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PENEH3UA

BLPXY AHCEPTANIMOHEH TPY/ 32 NpUI00NBaHe HA
ofpasoBaTe/iHa M HAY4YHA CTelleH ,,J0KTOP”

o0aacT Ha BHcIIe o6pa3oBaHue : S. TeXHHYECKH HAYKH
npodecuonHanno HanpagJieHue : 5.2 EJeKTpOTeXHNKA, eJIeKTPOHHKA H ABTOMATHKA
HAYYHA CHeHATHOCT : MHUKpPOeJeKTPOHUKA
ABTOp Ha JUcepTANMOHHMS TPYA : Mar. urx. Bopuc Jlanaunos [[o6puykoB
Karezpa ,,Mukpoenexkrporuka“, ®PETT
Texunyecku yHupepcureT — Codus
Tema Ha IucepTAMUOHHUSA TPYA : ,JI3cienBane U NPOSKTHPaHe HA 3aIUTH OT
enekTpocTaTideH paspsg 3a CMOS unTerpansu cxemMu*
Y, 1eH HA HAyIHOTO xXypH : 1pod. 1-p 'eopru Bacunes Anrenos

kaTezpa ,,Muxpoenexrponnka*, ®ETT, Texumueckn ynusepcuteT — Codus

1. Akmyannocm na pazpaéomeanume & OucepmayuonHus mpyo npoonem 6
HAYYHO U HAYYHORDPUTIOHCHO OMHOWIEHUE

[AvcepTaLMOHHUAT TPYA € B TeMaTuKa, CBbp3aHa C HageXAHOCTTa Ha MHTerpanHmTe Cxemu.
Pa3srnexpa ce enekrpocratnuHusa paspsg (electrostatic discharge, ESD) n HeroBoTo BansAHue
BbPXy HaAeXAHOCTTa Ha MUKPOENEKTPOHHNTE KOMMOHEHTU. BucokuTe n3ncksaHunA 3a
HaAEXKAHOCT Ca HEU3MEHHW B Pa3BUTUETO Ha CbBPEMeHHaTa MUKPOe/IeKTPOHUKa. B MomeHTa
ce Hamypame B NoBpaTHa Touka 3a NONYNPOBOAHMKOBATa MHAYCTPUs, KoraTo
TpaaMLMOHHOTO MalabupaHe (scaling) BogelLo MHAyCTpuUATa Hanpes B nocieaHuTe 7
JleceTUNeTUA OTCTbMNBA Ha KOMIMIEKCHO pa3BMTUE, Pa3unTaLlo HE CaMO Ha HaMansaBaHe Ha
pasMepuTe, HO Beue Ha NPOMsIHA Ha apXuUTeKTypaTa Ha YCTPOICTBATa, U3M0/3BaHe Ha HOBU
MaTepuanu, 3Noi3BaHe Ha TEXHUKM 3a YCbBbPLUEHCTBAHO KoprycupaHe (advanced
packaging) v CbBMecCTeH npoLiec Ha pa3paboTtka 1 oNTUMM3aLWs, BKAOYBALL NpoeKTUpaHe 1
TexHosorusa (System Technology Co-Optimization, SCTO).

MocneaHnTe NOCTUXEHWA B 061aCTTa Ha 3aliMTaTa Ha UHTErpasHUTE Cxemu ot
enekTpocratuyveH paspsaa (ESD) nonydasat Taacbk OT NPEMUHABAHETO KbM HAaHO/INCTOBU
TPaH3UCTOPHM apxuTekTypy ot Tuna ,Gate-All-Around” (GAA) OT TeXHONOrMUEH Bb3ea 3 NM
HaTaTbk, 3D MHTErpaumsaTa Ha YMMAETU U CBPBXBUCOKOCKOPOCTHUTE MHTEPEIACH 3a AaHHY,
KaTo BCUUKM Te3n GaKTOpU 3HAUMTENHO CTECHABAT TPAAULIMOHHUA AanasoH 3a NpoeKTMpaHe
Ha ESD 3awwmtata. [opaan yATpaTbHKMTE OKCUAHW CNOEBE Ha reiita npy nocaegHwre FinFETs
n HaenesauTe Beve GAA FETs, HamanieHnTe nparose Ha NPO6VB 1 OrpaHMYEHOTO pascenBaHe
Ha Tor/iMHaTa B 3D cTpykTypuTe, TPaAMLMOHHWTE Napa3sUTHX MEXaHU3MM 3a orpaHuYaBaHe
Ha ESD Bce No-YecTo ce 3aMeHsT C YATpaKoMMNaKTHU CUAULMEBO-YNPaBAseMU U3NpaBUTeNn
(SCR), AMHAMWYHU ANOAHN CXEMU 1 BTOPUYHU OFPaHNUUTENN Ha NPEXOAHN CbCTOAHWUS,
NpoeKTUpaHu Aa CMekyaBaT CbbUTVA Mo MoAena Ha 3apeaeHuTe ycrpoiictsa (Charged Device
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Model, CDM) ¢ Bpeme 3a peakumsa 1og HaHOCeKyHAa. 3a Aa Ce NPUCMOCOBAT KbM
BMCOKOUeCTOTHU npunoxeHus kato PCle 6.0 n 5G/6G komyHukauwmm, 6e3 ga ce
KOMMpPOMeTUpa LIeSIoCTTa Ha CUrHana, CbBPeMEHHUTe TONoIorMK 3a 3aluumTa nnonssar
MexaHu3Mu 3a obpatHo crbBaHe (foldback) 1 TexHukM 3a HaMansBaHe Ha Napa3uTHUA
kanaumtet nog 0.1 pF. OcseH ToOBa, BbBEXAAHETO Ha CTaHAAPTM 3a KopnycupaHe kato Die-to-
Die (D2D) (Hanp. UCle — Universal Chiplet Interconnect Express) BbBege meToaa Ha
CbBMECTHO MPOEKTUPaHe Ha HMBO YMN U KOPMYC B Napanen Cc aBToMaTsnpaHa sepupmrkaLmsa
ypes3 codpTyep 3a aBToMaTM3npaHo npoekTnpaHe (EDA). B nocnegHmsa acnekr, ce pa3smBaTt Bce
rnoBeye MHCTPYMEHTUTE 3a eKCTPaKLMA C Lies OCMrypsBaHe Ha ONTMMaAHO pasnpeseneHne Ha
TOKa, HUCKW 3arybu 1 HafeXaHO noBegeHne nNpu aktTnenpaHe Ton.

