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PELEH3UA

BbPXY AUCEPTALIMOHEH TPyA 3a npuaobusaHe Ha obpasosaTenHa U HayyH
JokTop” B obnacT Ha BucLleTo obpasoBaHue 5. ,TexHU4eckn Hayku”,
npodecroHanHo HarpasrieHune 5.2. ,EnNekTpoTexHuka, enekTpoHuka v aBToMaTuKa”
(TexHonorysa Ha eneKkTPOHHOTO NPOU3BO/ICTBO)

ABTOp Ha AncepTaunoOHHNA TPYA:

mar.uHx. Page TomoB

Tema Ha gucepTaunoHHMSA TPYA:

,A3crneaBaHe Ha MHOrOCINONHW MeTanu3aLuMoOHHN CUCTEMU B CbBPEeMEeHHUTe MUKPO- U
HaHOEeJIeKTPOHHM ycTpourcTBa®

PeveHseHT: npod. A4.H. uHx. FanuHa MNeTkoBa YepHesa - BTY ,Togop Kabnewkos*

uneH Ha HayuHo xypw, cbrn. sanoseg Ne OXK-5.2-13/05.02.2025r. Ha Pektopa Ha TY Codwms

1. UHdopmauma 3a AoKTOpaHTa

Mar. ux. Page TomoB 3aBbpluBa BucLIeTo cv obpasoeaHne B OKC ,Maructbp® no
cneunanHocT “MUKPOTEXHOMOMUA U HaHOUHXeHepuHr” B TexHuyeckn yHusepcuteT (TY)
Codus npe3 2021r. Ot 01.03.2022r e penoBeH [AOKTOpPAHT MO [AOKTOPCKa nporpama
,TexHomnorms Ha eriekTpOHHOTO MPOW3BOACTBO" KbM kaTefpa ,MukpoenekTpoHuka“ Ha TY
Codpus.

Mar.uwx. Page ToMOB € M3MBIHUA BCUYKA U3UCKBaAHUA B MHAMBUAYaANHUS NnaH Ha
CBOSITA [JOKTOPAHTYpPa W € MOMOXWI YCNEeLHO BCUYKM Heobxoammmn manutu. OTYNUCNEH € C
MpaBo Ha 3alluTa Npeay MsTU4aHe Ha PELOBHUS CPOK Ha JokTopaHTypaTta — Ha 01.02.2025r.

Tpynosata 6vorpadus Ha Mar. MHx. TOMOB e cBbp3aHa C MUKpoeneKkTpoHukarta. lNpes
nepuopa 2018-2021r. pabotu nocrnegosatenHo kbM LEM Bulgaria v GLOBALFOUNDRIES
Bulgaria, a ot 2023r. go cera ce 3aH/MaBa ¢ GMOMeANULMHCKO UHXeHepcTBo kKbM HUC npu
TY Codpus.

Mpouenypata no ny6nmyHa sawmTa Ha AMCepTaLmMOHHUA TPy Ha Mar. HX. ToMoB e
cTapTUpaHa no npeanoXeHWe Ha KaTeapeHus CbBeT Ha KaTeapa ,,MVIKpoeneKTpOHMKa n
pelleHne Ha akynTeTHUs CbBET Ha hakynTeT ,EnekTpoHHa TexHUKa U TexHosorun® Ha TY
Codpus.

2. AKTyanHocT Ha paspaGoTBaHuUsi B AUCEpPTaLMOHHUA TPyA NpobnemM B Hay4yHO
W Hay4YHOMNPUIOXKHO OTHOLWEHKE

Mpy CbBPEMEHHOTO Pa3BUTME Ha MUKPO- 1 HAHOENEKTPOHMKaTa Bb3HWMKBAT peavua
HOBM TEXHOMOMMYHK 1 HayyHu npobnemun. Cpen TAX € M BbNPOCbLT 3a MeTanusauusaTa B
MUKPOESIEKTPOHHUTE yCTpoicTBa. Pa3paboTBaHeTO Ha MHOMOCMOMHU MeTanusaunoHHN
cUCTEMW W Mpexoau wurpae BakHa pons B PasBUTUETO Ha YCTOMHYMBU TEXHOSIOTUKM 1
Cb3[laBaHeTo Ha eneKkTPOHHW YCTPOWCTBa, ba3upaHu Ha HaHomaTepuanu. acneasaHeTo Ha
KOHTaKTUTE MeXay MeTanu v HoBuUTEe (PYHKUMOHANHW MaTtepuany, BKIIOYUTENHO OpraHnyHu
MonynpoBOAHULM U OBYMEPHM HEOPraHW4HW HaHoMaTepuanu, € OT CblIeCTBEHO 3Ha4deHue
NPV NPOM3BOACTBOTO Ha ENEKTPOHHN KOMMOHEHTMW.

