2),
g,=2,0037(2), Ai1=A;=1,11 mTn. He3naune 3HMKCHHA KOHCTAaHT HAATOHKOI
B3a€EMOJIi sl UEHTPY Ny, NOPIBHSHO 3 THUMH, IO OyJM paHillle BUSIBICHI B
MoHokpucrtanax 6H-SiC 3 (N;—N,) = 110" em™: A, = A= 1,19 MTin — nosicHro€eTHCA
MO>KJIMBUM BiIXWJIeHHAM Bija crexiomeTpii Si/C y monokpucrtanax 6H-SiC 13 Bucokum
BMICTOM a30TYy.

4. Y cmektpax EIIP kpucrams 6H-SiC 3 (Ny—N,) =~ 810" cm™ 6ymo
CIIOCTEPEXKEHO IHTEHCUBHUI curHai Gopmu JlopeHua, mo3Ha4eHoi K S-TiHis, 10 Mae
S=172, I=0 1 g1=2,0029(2), g,=2,0038(2), nmpu 7'<150 K. BpaxoByrouu
OIMyOJIIKOBaH1 paHille JaHi, I S-JIiHiS TOSCHIOEThCS OOMIHHOIO B3a€EMOJIIEI0
€JIEKTPOHIB MPOBIAHOCTI Ta Ny,. [HIMNA 1HTeHcHUBHUN curHan ¢opmu Doiirra,
no3HayeHud sk Sl-miHisg, Mo xapakrepusyerbes S=1/2, I=0 1 g1 =2,0030(2),
g = 2,0040(2), 0ys Bussnenuii npu 7'<25 K B cnexrpax EIIP. Ha ocHoBl mapameTpis
CIIHOBOTO TraMUIbTOHIAHA II€fl MapaMarHiTHUMA WeHTp OyJio NpUNHCAaHO OOMIHHIN
CIIIHOBIiM B3a€MOIIT JIOKaMi30BaHUX JTOHOPIB Ny 1 Nyo.

5. Busisneno, mo B MoHokpuctanax 6H-SiC 3 (Ny— N,) = 4-10" em™ cuexktp EITP
CKIamaeThes 3 S-miHil Ta S1-miHil, 1 TPUTIIETHOI JiHII Bil JOHOPHOTO cTaHy Ny, HE
CIIOCTEpITAEThCS 4epe3 e(PEeKT eKpaHyBaHHsS BUIBHUX €JEKTPOHIB, SKUH BHHHKAE

BHACJIIJIOK 10H13aIli1 €JIEKTPOHIB 3 HEMTMOOKUX JTOHOPHUX PiBHIB Nj Ta Ny;.
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6. byno BusiBneHo oxany JniHio y cuektpi EJIMP, Bumipsinomy B kpuctanax 6H-
SiC 3 (Ng— N, = 810" cm™, 00yMOBJICHY OOMIHHOIO CITIHOBOIO B3a€EMOJIEI0 MiX
JokanizoBaHUMH JoHOpamMu Ny, 1 Ny,. IlosBa mwporo curnamy EJIMP mos's3zana 3
MOCUJICHHSIM CTPUOKOBOT MPOBITHOCTI BHACIIIOK €(EeKTy MiABUIICHHS TEeMIIepaTypH,
o cupuunHserbest EINP. el mexanizM MokHaA 0XapakTepru3yBaTH HACTYITHUM YHHOM:
B YMOBax pe30HaHCY cliHoBa cuctema noriauHae HBY eneprito, a motiM 3aBasku
nporecam penakcanii 111 HBY eneprist nepenaeTbest 0TOUyr0uoMy cepeaoBuiy. Takum
YMHOM, B YMOBAaX PE30HAHCY KPUCTAJ HarpiBa€ThCA.