B HacToAWMSA AMCepTaLMOHEH TPYA Ca aHaau3upaHu HaumHK 3a HaTpynBaHe Ha ESD, kouto
3acTpallaBar XUBOTa Ha UHTErpasHUTe CXeMu rnpes Leana UM eKCnaoaTaloHeH LMKbA.
KnacndumumpaHnm ca otkasute, npeansBukaHu ot enektpoctatuyeH paspsag (ESD), nsacHeHu ca
dursmyecknTe MexaHM3MM 3a4 TAX U ca NPEACTaBEHN KOHKPETHWU NPaKTUYeckn NpUMepu.
Bcuuko ToBa nNpasu pasraexaaHara TeMa U3KN0UUTENHO akTyanHa, a usciejsaHvTe Bbnpocu
— C BaXKHa CTOMHOCT 3a Haf@XAHOCTTa Ha MHTErPaJIHUTE CXEMM B NPAKTUYECKM acrekT.

2. Cmenen Ha nO3HABAHE CLCMOAHUEO HA npoﬁne.ua U meopuecka
UHmMEPRPEMAUUA HA TUMEPAMYPHUA MAMEPUATT

[vicepTaunoHHMAT TpyA ce cbeTom oT 148 cTtpaHuum, ot kouto 120 cTpaHuum U3N0XeHUe 1

23 cTpaHunum npunoxeHus (NporpamMeH kog). TpyAbT BKIOUYBa OCEM [NaBU: BbBEAEHME,
e/IeKTpoCTaTUYeH 3apaj, pasriejaH B ABe rnasu — TUNOBE eNeKTPoCTaTUYEH 3apaj U Herosurte
npossnenus, ESD mogenw, TectBaHe n xapaktepusauusa Ha ESD yctpoiicTtea, ESD 3awmtHu
KoHuenuun, On-Chip ESD 3awmuTHM ycTpoIicTBa, BpeMe Ha akTuBaums Ha ESD sawmutHm
yCTpOWCTBa 1 3akntoueHve. Liutupann ca 69 antepaTypHu N3TOUHMKE, aBTOPCKUTE Ny6ankaLmm
no guceprauuara ca 5. BkntoueHu ca 72 durypu u 8 tabanum.

MN3noxeHuneTo nokassa 3a4b/1604eHO NO3HaBaHe Ha CbBPEMEHHUTE NOCTVXXEHNA B obaacTTa Ha -
AvcepTaumaTa.

3. Cvomeemcmeue na usbpanama memoOuKa Ha U3Ciedeane u nocCmasenama
yen u 3a0a4u Ha OUCEPMAYUOHHUA MPYO

B AncepraumnoHHma cn Tpya AOKTOPaHTLT Mar. HX. bopuc lobpurukos npeanara
3agbnboyeH 1 nocnesoBaTeNeH Npernea Ha ctaHgapTHuTe ESD Mogenw, gelicTBalymre
HOPMaTMBHWU PaMKu 1 METOAM 3a TeCTBaHe, pasriesaHu nogpobHo B ra. 4 ,ESD mogenn” n
rn. 5 ,TectBaHe u xapakTtepusauus Ha ESD yctpoiicta“. To3u cuctematnyeH noaxos e
HanMb/HO JOMYCTUM U ePEKTUBEH.

3a yCnewHoTo peLlaBaHe Ha 3a/10)KeHUTe Hay4YHO-NPUAOXKHMN 3aAa4uu, JOKTOPaHTBLT € Cb3Aan
crneuvanvsvpaHa coptyepHa nporpaMa Ha esuka R — noAxoAsLL, Npu CTaTUCTUYECKU aHanu3
Ha rosemu obemu oT gaHHW. Ypes Hed ca MMMIEMEHTUPAHU 1 U3CNeABaHN Pa3NNYHK
MHOBATMBHM aAropuTMK 3a NPELM3HO ONpeAensiHe Ha BPEMETO 3a aKkTMBaLmsA Ton Ha
pasraexgaHunTe 3aluTHN CTPYKTYPU.