MosBaTa Ha HOBM HaHOMaTtepuanu Hanara HeobxogumocTTa OT [AeTannHo
uscneasaHe Ha (MU3NYHUTE U ENIEKTPUYECKUTE CBOWCTBA Ha Te3n KOHTaKTW. Tean Bbhpocu
oopmAT NPOoBNEMHOTO fore Ha W3CNeABaHVsTa B HacToAWMA AucepTauuoHeH Tpya. B
paboTara ca pasrnefaHi CEH30pHM CTPYKTYpu Ha 6a3aTta Ha KapbuH, EMEKCeH 1 XankoreHna,
Ha npexogeH meTan. AKUEHTUPaHO € BbpXy TEeXHOMOorusTa Ha MeTanHuTe enekrpoaun u
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BMUSIHWETO Ha MUKPOCTPYKTypaTa U (PU3MKO-XUMUYHUTE CBOWCTBA Ha Koﬁ;g
paboTaTta 1 xapakTepucTUKUTe Ha CeH30PHUTE CTPYKTYPU. o’

Llenma Ha ducepmauyuoHHUs mpyd e usrpaxnaHe Ha meTannsauuoHHU ciicTemMn 3a
peanusvpaHe Ha OMMYHM U LLOTKM KOHTaKT KbM HOBWM €OHOMEPHU W [BYMEpHU
HaHoOMaTepuanu ¥ OnTUMK3aUWs Ha napameTpy Ha npexoaute MeTan/HaHomatepuan B
HeuscnegsaHu KomOuHaUuM MeTan/vyyBCTBUTENEH MOMYNPOBOAHWMK C MpunoxeHwe B
CEH30PHU CTPYKTYpPU.

3a nocTuraHe Ha NnocTaBeHaTa Len aBTopbT e hopMmynupan nem 3adayu, CBbpP3aHn ¢
paspaboTBaHe ¥ ONTUMM3MpaHE Ha TEXHONOTMM 3a mnonyyaBaHe Ha OMu4HM U LoTkm
KOHTaKTU BbpXy KapOuH, eMEeKCUH W XarnkoreHug Ha npexogeH metarn, C KOHTponuMpyemu
napameTpu BbPXy pasfnvuH/ MOAJSIONKKM, U3CneABaHe Ha npouecuTe Ha rpaHuuata
meTan/HaHomaTtepuan B pasrnexgaHute cryyau, YycTaHoBsiBaHe Ha 3aBucMMOCTU WU
XapaKTepuUCTVKN Ha paspaboTeHnTe CeH30pHM eNIeMEHTU OT TEeXHOMNMOorusATa Ha usrpaxaaHe
Ha KOHTaKTuTe.

TematTMkata € TBbpAE akTyanHa, npeasua MNPUNOXEHWeTO Ha u3cnefBaHUTe
HaHOEMEKTPOHHU CEeH30pHM YCTpoWcTBa B BuomeauuuHata. HanpaBeHuTe nscneasaHus v
NpeanoXeHUTe HOBU PeLUeHUs 3a ONTUMKU3aLMs Ha MHOFOCIOWHM MeTanu3auuoHHN CUCTeMK
onpefensT akTyanHocTTa Ha paboTaTa B Hay4HO M Hay4YHOMPUITOXKHO OTHOLLEHKE.

dopmynupaHuTe Len v 3afadu ChOTBETCTBaT Ha U3UCKBaHWATa 3a AucepTaluoHeH
TpyA 3a npugobueaHe Ha oGpa3oBaTeniHa U Hay4Ha cTeneH ,[JoKTop®.

3. CrteneH Ha Mno3HaBaHe CbCTOSHMETO Ha npobnema W TBOpYecka
MHTepnpeTauma Ha fnnTepaTtypHUs Matepuan.

Bubnuorpadgusita Ha OucepTauvoHHUA TPyA € CbBPeMEeHHa U oTpassBa afeKkBaTHO
aKTyanHoTO CbLCTOsIHME Ha pasrnexaaHaTta HayyHa npobnematuka. OT gucepTauusTa nmyu
pobpata nuTepaTypHa OCBEeJOMEHOCT Ha AokTopaHTa. B 6ubnuorpadmara ca uutupaHu
o6wo 130 nuTepaTypHU W3TOYHMUM, OT kouTo 120 Ha naTvHuua, 3 Ha kupunuua u 7
WHTEPHEeT agpecu.

