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Pedepar:

1. Binsk P.B. EnexkrpodisnyHi BracTuBOCTI ceHcopiB X0J11a Ha OCHOBI KBagiBisibHOTO rpadeny — Kpanidikaniiina
HayKoBa Ipalsl Ha IIpaBax pyKonucy. Jlucepralis Ha 3100yTTs HAYKOBOTO CTyIIeHs oKTopa ¢inocodii 3a
crienianbHicTIO 153 «MiKpo- Ta HAaHOCKMCTEMHA TexHiKa». — HallionanbHui yHiBepcuTeT «JIbBiBChbKa MOJIITEXHIKa»
MOH Vkpainy, JIpBiB, 2026. [lucepTais IprCcBsiYeHa BCTAHOBJIEHHIO 3aKOHOMIPHOCTE! 3MiHNU e1eKTPOodi3nIHuX Ta
MarHiTOpe3uCTUBHUX XapaKTePUCTUK CeHCOopiB XoJ1a Ha OCHOBI KBaziBinbHOro (QFS) rpadeny Ha ninknankax 4H-
SiC. Taki MarHiTHi ceHcopu 37aTHi QyHKIIOHYBaTU B EKCTPEMAJIbHUX YMOBAX TEPMOSJIEPHUX PEAKTOPiB, KOCMIYHO]
TeXHIKM Ta iHIINX CepelOBUIIAX 3 BUCOKMMHU TEMIIEPATyPaMU Ta pafiallilHUM HaBaHTAXKEHHSIM. AKTYaJIbHICTb
IOCJIiIKeHHS BU3HAYA€THCSI KpUTUIHOIO ITOTPEDOO0I0 €BPOIIENCHKOro TepMosiziepHOro peakropa DEMO B HaniiHuX
MarHiTHUX CEHCOPaX, 34aTHUX IIpalioBaTy nnpu temneparypax 200-400°C, iHTEHCUBHOMY HEMTPOHHOMY
onpominenHi (¢piroeHc 10 1024-1025 H/M2) Ta NOTYKHUX €JIEKTPOMArHiTHUX MOJISIX 6€3 MOKIMBOCTI
00CJIyTOBYBaHHS IPOTSTOM 2-5 pokiB. TpanuuiliHi HaiBIPOBIGHUKOBI ceHcopu Ha ocHOBI InSb, InAs Ta GaAs
obMesxkeHi pobourM fianazoHoM 1o -50-180°C i merpafyioTh [py pafialliiHOMy OIIPOMiHEHHI, [0 YHEMOXKJIUBIIIOE