M3karounTenHo BMCOK aTecTaT 3a KauecTBOTO Ha pa3paboTkaTa e HanpaBeHOTO CPaBHUTE/THO
n3cnesBaHe: aBTOPbLT CbMOCTaBA NOJYYEHUTE PE3ynTaTh € Te3n OT CreLnannmsvpaHmns
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copTyep 3a eKcTpakuma Ha Ton Ha KOMNaHMATa HPPl — yTBbpAEeH CBETOBEH /inAep B
NPOU3BOACTBOTO Ha ESD TecTepun 1 Mny/acHW reHepatopu.

Bux nckan pa nspass cBOETO OT/IMHYHO BreYaTieHne OT BUCOKOTO NpodecMoHaHO HUBO, C
KOETO JOKTOPaHTLT BaZee U CbBpeMeHHUTe NPorpaMHy NPOAYKTY, U creuuanusnpaHnTe
cpepu 3a obpaboTtka Ha AaHHU. TAXHOTO KOMMETEHTHO MpuaaraHe B U3caef0BaTeNCKus
npoLiec e KJ1H40BO 3a NOCTUraHeToO Ha LeanTe Ha gucepraumara.

4. Kpamka ananumuyna XapaKmepucmuKka Ha4 eCmecmeomo u OUeHKa Ha
00CHMO0GEPHOCINMA HA MAMEPUANA, 6BPXY KOUMO Ce 2PAdam NPUHOCUme Ha
oucepmayuoHHusL mpyo

[AVcepTaumnoHHMAT TPYA ce GOKycnpa BbpXy BPEMETO 3a 3ajeincTBaHe (akTusaums) Ha
ycTporicTBaTta 3a ESD 3awura. KaHAaMAaTLT aprymeHTpa nsyepnaresiHo KAo4voBarta poas Ha
TO3M NapameTbp Npu Npouecn Ha 6bp3 paspaa. BkaroueHa e obwa agepuHnLmMA Ha npoueca
Ha aKTMBaL s, KaTo ACHO e apryMeHT/paHa Heroeara CIOXHOCT C Or/ie4 Ha pasinyHuTe
MoAYNPOBOAHWKOBU CTPYKTYPU U TEXHONOTUYHU ocobeHocTu. Ha 6asata Ha 3agbaboueH
nperneA Ha Hay4YHata iTepaTtypa ca U3BeAeHu TPy NoAxoja 3a ornpejensHe Ha BPEMETO 33
akTuBauma Ton. TE3W MeTOAM Ca B OCHOBaTa Ha paspaboTeHus copryep 3a ekcTpakums Ha Ton,
KaTo MMEHHO pea/sv3npaHaTa aBToMaTn3auma NpeacTaBifaBa OCHOBHUAT HayYeH NPUHOC Ha
Tpyaa. Mporpamata o6paboTBa BXoAHW AaHHM OT TLP n3mepBaHua 1 onpejens BPeMeTo 3a
aKTMBaLA CNPAMO TPUTE METOAUKW, BU3yanmn3vpankn pesyatatute upes CuctemaTmampaHu
Tabamum n nogpobrm rpadukm. CneumanHo BHUMaHWe e 06bPHATO Ha MHOBaTMBHUTE
anropuTtMu 3a GuaTpupaHe v AeTekuma, KOMTO rapaHTUpar no-B1UCOKa TOYHOCT Y HAAEXAHOCT
Ha NofyyYeHunTe AaHHW.

MpakTnueckaTta NPUIOXMMOCT Ha pa3paboTeHnsa COPTyepeH MHCTPYMEHT e NOTBbPAEeHa Ypes
Ba/MAaLma BbPXY peasHun ekcrieprMeHTasHn JaHHW. ABTOMaTU3MpaHa cMcteMa e BHegpeHa U
TectBaHa Bbpxy VF-TLP (Very Fast Transmission Line Pulsing) namepBaHus Ha pasHoobpasHu
ESD 3awutHn eneMeHTH, BKAOYBALLM TUPUCTOPHU U ANOAHWN CTPYKTYPU, peannsnpaHu B Tpu
pasanyHu TexHonornvHu npoueca: 12 nm, 180 nm v 350 nm.

OcobeHo LieHeH e U3BbPLLIEHUAT KPUTUYEH aHaau3 Ha pe3yaTaTuTe B rpaHnyHu 1
HecTaHAaPTHU peXumn Ha paboTa, KbeTo airopuTM1TE 3a eKCTpakLma ca NoANOXEHM Ha
MaKCUMaiHO HaToBapBaHe U NOTEHLUMANHN CMyLLeHWA. Ha H6a3aTa Ha Te3u TecToBe aBTOPbLT
dopmynnpa 060cHOBaHM U3BOAU OTHOCHO YCTOMUMBOCTTA, CTabUIHOCTTa 1 TOYHOCTTa Ha
npeanoXeHTe MEeTOAM, CbYeTaHWN C KOHKPETHW NpakTUYecku npenopbKy 3a TAXHOTO
npaBuaAHO 1 eHEKTUBHO NpuiaraHe B MHXeHepHaTa npakTuka.

JonbaHNUTENHO e HanpaBeHa 3a4b/604eHa CpaBHUTENHA OLEHKa MeXay Cb3aaaeHaTta
aBTOMaTU3aLMA U YTBBPAEHOTO CneumannsmpaHo codptyepHo pelleHre Ha komnaHuata HPPI
— KaKTo beLle CNOMeHaTo Mo-rope, eAVH OT CBETOBHUTE Angepu B obnactta Ha
usnuTBaTeNHoTo obopyasaHe 3a ESD 3akpuna. CpaBHEHNETO e NPOoBEeAEHO NPU UAEHTUYHM
HauaNHW YCNOBUA U BbPXY eHaKBU MacVBU OT AaHHW, aHaav3mpaiiku cneLudukuTe B
apxuTeKTyparta v iormkara Ha aJroputMmuTe.