Kakto Ha Gasarta Ha nbpBa rnaea, Taka U Ha ocTaHanuTe rnasu OT guceptauusaTta, B
KOUTO ce npuBexpaTt u obcbXxaaT pesyntaTt U Ha Apyrv aBTOpM, MOXe Aa ce Hanpasu
n3Bopg, Ye mMar.uHx. Page TomoB e 3anosHart MHoro aAobpe cbe cneundukaTta Ha npobnema.

4. CroTBeTCTBYE Ha U3bpaHaTa MeToAuKa Ha uscrieaBaHe C NocTaBeHaTa Len u
3alaum Ha gucepTaLMOoHHUsA TPy

MocTaBeHaTa Uen W OCHOBHWUTE 3adayyM Ha AucepTauuoHHUA Tpyd onpeaensT
MeTodonorMaTa Ha uscneasaHe. 3a U3NbfHeHUMe Ha OpMynuUpaHuTe 3ajadu ca
pa3paboTeHn TexHonoruv W ca HanpaBeHW eKcrnepuMeHTanHuM u3cnegBaHus 3a
YCTaHOBABAHE Ha BPbL3KUTE Mexay TeXHOMOrMYHWTE napaMeTpyu U  eneKkTpuyeckuTe
XapaKTepuUCTUKN Ha KOHTaKTuTe MeTan/HaHomartepuan. [pu uscneasaHusATa ca M3non3saHn
CbBPEMEHHM CrMEKTPOCKOMNCKM U  MMKPOCKOMNCKM MeToau (aToMHO-CUNoBa MUKPOCKONWS,
cKaHupalla eneKkTPOHHa  MUKPOCKOMWA U eHepruiHO-AMCMEePCUOHHa  PEHTreHoBa
cnekTpockonus).

5. AHaNUTUYHa XapaKkTepucTMKa Ha AucepTaLMOHHUA TPYA.

TpyabT e paspaboteH B o6em oT 143 cTpaHuum, KaTto cbabpxa 98 curypu u 8
Tabnuun. CTpykTypvipaH € B YyBOAHa 4acT, neT rnasu, MpeTeHuuu 3a MnpuHOCKU Ha
avcepTaumaTa, CnMchK Ha nyGnvkauuu, CBbp3aHM ¢ auceptauuata u Gubnuorpaduyna
cnpaBka. Bcsika rnasa 3aBbpluBa C OCHOBHM W3BOAW, nybnukaumu u anpobauus Ha
pesynTarture.
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B nbpea anasa ca pasrnegaHy BbNPOCKU OT NpoLeca Ha MeTanmsaumshy
lloTkW ¥ OMMYEH KOHTaAKT U B3auUMOLEWCTBMETO Mexady MeTan N
nonynposogHuun. Ha 6asa Ha 3agbnboyeHo nuTepaTypHO MNpoyyBaHe, ca AR
HepelLeHnTe npobrnemu MU LenTa Ha HacToALWMS gucepTaumMoHeH Tpya. B kpas Ha rnaeata
ca hopMynMpaHu 1 OCHOBHUTE 3afjaum 3a U3MbIHEHUE NO TemaTta Ha paspaboTkara.

BbB emopa enasa ca nscnegsaHv Bb3MOXHOCTUTE 3a Cb3faBaHe Ha KOHTaKTh Mexay
KapOUH W pasnuyHM MeTanu 4pe3 M3non3BaHe Ha BaKyyMHW npouecu 3a oTnaraHe Ha
meTanHu crnoese. PasrnegaHo e BNUSHUETO Ha OTrpABaHETO U BOHAMPAHETO Ha MeTanHuTe
KOHTaKTW, BbPXYy MUKPOCTPYKTYpaTa W €erleMEHTHWs CbCTaB Ha npexoaa Metan/kapOuH.
PaspaboTeHa e MHOrocrnoiHa MeTanusauus ¢ HuUKenoB 6apuepeH cron 3a npegoTepaTaBaHe
Ha audpysus Ha nanagueBu YacTuum B kapouHa.

B mpema anasa ca wacnegBaHW KOHTaKTU Mexgy kapbwH wu 3nato, nanagun u
anymuHmin. OTKpUTK ca 3aBMCMMOCTM MeXay Temnepartypara, roneMmuMHara v 4yecrorarta Ha
€NeKTPUYECKOTO MOorie BbPXY eNEeKTPUYECKOTO NOBEAEHNe, XapakTepuUCTMKN U napaMeTpu Ha
KapboHOBUTE Npexoau ¢ pa3nMyHuTe MmeTanu. PaspaboTteHa e TexHonorusa 3a 6oHanpaHe Ha
nanagvesn M cpebbpHU crioeBe BbpXy KapbuH U ca ONTUMU3NPaHX napamMeTpuTe Ha
GoHOMpaHeTO [0 nosflyvyaBaHe Ha 3gpaByM GoHAMpaWM BPb3KM C  KOHTpONMpyemun U
NoBTOPSiEMU NapameTpu.