7. BusHaueHo, mo koHuentpanis (Nj—N,) ~4:10" cMm™ y Monokpucranax 6H-
SiC € Bucokoro mus qist EITP-1H1yKoBaHOTO CTPUOKOMNOIIOHOTO MPOLIECY Ta HU3BKOIO
JUISL  CIIH-3QJIEKHOTO MEXaHI3My pO3CIIOBaHHSA, IO MIATBEPIKYETHCS BIJICYTHICTIO

curnany st EJIMP Big S-ninii.
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BUCHOBKU

1. Briepiie BcTaHOBJIEHO MEXaHI3MH CIIIHOBOTO OOMIHY MiX JIOKaTi30BaHUMH Ta
nenokanizoBanuMu enexktpoHamu 'y 4H-SiC. JlochimkeHo MarHiTHI Ta eJIeKTpHUYHI
BiactuBocTi MoHOKpucTaniB 4H-SiC 3 pizHuMHU KOHIEHTpaiisMu goHopiB (1-10'7 —
5-10" cMm™®), BUpOIIEHHX CYOJIMAIifHUM CEHABIY METOJIOM M MOAM(pIKOBAHUM
metogom Jlemi. Jlocmimkenus mnpoBeaeHo wMerogamu EINP y X-miama3zoni Tta
MIKPOXBHJILOBUX PE30HATOPHUX 30ypeHb y IIMPOKOMY TEMIIEpaTypHOMY iama3oHi.
BcranoBneHo, 10 TemmeparypHa —3alIeKHICTb ~ MIKPOXBWJIBOBOI  MPOBIIHOCTI
BHU3HAYAETHCSI PO3CIIOBAHHSAM €JIEKTPOHIB IPOBIIHOCTI HAa 10HI30BAHMX JIOHOpAxX IpHU
Brucokux temneparypax (Ng — N, > 5-10'® cm?), TepMoakTuBaIli€lo TyCTUHU HOCIiB Y
30H1 npoBigHOCTI (€1 = 40 MeB st Ng — N, = 10'7 — 5-10™ cm3, 120 meB mst Ng — N, =
5-10" cm™), a TakoX MpolecaMu CTPUOKOBOI MPOBIAHOCTI MiXK HEHUTPATbHUMHU Ta
3apsKEeHUMU JoHOopamu (€3 = 5 MeB mist Ng — N, > 5-10" cm3).

2. 'V cnekrpax EIIP monokpuctamie 4H-SiC mpu BuCOKHX Temmeparypax
BUSBIJIEHO S-JiHIIO (S = 1/2) nailcoHiBCbKOi (OpMU, IO CBIAYUTH PO OOMIHHUHN 3B'A30K
MDXK JIOKQJII30BaHUMU Ta HEJOKATI30BaHUMHU €JIeKTpoHaMu. Y 3pa3kax 3 Ny — N, = 107
CM ? JIOKaJI130BaH1 IEHTPHU MOB's13aH1 3 IoHOpamMu Ny, a mpu Ng — N, > 5-10% ecm > — 3
noHopamu Ny. AHali3 IIUPUHU M€l JiHIT JT03BOJIMB BH3HAYWTH PO3IICIUICHHS MIXK
ocHoBHUM 1S(A:) 1 30ymkenum 1S(E) piBHsSIMEU eHeprii, 1m0 cTaHOBUTH 5765 meB 1
BI/IMOBIIA€ TOJUHHO-0pOITAIBHOMY po3iierieHHio JoHopiB Ny y 4H-SiC.

3. Briepiie npoBeieHO KOMITJIEKCHE JIOCHIIKEHHS BIUIMBY JOMIIIKH T€pPMaHIii0 Ha
€JICKTPOHHI Ta MArHITHI BJIACTUBOCTI OE3BOJHEBUX aJIMA30MOAIOHMX BYIJICIIEBUX
TOHKHUX IUTIBOK 3a jgomnomoroto metony EIIP B mianazoni wactor X-aiamna3oHy B
mpokoMy nmiama3oni remmeparyp Bix 5 K mo 295 K. Cnekrpu EINP mictunu enuny
JlopeHIliBCbKY  JIIHIIO, 3YMOBJICHY OOMIHHOIO B3a€EMOJIEI0  JIOKAJTi30BaHUX 1
HEJIOKATI30BaHUX eNEeKTPOHIB. (OCHOBHI BJIACTMBOCTI TUTIBOK aHAJI3yBallUCSA ISt
kounentpamii Ge y 0 ar. %, 1 ar. % 1 2,5 at. % — BUSBIEHO, 1O 31 301IBIICHHSIM