PesynTatute KaTeropMyHoO AoKa3BaT MPaKTU4YeCKOTO NPEeANMCTBO M BUCOKaTa epeKTUBHOCT
Ha HOBOCB3JafeHNTe OT aBTOpa aAropuTMu 3a PUATPaLMa Ha curHana. CoLeBpeMeHHO
00EeKTMBHO € OTYETEH W aHasm3MpaH noaxoasT Ha HPPI npn komneHcmpaHe Ha
NOCTOAHHOTOKOBOTO oTMecTBaHe (DC offset) B HanpexXuTenHna uMnync, KOeTo nogyeprasa
aKaeMmnyHaTa KOPeKTHOCT U AbA6oYMHa Ha AUCEPTALIMOHHOTO U3CNEABaHE.
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5. Hayunu u/unu nayuHonpuiodcHu RPUHOCY HA OUCEPMAYUOHHUR MPYO

B AvcepTaumMOHHMA TPY4 aBTOPBT € mocoumn obLuo 8 NprHoCa, UspeseHn BbB CrnchUeH Bug 6e3
knacMpuKaumsa No HayyHu, Hay4YHOMPUAOXHMU UK NPUIOXKHN.

O6o6LwwaBamM npuHocuTe Ha KaHamAaata 3a OHC "aokTop”, KakTo cheaBa:

1. CuctematmavpaHe Ha dusuyHuTe npouecu u ctanaaptu (MpuHocn N21 n N92) — HanpaseH e
3a4bn60YeH aHanu3 Ha GeHoMeHa Ha enekTpoctatnuyHmna paspag (ESD), mexaHusmute My Ha
reHepvpaHe v cneumdrikata Ha NoBpeanTe B CbBPeMEHHaTa MUKPOENEKTPOHMKA. Pa3raeaaqu ca
BOAELLMTE MHAYCTpUanHu ESD Moaenu, TexHUTe XapakTepHn 0COBEHOCTH, KaKTo U npuaexaiimre
UM CTaHAAPTU U METOAM 3a TECTBAHE M XapaKTepusaLMa Ha 3allWUTHN YCTPOMCTBA.

2. AHanuns Ha cxeMOTeXHWYHUTE KoHuenumun u napametpu (MpuHocn N23 n N24) — nssbpLueHo e
0606weHne Ha ocHoBHMTE On-Chip ESD cxeMOTEXHWYHWM KOHLENLUW U TONOJNOTUYHM
0co06€eHOCTV Ha aKTUBHUTE 3aLLUMTHU e/IeMEHTY, U3ACHEH e TEXHUAT NPUHLMN Ha paboTa.
[leTaiinHo e n3cneaBaHo BpeMeTo 3a akTnBaums Ton B KOHTEKCTa Ha VFTLP (Very Fast
Transmission Line Pulsing) xapakrepu3auusTa, KaTo ca CbNocTaBeHN CbLUECTBYBaLLUTE METOAN 32
HeroBara OL|eHKa.

3. PaspabotBaHe Ha cneuvanusvpaH copTyepeH KOA U anroputmu 3a o6pabotka Ha cUrHanu
(MpuHocu Ne5 1 N26) — cb3gageH e opurnHaneH copTyepeH MHCTPYMEHT 3a aBTOMaTM3NpPaHo
U3B/IMYAHE Ha KNOYOBU NapameTpu Ha ESD ycTpoiicTBa, KOMTO MMMAEMEHTMPA TPU Pa3inyHM
METOZO0/IOTUM 3a eKCTPaKLMA Ha BpeMETO 3a akTuaLuma Ton. B HEro ca nHrerpmpanu Tpu
HOBOCBH3AaJeHM aAropmMTbMa 3a getekumna u GuatpupaHe Ha wyma npu VFTLP namepsaHus,
KOWTO rapaHTMpaT 3HauuTe/IHO MOBWLLIABaHe Ha TOYHOCTTa, CTabUAHOCTTa U HaAEeXAHOCTTa Ha
U3BJIEYEHUTE pe3yATaTy.

4. ExcnepuMeHTaiHa Baanaauma B LIMPOK TEXHONOTMYeH 06xBaTt — npoBegeHo e MalwabHo VFTLP
uscneaBaHe Ha ESD agnoaHu v TUPUCTOPHU CTPYKTYPU, peanusnpaHu B TP MOAEPHHU
MoJlynpOBOAHUKOBU TEXHONOTUYHM Bb3M — 12 nm, 180 nm » 350 nm.

5. CpaBHUTENEH aHanun3 (BeHUYMapPKUHT) — U3BBPLLEHO € NPAKO CPaBHEHMWE Ha
QYHKLMOHANHOCTTa, TOYHOCTTa U paboTHWUTE anropuTMK Ha aBTOPCKUA CoPTyep € YTBbPAEHO
TbProBCKO pelleHue, NPeA0CTaBeEHO OT CBETOBHUA angep B obaactta HPPI, koeTto goka3sa
npakTuyeckaTa NPUAOXKUMOCT U KOHKYPEHTOCNOCOBHOCT Ha pa3paboTkara.
Fopedopmyavpanute npuHock 1 u 2 knacuduLmpam Kato HayHHONPWUAOXHMK, a NpuHocK 3,4, n 5
— KaTo MPUNOXHM.