B uvemenpma 2nasa ca NONMy4YeHW XEMOPE3UCTUMBHU CTPYKTYpU U € uscneasBaHa
peakuMaTa UM KbM CbCTaBKM OT YoBellkaTa MoOT, C uen pobnuxkasaHe A0 peanHo
NPUNOXeHWe Ha crioeBeTe B GMOCEH30pU U onTMManHaTa MM MeTanusauus 3a nogobpeHa
YYBCTBUTENHOCT.

B nema anaea ca nscneaesaHu npexoauTte, opMuMpaHu Mexay croese monnbaeHos
avcyndug n MeTanHu NnokpuTus OT MonNnbAeH M HUKen, KaTo e nosny4veHa nHdopmaumsa 3a
MexaHuama Ha copmupaHe Ha omuyHu U LloTku npexoau KbM CbBPEMEHEH [ByMEpHEH
HaHoMmaTepuasn 1 TAXHOTO eneKTPU4eCcKo NoBeaeHune.

6. Hay4yHun n/unu Hay4HONPUNOXHN NPUHOCU Ha JUCEPTALMOHHUA TPYA

OCHOBHMTE MPUHOCKM HA NpeAcTaBeHaTa UAnocTHa paspaboTka B gucepraumsTa
moraT Aa ce 0600WAT B CNeAHOTO: '

- JOKasBaHe C HOBW CPEACTBa Ha CbLUECTBEHN HOBU CTPaHW B CbLUECTBYBALLM Hay4HU
npobnemu;

- cb3aBaHe Ha HOBY METOAM U TEXHONOMNN;

- nony4yaBaHe ¥ JoKa3BaHe Ha HOBU U NOTBBLPAUTENHU haKTu.

ABTOPBT opmMmynupa 5 HayyHO-NPUNOXHU U 4 NPUNOXHU MpPUHOCA, KOUTO a3
npuemam.

Kato o606LieHne Ha Hay4yHO-MPUSIoXKHUME NPUHOCK MOXe Aa Ce NOCOYM:
pa3paboTeHn HOBM TEXHONMOrMM 3a Cb3faBaHe Ha KOHTaKTU Mexay KkapbuH u

pasnuyHM MeTanu ¢ uen nogobpsiBaHe MUKPOCTPYKTYpaTa U XapakTepUCTUKUTE Ha npexoaa
meTan/kapouH;

- YCTAHOBEHW HOBW BPbH3KU U 3aBUCMMOCTM MeXAay napameTpu Ha enekTpuyeckoTo
rone u xapakTepUCTUKUTE Ha KapOOHOBUTE NPEXOaU C PasfMYHUTE METanu;

- ONTUMU3MPaHW napameTpu Ha GoHAMpaHeTO BbPXY KapbuH A0 nomny4vyaBaHe Ha
3gpaBu 6oHAMpaLLY BPb3KK C KOHTPONIMPYEMM U NMOBTOPSIEMU NapameTpu;

- YyCTaHOBEHa HOBa WMHdopmauus 3a MexaHu3MuTe Ha (OpPMMPaHe Ha OMWYHW U
LOTKM KOHTaKTV KbM CbBPEMEHHU HAaHOMaTepuanu ¢ NpunoxexHue B buomeguumHaTa.
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[TPUOXKHU NPUHOCU Ce OTKPUBAT B: L\
-pa3paloTeHH METOJUKA 33 CHEMAHe Ha XapaKTHEPHCTHKH \ia; 3
MeTaJl/kapOMHOB HAHOMATEPHAT; 4

-peaNM3UpaHy EKCIEPUMEHTANTHY MOCTAHOBKM 33 ONPEICISHE HA KOHTAKTHO
CHIIPOTHBICHHE MEKTY METAN U TOIyIPOBOAHKK C LIUPOKO IIPHIOKEHHE;

- ONTHMH3UPAHH YCIOBHA HA OT/IAraHe HA €MEKCHH M MONMOICHOB IUCYIbUL
ypes aJaNTHPaHA TEXHOJIOTHS 34 YJITPa3ByKOBO ITyJIBEPU3UPAHE OT BOACH PA3TBOP;

= WN3rOTBEHU XEeMOPE3UCTUBHWU CTPYKTYypu C ONTUMU3MpaHa MeTanmsauus Ha
cnoeseTe 3a no.qo6peHa YyBCTBUTENHOCT C NpunoxeHue B GuoceHsopu.