BMicTy Ge iHTeHCcUuBHICTh curHaiy EIIP cyTTeBo 3MeHIIyeThCS.
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4. BcraHOBIIEHO, IO TEMIIEpaTypHa 3al€KHICTh CIIHOBOI CHPHUHSTIUBOCTI
nocaimxyBanux DLC-mniBok gemMoHCTpye BiaxuiaeHHs Bija 3akony Kropi-Betica mpu T >
75-100 K u4epe3 BHecok Ilaym Big eJIEKTpOHIB IPOBITHOCTI, a CIIOCTEPEKYBaHE
aHTH(epoMarHiTHe BIOPSJIKYBaHHs ciabimae 31 30unblIeHHsIM BMicTy Ge. BusiBneHo
KOPEJISILII0 MK CHIBBIAHOLIEHHAM Sp¥/sp? 1 3MIIIEHHSAM g-(paKkTopa HEIOKaTi30BaHUX
€JIEKTPOHIB, IO CBIAYUTH Mpo BIUIMB (& Ha EJIEKTPOHHY CTPYKTypy. OTpumani
3HaYeHHs g-(PakTopa BKa3ylOTh, IO JIOKATI30BaHI €JIEKTPOHH IMOB’si3aHl 3 sp* abo sp-
HeHTpamu, a HenmokamizoBaHi — 3 sp*. Illupuna minii EINP neneroBanmx DLC-mumiBok
Maif’ke He 3ajiekalia Bl TeMIEepaTypH, TOAl K y jJeroBanux Ge 3MeHITyBaiacs JiHIMHO
BIJIOBITHO JI0 penakcamiiiHoi mozaem KoppiHru, mo CcBiIYUTh OPO 3pOCTaHHS
HIUTBHOCTI CTaHIB JIOKAJI30BaHUX €JEKTPOHIB Ha piBHI eHeprii depmi npu Ge-
JIETyBaHHI.

5. Bnepie npoBeneno anani3z crnektpiB EJIMP y 6H-SiC n-tumy, BupoIeHux
Moau(IKOBaHUM MeToa0M Jleni, 3 KOHIIEHTpaIliIMH HECKOMIIEHCOBAHUX JIOHOPIB a30Ty
(Ng—N,) =810 cm> Tta 4-10" cm 2. B EIlP-cniextpax 3pa3kiB 3 (Ng— N,) =~ 8-10"® cm™?
CIIOCTEpITaIiCs TPU MapaMarHiTHI [EHTPH, BKIIOYAIOUM TPUILIET Majioi 1IHTEHCUBHOCTI
Bia Nj,-1oHOpiB 3 nmapamerpamu g1 = 2,0030(2), g, = 2,0037(2), AL = Ay = 1,11 mTa,
0 JENI0 MEHIIEe, HDK y KpHCTajlax 3 MEHIIMM CTYIEHEM JIETYBaHHS, IO MOXE
MOSICHIOBATHCS BIIXWJICHHAM Bif ctexiomeTpii Si/C. BusiBIeHO 1HTEHCHBHY S-JIiHIIO
(S= 1/2, I = 0) naiiconiBcrkoi popmu npu T < 150 K, mo BianoBijiae oOMiHHUM
B3aEMOJIISIM JIOKAJI30BaHMX Ta HEJIOKAII30BaHUX EJEKTPOHIB Ta Si-TiHII0 (QopMu
Qoiirra npu T < 25 K, oOyMoOBiIeHy OOMIHHOIO CIIHOBOIO B3aEMOJIEID MIXK
JIOKaJ130BaHUMH JOoHOpaMU Ny 1 Ny,.

6. Bussieno ogunouny EJIMP-ninito, sika Bianosigae oOMinHiM Si-miHil y 6H-
SiC 3 (Ng — N,) = 8-10'® cM 3, 1110 IOSICHIOETCS MTOCUJICHHSIM CTPUOKOBOT TIPOBITHOCTI
yepe3 EINIP-inmykoBane HarpiBanHs kpuctaimy. Y 3paskax 3 (Ng — N,) = 4-10" cm?
curHany EJIMP Bix S-niHii He BUSBIICHO, 10 MOSICHIOETHCS TUM, IO 1151 KOHIICHTpAIIis €
3aHAATO HU3BKOI IS CIIH-3aJICKHOTO MEXaHi3My PO3CIIOBAHHS Ta 3aHAJTO BHCOKOIO

nutst peanizaii ETIP-inaykoBaHUX CTPUOKOBUX MPOIIECIB.
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