Ha 6a3a Bcuuko TOBa cuuTam, Ye NPUHOCUTE afieKBaTHO OTPa3ABaT U3BBPLUEHOTO C NPenopbKa
Aa 6baat cbkpaTteHun n 0606weHw.

6. Oyenka 3a cmeneHma Ha TUYHOMO Y4acmue Ha OUCEPMARMaA 6
npunocume

3ano3sHart cbM ¢ paboTaTa Ha Mar. HX. bopuc Jo6punukoB oLue KaTo CTyaeHT B TexHUYecKku
yHuBepcuteT — Codus, KakTo U C HeroBuTe U3CaeABaHUA B 0baacTTa Ha 3alumTata ot
eNeKTPOCTaTUUeH Pa3psj No-KbCHO B HErOBWA KapuepeH MbT. Toi e 3aAba60oueH 1
NPOAYKTUBEH, MOAXOXAA KbM TBOPUYECKMTE U NPAKTUUECKU 33/,aum CbC CTapaHue un
npeumsHocT. MpeanoxeHUTe pesyaTaTy B HacToALLaTa AUcepTaLms, KakTo 1 Heroeara
ny6MKaLMOHHa AeMHOCT 4O MOMEHTa, AICHO NMOKa3BaT IMYHOTO My y4yacTue BbB
dopmMyanpaH1Te NPUHOCH.
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7. Ilpeyenka na nyboaukayuume no OucCepmayuoOHHUA mpyo

B ,Mybavkaumm no gruceptaumoHHUa TpYA" KaHAUAATBLT NpeacTass obwo 5 nybavkaunu,
ny6avnkysaHu mexxay 2018 1 2025 r. Bcuuku Te ca Ha aHIIMACKM €3MK, KOETO AaBa LUMPOK
AOCTbN Ha MeXAyHapoAHaTa Hay4Ha OBLWHOCT A0 NOCTUrHATUTE Pe3yaTaTy.

HayuHute nybankaumm ca B M3gaHnsA C BUCOKO Ka4yecTBO: egHa OT cTatunTe e nybinkyBaHa B
aBTOPUTETHOTO MeXayHapogHo cnvcaHue Microelectronics Reliability (c Bucok nmnakr
¢dakTop 1 MMnakT paHr B obnactta Ha HagEXAHOCTTa Ha MMKpoenekTpoHukara). OcraHanute
4eTUpK Ca nNpeacTaBeHn 1 NybaMKyBaHW B AOKN3AN OT MEXAYHAPOAHW Hay4HU
KOHbepeHUUn, MHAEKCUPaHW B CBETOBHUTE a3y AaHHW.

HanuueH e n eanH camoctonTeneH HayyeH Tpya, KOETO e fiCeH aTecTaT 3a In4HaTa
n3cnepoBaTeNcka aBTOHOMUA U 3PANIOCT Ha KaHAnAaTa.

8. H3nonszeane na pezynmamume om OUCepamyuoOHHUA mpPyo 6 HAYYHAMA U
coyuannama npaKmuKa

B npegocTaBeHnTe AOKYMEHTM KaHAMAATBT € NPUIOXKWA CNpaBKa 3a 3abenf3aHn LuTupaHus,
CbAbpXalLa 7 uuTaTa Ha Herosu Nyb6anKaLm, BCUYKN Te B MEXAYHaPOAHN CrneLvanmsmpaHm
Hay4yHu usgaHusA. HanpaBeHaTa OT MeH cnpaBka B MeXayHapoaHaTta 6ubanorpadcka 6asa
AaHHm Scopus otymTa obuo 10 Herosu ny6anKauum 1 13 HesaBUCUMK LUTMPaHKA. ToBa
KaTeropuyHo nokassa, Ye MOCTUrHaTUTE B AUCepTaLMATa pesyaTaT He camo ca Noayunnu
HeobxoznMmata nybaMYHOCT, HO 1 ce NO/I3BaT C aKTUBEH MHTEPEC U NpU3HaHWe OT CTpaHa Ha
MeXAyHapojHaTa Hay4Ha O6LHOCT.

9. Oueuka Ha cbomeemcmeuemo Ha aemope¢epama C U3UuCKeanunama 3a
uszzomesnmnemo my

MNpeacTaBeHuAT asTopedepat e B 06em ot 33 cTpaHmumn. CbAbpXKaHMETO My CbOTBETCTBA Ha
CbAbPXKaHNETO Ha AnCepTaLMOHHUA TPyA. ABTopedepaTbT Nocief0BaTeNHO U TOYHO
rnokassa rnaBuTe oT gncepTauuarta. ABTopedepaTbT 3aBbpLUBa CbC CMMCHKa Ha
nybaukauunTe Nno Tpyaa v Pe3toMe Ha aHIIMACKU e3NK.

Cuntam, ye aBTopedepaTbT CbOTBETCTBA Ha ChAbPXKAHMETO U NPUHOCUTE Ha AucepTaLmaTa 1
OTroBaps Ha oblionpueTnTe N3NCKBaHMA 3a U3TOTBAHETO My.