MonyyeHuTe pesynTaTy NpeacTasnsasaT OpUrMHaneH NpMHOC B HaykaTa v npakTukarta
M HambiHO CbOTBETCTBAT Ha W3UCKBAHUATA 3a AMCepTauMOHEH TpyA 3a npupgobusaHe Ha
oGpasoBartenHa u Hay4Ha cTteneH ,JlokTop“.

7. MNpeLeHKa Ha Ny6nmMKaLMuTe No AUCEPTALMOHHUA TPYA

Mo Temata Ha gucepTauuaTa ca npunoxeHn 9 nybnukauun. 4 ot TAX ca npeacTaBeHn
Ha KOH(epeHUMn C MexayHapoaHO ydacTue y Hac u B vyxbuHa, a 5 ca otneyataHu B
cnucaHus, egHo oT kouto B Q1 ¢ IF 4.6. EpHa ot nybnukauumnte € CaMOCTOATENHa,
ocTaHanuTe B CbaBTOPCTBO, KaTo mar.uHX. Page TomoB e nbpBy aBToOp. 8 OT Ny6nukaumurte
ca nHaekcupaHu B Scopus, kato 3 oT Tax ca ¢ SJR. EgHa nybnvkaums e UHAekcMpaHa B
Scopus 1 Web of Science.

O6LmAT BGpoit TOYKM MO CbOTBETHUA nokasaten I~ e 160 Touku, npn unsmckyemmn 30
TOYKMN.

Pesyntatute oT pabortata no guceprauusta ca cTtaHanu AOCTOosHWE Ha HayyHaTta
OOLLHOCT y Hac 1 B YyXOuHa.

8. OueHKa Ha cTerneHTa Ha NIMYHO y4yacTtue Ha gucepTtaHTa B NPUHOCHTE.

Bb3 ocHoBa Ha npeacraBeHNTE U3CneaBaHUs, 3aabnboyeH aHanu3 Ha pesynratuTe,
aBTOPCTBOTO Ha I'Iy6ﬂVIKaLI,I/lI/|Te no guceptauudaTta u y4yactueTo B 3 Hay4yHoOU3cnegoBaTENCKU
npoekKkTa (GLIMH, OT KOUTO Me>|<,quapo,qu), cynTam, 4Ye T4 € CaMOCTOATEesIHO Aerio Ha
aucepTaHTa, peann3mpaHo nog pLKOBOACTBOTO Ha Hay4YHUA pbKOBOAUTEN.

He OTKpuBaM nnaruaTtctBo.

9. OueHKa Ha CBLOTBETCTBMETO Ha aBTopedpepaTa C MW3UCKBaHMUATa 3a
U3roTBAHETO MY.

ABTOperepaT'bT NMbJIHO U ACHO OTpassaABa OCHOBHUTE MOMEHTU OT CbAbPXaHUEeTO Ha
ancepTaumoHHUA TPyAd, KOETO Mo3BossiBa Aa ce NpeleHAT akTyallHOCTTa Ha pasrnexpaHuTe
np06neMV|, HauYnHUTE 3a TAXHOTO pellaBaHe W nony4vyeHuTe pesynTtaTtu. HanucaH e B
CbOTBETCTBUE CbC CbLUeCTByBaALLUTE U3UCKBAHUA.

10. MpunoxumocT Ha pesynTtaTtute ot AT.

HanpaBeHWTe aHanmuTU4YHM W EKCMepuMMEeHTanHW W3CcrneaBaHus U  Mony4veHuTe
pe3yntatu nokassBaT, Y€ MNPEArioKEeHWTEe OpPUrMHanHW TexHororm 1 paspaboTeHuTe
CTPYKTYpY AaBaT Bb3MOXHOCT 33 aHanua U peluaBaHe Ha KOHKPETHU npobriemMHu 3agaqu B
obnactra Ha HaHomarepuanurte. [lpoBegeHuUTe u3cneaBaHUA, Cb3gafgeHUTe NpoayKTu U
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6uomeamumHarta. Peayntatute ca CBbp3aHu U CbC 3afaqu B 3-Te Haquovua
NpoeKTa, B KOUTO y4acTBa AOKTOPaHTLT. HacT oT paspaboTkute cryxar 3a yqe6|-r

MoTBbPXKAEHME 3a aKTyanHOCTTa Ha nony4yeHuTe OT AOKTOpaHTa pesynTtaty ca 06m0
10 6pos uUTUPaHMS B Scopus Ha Herosu nyGnmkaumm.