iX 3aCTOCYBaHHA B TEPMOSEPHIN eHepreTulll. Y qucepralii po3B'sa3aHO BOKJIMBE HAYKOBE 3aBHAHHS: [IPOBENEHO
KOMILJIEKCHI JOCJITI)KEHHS €JIEKTPO- Ta MarHiTOPE3MCTUBHUX BIACTUBOCTEN CEHCOPiB XoJu1a Ha OCHOBI QFS-
rpadeny y intepsaii Temneparyp 30-120 °C Ta MarsitHoro noJs 3 ingykuieto +1Ti. Posmupeno ¢pisnyHi ysaBaeHHs
IOZO BIJIMBY CTPYKTYPHUX OCOOJIMBOCTE MifAKJIaAKM HAa aHI30TPOIII0 MAarHiTOPE3MCTUBHUX BJIACTUBOCTEN.
Po3po6seHo MeTonuKy KoMIleHcallii 3anumkoBoro (offset) curnasny Ta nifBuIneHHs: TOYHOCTI BUMIpIOBaHb.
3po6s1eHO BUCHOBOK, 110 IPOTOTUIM ceHcopiB Xosisia Ha ocHoBi QFS-rpadeny Ha niaxnanui 4H-SiC 3 Ti/Au
KOHTaKTaMM Ta nacuaauieio Al203, npupatHi A1 poboTU B €EKCTPEMAJIbHMX YMOBAxX. BUTOTOBIEHO
MarHiTOBUMipIOBasIbHUM 30H,. Y NEePIIOMY PO3Zisi IPOaHali30BaHO CTaH MPOGIEMU 010 PO3POOIEHHS MarHiTHUX
IiarHOCTUYHUX CUCTEM [IJisI TepMosiiepHoro peakropa DEMO Ta 06MeskeHHS TpaguLiiHUX HaMiBIIPOBiTHUKOBUX
ceHcopib. PoaryisinyTo ¢iznyHi ocHOBY edekTy Xos1a, BIaCTUBOCTI rpadeHy K MaTepiany AJsi CEHCOPHO]
€JIEKTPOHIKU, METOIY OTPUMAHHS rpadeHy Ta BIUIUB Pi3HUX BUJiB OIIPOMiHEHHS Ha BJIACTUBOCTI rpadeny.
Ocob6uBy yBary npugineHo QFS rpadeny Ha migknagkax SiC, ioro ¢isuko-xiMiyHUM BJIACTUBOCTSIM Ta IIepeBaram
L7151 CTBOPEHHS BUCOKOUYTJIUBUX TEMIIEPAaTypHOCTA0IIbHUX CeHCOopiB XoJu1a. Y IpyroMy po3fisi BUKIaLeHO
METOJI0JIOTII0 TPOBEAEHUX €KCIIEPUMEHTIB. ONKMCAaHO TEXHOJIOTI0 BUTOTOBJIEHHS CEHCOPIB X0J1y1a Ha OCHOBI QFS-
rpadeHy. HaBeieHO METOIMKY JOCIIKEHHS KOHTAKTiB rpapeH-MeTayl MeTOAOM BaH gep Ilay, nociimKeHHs
TeMIlepaTypHoi cTabisibHOCTi ceHcopiB y Aianazoni 30-120 °C, BUKOPUCTaHHS METOLLy 00€PTOBOTO CTPYMY IJIsI
KomIieHcallii offset-curuy, BUMiploBaHHs I10JIbOBUX XapaKTEPUCTUK V Jialla30Hi MarHiTHUX nois +17T71, crioci6
ob6epTaHHs 3pa3kiB Ha 360° 3 KpokoM 5°. OnucaHo 0cobaMBOCTI BUKOopUcTaHHs npunazis Keithley 2182, Keithley
220, enekrpomarnita HMS 7500 ta raycmerpa G450 Ta aropuTmu 06po6Ku JaHUX. Y TPETbOMY PO3Hisi
IIpeJCTaBJIEHO Pe3yJbTaTy KOMILJIEKCHUX JOCIiIPKEeHb KOHTaKTiB rpadeH-MeTasl Ta TeMIIepaTypHOi CTabiIbHOCTI
ceHcopi Xos1a Ha ocHOBI QFS-rpadeny. JJociiKeHHs BOJIbT-aMIIEPHUX XapaKTEPUCTUK KOHTaKTiB Ti/Au
METOIOM BaH zep [lay nigTeepauso ix BUCOKY OMIUHICTb Y Jiana3oHi CTPyMiB +3 MA 3 cepeHbOIO TOXNOKOIO
anpokcumarii menue 0,2%. TemnepaTypHi nociinkenHs B gianazoHi 30-120 °C BusBUIN BUHITKOBY CTa0iIbHICTD
XOJITIBCbKOI HaIlpyTu 3 TeMIepaTypHUM KoedilienTom 3minu curnany 0,02% /°C niis 6isbIIoCTi 3paskKis, 110
HiATBEPAXYy€E NEePCNEKTUBHICTE BUKOPUCTAHHS CEHCOPIB IIPM MiJIBULIIEHUX TEMIIEPATypax. BcTaHOBIEHO C1abKy
TeMIIepaTyPHY 3aJIeKHICTb apa3uTHOro offset-curHany i3 nepeBaXkHO JIiHIHHUM XapaKTepOM Ta KOPEeJISLilo MixX
offset-curnasiom i noBepxHeBHMM OIIOPOM 3pa3KiB. 3MiHM [IOBEPXHEBOI'O OIIOPY CTAHOBJSITh 4-9% y
IOCIIiIKyBaHOMY TEMIIEPATYPHOMY Jiala3oHi. Y 4eTBEPTOMY PO31iji IPEACTAaBIEHO PE3Y/IbTATH AOCIIKEHD
[IOJIbOBUX 3aJIEXKHOCTEN Ta MarHiTOPe3UCTUBHUX BJIACTUBOCTEN CEHCOPiB XoJ11a Ha ocHOBI QFS-rpadeny. [1oiboBi
IOCJIiIPKEHHS y [lialla30Hi MarHiTHUX NoJiB +1 TJ1 BUIBUIIM BUCOKY JIiHIMHICTb XOJIIIBCbKOI HAIIPYTU 3 CEPEHBOIO
noxu6koto anpoxkcumatii 0,09% Ta crabinbhy uyTauBicTs 70 BA-1Tn-1. BcTaHOB/IEHO KBaIpaTUYHY 3aJ1€KHICTb
offset curHasny Ta NOBepXHEBOIO ONOPY Bifi MAarHiTHOTO MOJIS, IO Y3TOAXKYETHCS 3 IPOSIBOM MarHiTOpe3uCTUBHOTO
edexry. JlocmimkeHHs] MarHiTOPe3UCTUBHUX BJIACTUBOCTEN LIISIXOM OO€PTAaHHS 3paskKiB Ha 360° 3 KPOKOM 5° 'y
marHiTHomMy 1oz 0,5 TJ1 BUSIBUJIO aHI30TPOIil0 MarHiTOPe3UCTUBHOCTI, 3yMOBJIEHY CTPYKTYPHUMHU OCOOJIMBOCTSIMU
QFS-rpadeny nHa nigxnagxax SiC. BusBi€eHO TpU TUIIM NIOBEiHKU: [IO3UTUBHY MarHiTOPE3UCTUBHICTD (KOPEJISILis 3
cosq, r = 0,9), HeraTUBHY MarHiTOPe3UCTUBHICTD (KOpeJisLis 3 -cosn, r =~ 0,95) Ta IPaKTUYHO NOBHY BiJJCYTHICTb

eeKTy B OKpEMUX 3Pa3Kax.