10. Muenusa, npenopvku u denexcku

[McepTaLMOHHUAT TPYA Ce OT/IMYaBa C ACHO M3pa3eHa Hay4YHO-MPUIOXKHA U NpakTUuyecka
Haco4eHOCT. B Hero aBTOpPbT AeMOHCTPUPa 334bA60UEHO NO3HaBaHe Ha CbBPEMEHHOTO
CbCTOAHME Ha NpobaemaTukata, BUCOK NPodecMoHaneH KanauuTeT U cnocobHOCT 3a
CaMOCTOATE/IHO NPOBEXAaHe Ha HayYHWU U3CNeABaHUS, MOAKPENeHN OT NPeACTaBeHnTe
pesyaTtaTv 1 TAXHaTa COPTyepHO-UHXEHepHa peannsaLus.

Hamam 3abenexcku no CbLLeCTBO KbM NPeACTaBeHUs gncepTauuoHeH Tpya. Kato npenopbka
3a nogobpsaBaHe Ha CTPyKTypaTa CMATaM, Ye B yBOAHaTa YacT Ha U3noxeHneTo 6u 6uno
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NOAXoAALLO Aa ce 060cobu AcHa N KOHKPeTHO dopMympaHa raaea ,Len n 3agaum Ha
AVcepTaLMoOHHUA TPYA", KOATO Aa oyepTae paMKaTa Ha U3caejBaHeTo.

MpeanoxeHuTe No-Aoay NpenopbKu MaT pesakLMoHEH XapakTep:

E3nkoBun — n3nonssaHe Ha yTBbpAeHaTa 6barapcka TEPMUHONOTUSA HApPeA C YyXAuTe
TEPMUHM (Hanp. 3aMsHa Ha TEPMUHM KaTo ,CKanupaHe”, ,kiamnupaHe”, ,eceHUuuanHo" u 4p.);
CTpyKTypHM — NO-CTErHaTo NoApeXaaHe Ha U3/I0XXEHNETO B NO-Masko Ha 6poii rnasu ¢
U3BOAW CNej BCAKA rnaBa, 0606LeHne 1 3aKNoueHuNs.

®opmatupaHe — fobaBAHE Ha NOACHUTENIHU TEKCTOBE, NPEBOA U ONMCaHWA Ha 6barapcku
€3UK KbM M3ron3saHuTe Gurypu.

B aonbnHeHwue, ¢ orneg Ha noTeHumMana Ha paspaboTtkarta, npenopbYBaM Ha AOKTOpaHTa B
6bAeLaTa cu HayyHa Kapviepa ja ce opueHTUpa KbM NOMNyaspusupaHe Ha pesyiTaTute cu B
peHOMUpaH MeXAYHapOAHWN cnucaHusa ¢ BUCOK umnakT ¢aktop (IF) n umnakr paHr (SJR).
M3noxeHuTe KpUTMYHM 6eneXKn 1 NPenopbKY NO HUKAKbB HauMH HE OManoBaxasat
MOCTUrHaTMTE BUCOKM HayYHW N HayYHO-NPUAOXHW pe3yaTaTi, a UMart 3a LieNl ANHCTBEHO Aa
noAnomMorHaT asTopa B 6bgelara My ny6mMkaumoHHa 1 u3cieaoBaTtesicka AedHOCT.

11. 3axnwouenue c ACHA NONOHCUMENHA UNU OMPUYAMENHA OUECHKA HA
oucepmayuoHHUs mpyo

AvcepTaHTbT paboTk OT HAKOIKO rOAMHM B 0611acCTTa Ha 3alyMTaTa OT e1eKTPOCTaTUYEH paspag,
(ESD). HaBcakbae AeMOHCTPUPa yCbpAMe N OTAUYHN MHXXEHEPHM CNOCOBHOCTH, pesyaTaT Ha
KO€TO e npejcraBeHaTa gvceprauus.

MIAHI/IMAﬂHI/I U3UCKBAHW TOYKI
Mo rpynu nokasatenu 3a NnpugobreaHe Ha obpasoBaTenHa U HaydHa cterneH "okTop"
BaAnAHM Ao Man 2018 r.

Usncksanus OHC "[AokTop" Bopuc lo6puukos
06wy, 6poit HayuHU TpyaoBe 3 5
- B T. U. 6poli cTaTum B peLieH3vpaHu 1 5
crnucaHus
. 1 1
- B T. 4. Bpoli camocTosATeNnHn Tpya0Be
- B T. 4. Bpoii cTaTUM B MeXAYHaPOAHU 0 1
cnuncaHusa knac A (c Impact Factor)
. 0 7
bpoi unuTMpaHusa
- BT. Y. B M@XAYHapOAHW CMeLan3npaHm 0 7

Hay4HU n3gaHuna
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Bb3 ocHOBa Ha npeacTaBeHWs o6eM, 3aabA604YEHOTO CbAbPXKaHWE, MoNyYEeHUTe HayHHU 1
Hay4YHO-NPUNOXHW PE3yNTaTH, KakTo 1 GopMyanpaHuTe NPUHOCK, M3Ka3BaM KaTeropuyHOTO cu
CTAHOBMLLE, Ye ANCEPTALIMOHHMAT TPYA OTFOBapA HaMb/HO Ha BCUYKM KpUTEpWW 3a npuaobneaHe
Ha obpa3oBaTesnHaTa 1 Hay4Ha CTerneH ,A0KTop”.