ToBa gaBa OCHOBaHVE [a ce TBbpAW, Ye KaHAMAATbT npuTexasa CrocobHoCTTa 3a
dopMynvpaHe Ha WHXeHepHu npobnemu U 3a NpoBexaaHe Ha CaMOCTOATENHU Hay4HU
nscnegsaHus.

CMsiTaM, Ye MPeArioXeHUAT aucepTaUMoHeH TpyA NpeacTasnsasa eaHa 3aabnboyeHa
Hay4HO-M3CrieqoBaTtericka paspaboTka C BUCOKA CTeneH Ha akTyanHocT. CreneHta Ha
NPUNOXMMOCT Ha NOSTy4YeHUTe pesynTaTti e BUCOKa.

11. KputnyHm 6enexku n npenopbKM.

Juceptauusita npeactaensBa obWMpEeH HaydeH Tpyad NO  u3cneasaHara
npobnematuka. T e CTpykTypupaHa fobpe 1 npernedHo. OUCEPTAHTLT € WU3BbPLUKUI
cepuosHa no o6em Hay4Ho-U3cnegoBarerncka paboTa, CbAbpialla KakTo ekcrepMmeHTanHa,
Taka U aHanuMTudHa Yact. Hamam KputuydHm 6enexku.

MpenopbkaTa MW KbM [OKTOpaHTa € fAa MNpOALIKM  ycnewHata cu
Hay4HomscrnegoBaTericka AeiiHoCT B obnacTTa Ha HaHoTexHonorunTe n 6uoMeamumHaTa.

12. 3akniouyeHue

MpenctaBeHusaT ot wmar. uHX. Page TomoB aucepTauMoHeH TPYA CbAbpxka
aHanUTUYHU U eKCrepuUMEHTArnHK pesynTaTti, Ype3 KOMTO ca pelleHW NOoCTaBeHWTe B Hero
3agaun. Hanvue ca goctaTb4yHO Hay4HO-MPUIOXHU U MPUINOXHW MPUHOCK, KOUTO NOKpuBaT
nsnckeaHusTa Ha SPACPB, MNpaBunHuKa 3a HEroBoTo MnpunoxeHve u MpaBunHuka Ha TY
Codous 3a npuckbxaaHe Ha obpasoBaTenHara u Hay4yHa cteneH «[JokTop».

MNpegnaram Ha yBaxkaemuTe YneHoBe Ha HayyHOTO Xypu Aa AaaaTt BUCOKa OLIEHKa U
rmacysaT 3a MpPUCBLXAAHETO Ha Mmar. uHX. Page TomoB Ha obpasosaTenHara u Hay4Ha
creneH “[loktop” B obnacT Ha BucweTO o6pasoBaHue 5. ,TeXHUYECKU Hayku',
npodecMoHanHo HanpasneHue 5.2. ,EnNekTpoTexHMKa, €eneKTpoHUKa W aBToMaTtuka”
(TexHonorus Ha enekTPOHHOTO NPOU3BOACTBO).
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REVIEW

of a dissertation work for acquisition of the educational and scientific degree “Doctor”
in the field of higher education 5. "Technical sciences", professional field 5.2.
"Electrical Engineering, Electronics and Automatics", (Technology of Electronic
Manufacturing)

Author of the dissertation:

M.Sc. Eng. Rade Tomov

Dissertation title:

"Study of multilayer metallization systems in the modern micro- and nanoelectronic
devices"

Reviewer:

Prof. DSc Eng. Galina Petkova Cherneva — Todor Kableshkov University of Transport
Member of the scientific jury: acc. Order Ne OXK-5.2-13/05.02.2025 of the Rector of TU Sofia:

1.Information about the PhD student

M.Sc. Eng. Rade Tomov completed his higher education with a Master's degree in
specialty “Microtechnologies and Nanoengineering” at the Technical University (TU) Sofia in
2021. Since 01.03.2022 he has been a full-time PhD student in the doctoral program
"Technology of Electronic Manufacturing" at the Department of “Microelectronics” of TU
Sofia.

M.Sc. Eng. Rade Tomov has fulfilled all the requirements in the individual plan of his
PhD study and has successfully passed all the required exams thus he finished his PhD
study.

The work biography of M.Sc. Eng. Tomov is related to the microelectronics. During the
period 2018-2021, he worked successively at LEM Bulgaria and GLOBALFOUNDRIES
Bulgaria, and from 2023 until now he has been involved in biomedical engineering at the NIS
at TU Sofia.