2. Biliak R.V. Electrophysical Properties of Hall Sensors Based on Quasi-Free-Standing Graphene - Qualification
Scientific Work in Manuscript Form. Dissertation for the degree of Doctor of Philosophy in the specialty 153
“Micro- and Nanosystem Technology” - National University “Lviv Polytechnic,” Ministry of Education and Science
of Ukraine, Lviv, 2026. The dissertation is dedicated to establishing the regularities of changes in the
electrophysical and magnetoresistive characteristics of Hall sensors based on quasi-free-standing (QFS) graphene
on 4H-SiC substrates. Such magnetic sensors capable of operating under extreme conditions of thermonuclear
reactors, space technology, and other high-temperature and high-radiation environments. The relevance of the
study is determined by the critical need of the European DEMO fusion reactor for reliable magnetic sensors
capable of operating at temperatures of 200-400°C, under intense neutron irradiation (fluence up to 1024-1025
n/m?), and in strong electromagnetic fields without maintenance for 2-5 years. Conventional semiconductor
sensors based on InSb, InAs, and GaAs are limited to a working range of 110-180°C and degrade under radiation



exposure, which prevents their use in fusion energy and space technologies. The dissertation addresses key
scientific tasks: comprehensive studies of the electrical and magnetoresistive properties of Hall sensors based on
QFS graphene were conducted in the temperature range of 30-120 °C and magnetic fields with induction of +1 T.
The physical understanding of the influence of substrate structural features on the anisotropy of magnetoresistive
properties was expanded. Methods for offset signal compensation and measurement accuracy improvement were
developed. It was concluded that prototypes of Hall sensors based on QFS graphene on 4H-SiC substrateswith
Ti/Au contacts and AloOn passivation are suitable for operation under extreme conditions. A magnetometric probe
were fabricated for testing sensors under neutron irradiation.The first chapter analyzes the current state of the
problem regarding the development of magnetic diagnostic systems for the DEMO fusion reactor and the
limitations of conventional semiconductor sensors. The physical principles of the Hall effect, properties of
graphene as a material for sensor electronics, methods of graphene production, and the effects of various types of
irradiation on graphene properties are discussed. Particular attention is paid to QFS graphene on SiC substrates,
its physicochemical properties, and advantages for the development of highly sensitive and temperature-stable
Hall sensors.The second chapter presents the methodology of the conducted experiments. The technology for
fabricating Hall sensors based on QFS graphene is described. Methods for investigating graphene-metal contacts
using the van der Pauw technique, studying sensor temperature stability in the range of 30-120 °C, using the
rotating current method for offset signal compensation, measuring field characteristics in magnetic fields of +1 T,
and rotating samples by 360° with a step of 5° are detailed. Specific features of instrumentation Keithley 2182,
Keithley 220, electromagnet HMS 7500 and gaussmeter G 450 and data processing algorithms are described. The
third chapter presents the results of comprehensive studies of graphene- metal contacts and temperature stability
of Hall sensors based on QFS graphene. Investigation of the current-voltage characteristics of Ti/Au contacts
using the van der Pauw method confirmed their high ohmic quality in the current range of +3 mA with an average
approximation error of less than 0.2%. Temperature studies in the range of 30-120 °C revealed exceptional
stability of the Hall voltage with a temperature coefficient of signal variation of 0.02% /°C for most samples,
confirming the potential of these sensors for high-temperature operation. A weak temperature dependence of the
parasitic offset signal with predominantly linear behavior and a correlation between offset signal and sheet
resistance of the samples were established. Changes in sheet resistance were 4-9% within the studied
temperature range. The fourth chapter presents the results of field dependencies and magnetoresistive studies of
Hall sensors based on QFS graphene. Field studies in magnetic fields of +1 T revealed high linearity of the Hall
voltage with an average approximation error of 0.09% and stable sensitivity of 70 V/A-T. A quadratic dependence
of the offset signal and sheet resistance on magnetic field was observed, consistent with the manifestation of the
magnetoresistive effect. Magnetoresistive properties studied by rotating samples by 360° with a step of 5°in a 0.5
T magnetic field revealed anisotropy of magnetoresistance caused by the structural features of QFS graphene on
SiC substrates. Three types of behavior were identified: positive magnetoresistance (correlation with cosq, r = 0.9),

negative magnetoresistance
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