BcuUKM M3N0XKEHM AOTYK haKTy AaBaT OCHOBaHWE Aa NOTBbPAS, Ye NpeACTaBeHUAT TpyA HanbAHO
Y/AOB/IETBOPABA HOPMATVNBHITE W3NCKBAHWA Ha 30KOHA 30 pa3euMuemo Ha akadeMu4HuUA CbCmae
e Peny6auka Bvneapus (3PACPB), MpasusHuka 3a Hezosomo npunazare (M3PACPB), kakTo n
BbLTPelHna [TpasusHuUK 3a ycaosuama u peda 3a npudobueaHe Ha Hay4HU cmeneHu &
TexHuueckus yHueepcumem — Cogpus (MYPMHCTYC).

BojeH OT ropenocoyeHoTo, AaBaM ybeaeHo cBOATa MONOXWTENHA OLIeHKa 33 ANCePTaLUOHHNA
TPYA 1 y6eaeHo NpenopbyuBaM Ha NounTaeMoTo HayuHo Xypu Aa NPUCHAM Ha Mar. MHX. bopuc
[laHaunos [lo6pnukos obpasoBaTenHara 1 HayuHa cTeneH ,40KTop” B 06/1acT Ha BUCLLETO
o6pazoBaHue 5. TexHnueckmn Hayku, NpodecroHanHo HanpasaeHve 5.2. EnekrpotexHuka,
e/1eKTPOHVKa 1 aBTOMATMKa, MO HayyHa CneLuanHocT ,MukpoenekTpoHmuka“.
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Author of the dissertation thesis : Master Eng. Boris Danailov Dobrichkov
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Topic of the dissertation thesis : Study and Design of Electrostatic Discharge Protection
for CMOS Integrated Circuits

Member of the scientific jury : Prof. Dr. George Vasilev Angelov
Department of Microelectronics, Faculty of Electronics

Engineering and Technology, Technical University of Sofia

1. Relevance of the dissertation's research topic from a scientific and applied
scientific perspective

This dissertation addresses topic related to the reliability of integrated circuits. It examines
electrostatic discharge (ESD) and its impact on the reliability of microelectronic components.
High reliability requirements are a key factor in the development of modern microelectronics.
We are currently at a pivotal point for the semiconductor industry, where the traditional
scaling that has driven forward the industry over the past 7 decades is giving way to a
complex evolution, relying not only on size downscaling but also on changes in device
architecture, the use of new materials, the use of advanced packaging techniques, and a
intertwined process of development and co-optimization involving design and technology
(System Technology Co-Optimization, SCTO).

Recent advances in the protection of integrated circuits against electrostatic discharge (ESD)
are being pushed ahead by the transition to Gate-All-Around (GAA) nanoscale transistor
architectures starting at the 3-nm process node, 3D integration of chiplets, and ultra-high-
speed data interfaces — all of which significantly narrow the traditional design margin for ESD
protection. Due to the ultra-thin gate oxide layers in the latest FInFETs and the emerging GAA
FETs, as well as reduced breakdown thresholds and limited heat dissipation in 3D structures,
traditional parasitic mechanisms for ESD mitigation are increasingly being replaced by ultra-
compact silicon-controlled rectifiers (SCRs), dynamic diode circuits, and secondary transient
limiters designed to mitigate events based on the Charged Device Model (CDM) with
response times under one nanosecond. To adapt to high-frequency applications such as PCle
6.0 and 5G/6G communications without compromising signal integrity, modern protection
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topologies employ foldback mechanisms and techniques to reduce parasitic capacitance to
below 0.1 pF. Furthermore, the introduction of packaging standards such as Die-to-Die (D2D)
(e.g., UCle — Universal Chiplet Interconnect Express) has introduced a method of co-design at
the chip and package levels in parallel with automated verification using electronic design
automation (EDA) software. In this regard, extraction tools are increasingly being developed
to ensure optimal current distribution, low losses, and reliable Ton activation behavior.

This dissertation analyzes the mechanisms that cause ESD buildup, which threaten the life of
integrated circuits throughout their entire life cycle. Failures caused by ESD are classified, the
physical mechanisms behind them are explained, and specific practical examples are
presented. All this makes the topic under consideration highly relevant, and the issues
investigated are very important for the reliability of integrated circuits in practical terms.

2. Level of knowledge of the content of the problem and creative interpretation
of the reference literature

The dissertation consists of 148 pages, 120 pages of which are the body text and 23 pages are
appendices (program code). The thesis includes eight chapters: introduction; electrostatic charge,
discussed in two chapters — types of electrostatic charge and its manifestations, and ESD models;
testing and characterization of ESD devices; ESD protection concepts; on-chip ESD protection
devices; activation time of ESD protection devices; and conclusion. 69 references are cited, and
the author has published 5 papers related to the dissertation. The thesis includes 72 figures and
8 tables.

The dissertation demonstrates a thorough understanding of current advances in the field.

3. Compliance of the selected research methodology with the aims and
objectives of the dissertation

In his dissertation, Ph.D. candidate M.Eng. Boris Dobrichkov, presents an in-depth and
thorough review of standard ESD models, current regulatory frameworks, and testing
methods, which are discussed in detail in Chapter 4, "ESD Models,” and Chapter 5, “Testing
and Characterization of ESD Devices.” This systematic approach is entirely valid and effective.
To successfully address the scientific and applied research objectives, the doctoral candidate
developed a specialized software program in the R language, which is well-suited for the
statistical analysis of large datasets. Through this program, various innovative algorithms
have been implemented and investigated for the precise determination of the activation time
(Ton) of the protective structures under consideration.