The procedure for a public validation of his dissertation work has started after a
proposal of the Department of "Microelectronics" and a decision of the Faculty of Electronic
Engineering and Technologies.

2.Actuality of the problem studied in the dissertation work

In the modern development of micro- and nanoelectronics, a number of new
technological and scientific problems arise. Among them is the issue of metallization in
microelectronic devices. The development of multilayer metallization systems and transitions
plays an important role in the development of sustainable technologies and the creation of
electronic devices based on nanomaterials. The study of contacts between metals and new
functional materials, including organic semiconductors and two-dimensional inorganic
nanomaterials, is of essential importance in the production of electronic components.
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The emergence of new nanomaterials necessitates a detailed study:
and electrical properties of these contacts. These issues form the problem fiel
the present dissertation work. The work considers sensor structures based
emexene and transition metal chalcogenide. Emphasis is placed on the technology of metal
electrodes and the influence of the microstructure and physicochemical properties of the
contacts on the operation and characteristics of the sensor structures.

The aim of the dissertation is to build metallization systems for the realization of
Ohmic and Schottky contacts to new one-dimensional and two-dimensional nanomaterials
and optimization of parameters of metal/nanomaterial transitions in unexplored
metal/sensitive semiconductor combinations with application in sensor structures.

To achieve the set goal, the author has formulated five tasks related to the
development and optimization of technologies for obtaining Ohmic and Schottky contacts on
carbyne, MXene and transition metal chalcogenide, with controllable parameters on different
substrates; study of the processes at the metal/nanomaterial interface in the considered
cases; establishment of dependencies and characteristics of the developed sensor elements
on the contact construction technology.

The topic is very relevant, given the application of the studied nanoelectronic sensor
devices in biomedicine. The research conducted and the proposed new solutions for
optimization of multilayer metallization systems determine the relevance of the work in
scientific and applied science.

The autor of the dissertation has formulated goals and tasks that are adequate and
correspond to the requirements of a dissertation for the acquisition of the educational and
scientific degree "Doctor".

3. Level of knowledge of the problem and creative interpretation

The bibliography of dissertation work is modern and adequately reflects the current state
of the scientific issues under consideration. The dissertation work shows a good literary
awareness of the doctoral student. In the bibliography are cited130 in number literary
sources, of which 120 are in English, 3 are in Cyrillic and 7 Internet addresses.

Based on the first chapter, as well as on the other chapters of the dissertation, which
present and discuss the results of other authors, it can be concluded that M.Sc. Eng. Rade
Tomov is very familiar with the issues.

4. Conformity of the selected research methodology with the aim and tasks of
the dissertation

The goal and main tasks of the dissertation work determine the research methodology.
To achieve the formulated tasks, technologies have been developed and experimental
studies have been conducted to establish the relationships between technological
parameters and electrical characteristics of metal/nanomaterial contacts. The studies have
used modern spectroscopic and microscopic methods (atomic force microscopy, scanning
electron microscopy and energy-dispersive X-ray spectroscopy).

5. Analytical characteristics of the dissertation work

The dissertation work is developed in a volume of 143 pages of text, containing 98
figures and 8 tables. Its structure includes an introduction, five chapters, a summary of the
work's contributions, a list of publications and references. Conclusions and approbation of
results are formulated at the end of each chapter.

The first chapter discusses issues of the metallization process, Schottky and ohmic
contact formation and the interaction between metal and organic semiconductors. Based on
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a thorough literature study, the unresolved problems and the goal of this dl
are defined. At the end of the first chapter, representing a literature review, the R
the tasks to be performed on the topic of dissertation work are formulated. :

In the second chapter, he possibilities for creating contacts between carbyne “and
different metals by using vacuum processes for the deposition of metal layers are studied.
The influence of annealing and bonding of metal contacts on the microstructure and
elemental composition of the metal/carbyne transition is examined. A multilayer metallization
with a nickel barrier layer has been developed to prevent the diffusion of palladium particles
into carbyne.

In the third chapter, contacts between carbyne and gold, palladium and aluminum are
studied. Dependencies between temperature, magnitude and frequency of the electric field
on the electrical behavior, characteristics and parameters of carbon transitions with different
metals are discovered. A technology for bonding palladium and silver layers on carbine has
been developed and the bonding parameters have been optimized to obtain strong bonding
connections with controllable and repeatable parameters.

In the fourth chapter chemoresistive structures have been obtained and their reaction
to human sweat components has been studied, with the aim of approaching the real
application of the layers in biosensors and their optimal metallization for improved sensitivity.

In the fifth chapter, the junctions formed between molybdenum disulfide layers and
metal coatings of molybdenum and nickel have been studied, and information has been
obtained about the mechanism of formation of Ohmic and Schottky junctions to a modern
two-dimensional nanomaterial and their electrical behavior.

6.Dissertation contributions

The main contributions of the overall development presented in dissertation work can
be summarized in the following:

-proving with new means essential new sides in existing scientific problems;

-creation of new research methods and technologies;

- obtaining corroborating facts.

The author formulated 5 scientific-applied and 4applied contributions, which | accept.

The main scientific-applied contributions can be listed as:

- developed new technologies for creating contacts between carbyne and various
metals in order to improve the microstructure and characteristics of the metal/carbyne
transition;

- established new relationships and dependencies between parameters of the
electric field and the characteristics of carbon transitions with various metals;

- optimized bonding parameters on carbyne to obtain strong bonding connections
with controllable and repeatable parameters;

- established new information about the mechanisms of formation of Ohmic and
Schottky contacts to modern nanomaterials with applications in biomedicine.

Applied contributions are found in:

-developed methodologies for recording characteristics of metal/carbene
nanomaterial transitions;

-implemented experimental setups for determining contact resistance between metal
and semiconductor with wide application;

- optimized conditions for deposition of emexine and molybdenum disulfide by
adapted technology for ultrasonic spraying from aqueous solution;

- prepared chemoresistive structures with optimized metallization of the layers for
improved sensitivity with application in biosensors.
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The obtained results represent an original contribution to science i
they fully meet the requirements for a dissertation to acquire the educational*ar
degree of "Doctor". \C

7.Assessment of dissertation publications

On the topic of dissertation work, the PhD student has a total of 9 publications. 4 of
them have been presented at conferences with international participation in our country and
abroad, and 5 has been published in journals, one of which in Q1 with IF 4.6.

One of the publications is independent, the rest are co-authored, with M.Eng. Rade
Tomov as the first author. 8 of the publications are indexed in Scopus, 3 of them with SJR.
One publication is indexed in Scopus and Web of Science.

The total number of points under corresponding indicator I is 160 points, which
exceeds the recuired 30 points.

It is obvious that the results of the dissertation work have become available to the
scientific community at home and abroad.

8. Assessment of the degree of personal participation of the doctoral student
in the contributions

Based on the research presented, the authorship of the publications on the
dissertation and participation in 3 research projects (one of which is international), | consider
that it is an independent work of the PhD student, realized under the guidance of the
scientific supervisor. | don’t find plagiarism.

9. Assessment of the qualities of the abstract

The abstract fully and clearly reflects the main points of the content and contributions
of the dissertation. The requirements for preparation of the abstracts on the dissertation
works have been met.

10. Using the results of the dissertation work in science and practice

The analytical and experimental studies carried out and the results obtained show that
the proposed original technologies and the developed structures provide an opportunity for
analysis and solution of specific problem tasks in the study of nanomaterials. The research
carried out, the created products and the obtained results, in my opinion, will have great
application in the field of biomedicine. The results are also related to tasks in the 3 research
projects in which the doctoral student participates. Some of the developments serve the
educational process.

Confirmation of the relevance of the results obtained by the doctoral student are a total
of 10 citations in Scopus of his publications.

This gives grounds to claim that the PhD student has the ability to formulate
engineering problems and to conduct independent scientific research.

| believe that the proposed dissertation work represents a thorough scientific research
work with a high degree of relevance. The degree of applicability of the obtained results is
high.

11.Opinions, recommendations and remarks on the dissertation work
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The dissertation work is an extensive scientific work on the reseaﬁ;’gh

well structured and clearly arranged. The PhD student has carried out a ;\ " N
scientific research work, containing both experimental and analytical parts.“;don't ,/
critical remarks. e

My recommendation to the doctoral student is to continue his successful research
activities in the field of nanotechnology and biomedicine.

12. Conclusion

The dissertation work of M.Sc. Eng. Rade Tomov contains analytical and simulation
results, through which the tasks set in it are solved. My overall rating is positive. There are
sufficient scientific and applied contributions that meet the requirements of the ZRASRB, as
well as the Rules of the Law and that of the TU Sofia for the award of the educational and

scientific degree "Doctor".

| suggest to the respected members of the Scientific Jury to give high marks and vote
for the awarding of M.Sc. Eng. Rade Tomov for the educational and scientific degree "Doctor"
in the field of higher education 5. "Technical sciences", professional direction 5.2. "Electrical
engineering, electronics and automatics" (Technology of Electronic Manufacturing).

25.04.2025 Reviewer:... (1 )........
/Prof. DSc. Eng. G. Cherneva/
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