The comparative study conducted serves as an exceptionally strong testament to the quality
of the work: the author compares the obtained results with those from the specialized
software for extraction of Ton developed by HPPI - a recognized global leader in the
manufacture of ESD testers and pulse generators.

I would like to express my deep impression of the high level of professionalism with which
the doctoral candidate masters both modern software products and specialized data
processing environments. Their competent application in the research process is key to
achieving the dissertation objectives.
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4. A brief analytical description of the subject matter and an evaluation of the
credibility of the material on which the contributions of the dissertation are
based

The dissertation focuses on the turn-on time of ESD protection devices. The candidate
thoroughly justifies the key role of this parameter in fast-discharge processes. A general
definition of the activation process is provided, and its complexity is clearly explained in light
of the various semiconductor structures and technological characteristics. Based on an in-
depth review of the scientific literature, three approaches for determining the turn-on time
Ton are identified. These methods form the basis of the software developed for extracting Ton,
and it is precisely this automation that constitutes the main scientific contribution of this
work. The program processes input data from TLP measurements and determines the turn-on
time according to the three methodologies, visualizing the results through organized tables
and detailed graphs. Special attention has been paid to the innovative filtering and detection
algorithms, which ensure higher accuracy and reliability of the obtained data.

The practical applicability of the developed software tool has been confirmed with validation
against real experimental data. An automated system has been implemented and tested on
VF-TLP (Very Fast Transmission Line Pulsing) measurements of various ESD protection
devices, including thyristor and diode structures fabricated using three different process
technologies: 12 nm, 180 nm, and 350 nm.

Particularly valuable is the performed critical analysis of the results under boundary and non-
standard operating conditions, where the extraction algorithms are subjected to maximum
stress and potential disturbances. Based on these tests, the author draws well-founded
conclusions regarding the robustness, stability, and accuracy of the proposed methods,
combined with specific practical recommendations for their correct and effective application
in engineering practice.

Additionally, an in-depth comparative evaluation was conducted between the developed
automation and the established specialized software solution from HPPI — as mentioned
above, one of the global leaders in the field of ESD protection testing equipment. The
comparison was conducted under identical initial conditions and using identical data sets,
analyzing the specific features of the algorithms' architecture and logic.

The results clearly demonstrate the practical advantage and high efficiency of the signal
filtering algorithms newly developed by the author. At the same time, HPPI's approach to
compensating for the DC offset in the voltage pulse has been objectively documented and
analyzed, which underscores the academic rigor and depth of the dissertation research.

5. Scientific and/or applied scientific and/or applied contributions of the
dissertation

In the dissertation, the author has identified a total of 8 contributions, listed in a bullet format
without classification into scientific, applied scientific, or applied categories.

| summarize the contributions of the candidate for the “PhD" degree as follows:

1. Systematization of physical processes and standards (Contributions No. 1 and No. 2) — an
in-depth analysis is provided of the phenomenon of electrostatic discharge (ESD), its
generation mechanisms, and the specific nature of damage in modern microelectronics. The
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leading industrial ESD models, their distinctive features, as well as the associated standards
and methods for testing and characterizing protective devices, have been examined.

2. Analysis of circuit design concepts and parameters (Contributions No. 3 and No. 4) — A
summary of the main on-chip ESD circuit design concepts and topological features of active
protective elements is provided, and their operating principles are clarified. The activation
time Ton was studied in detail in the context of VFTLP (Very Fast Transmission Line Pulsing)
characterization, and existing methods for its evaluation were compared.

3. Development of a specialized software code and signal processing algorithms
(Contributions No. 5 and No. 6) — An original software tool was created for the automated
extraction of key parameters of ESD devices, which implements three different
methodologies for extracting the activation time Ton. It integrates three newly developed
algorithms for noise detection and filtering in VFTLP measurements, which ensure a
significant improvement in the accuracy, stability, and reliability of the extracted results.

4. Experimental validation across a wide technological range — a large-scale VFTLP study was
conducted on ESD diode and thyristor structures fabricated in three modern semiconductor
process nodes—12 nm, 180 nm, and 350 nm.

5. Comparative analysis (benchmark) — a direct comparison was performed of the
functionality, accuracy, and operational algorithms of the author’s software with an
established commercial solution provided by the global leader in the field, HPPI, which
demonstrates the practical applicability and competitiveness of the development.

| classify contributions 1 and 2, as outlined above, as applied scientific, and contributions 3, 4,
and 5 as applied.

Based on all the above, | believe that the contributions adequately reflect the work
performed, with a recommendation that they be shortened and summarized.

6. Assessment of the extent of personal involvement of the author in
dissertation contributions

| am familiar with the work of M.Eng. Boris Dobrichkov from back when he was a student at
the Technical University of Sofia, as well as with his research in the field of electrostatic
discharge protection later in his career. He is meticulous and productive, approaching both
creative and practical tasks with diligence and precision. The results presented in this
dissertation, as well as his publications to date, clearly demonstrate his personal contribution
to the identified achievements.

7. Assessment of the publications related to the dissertation

In “Publications Related to the Dissertation,” the candidate presents a total of 5 publications
published between 2018 and 2025. All of them are in English, which provides the
international scientific community with an access to the results achieved.

The scientific publications appear in high-quality journals: one of the articles is published in
the renowned international journal "Microelectronics Reliability" (which has a high impact
factor and impact rank in the field of microelectronics reliability). The remaining 4 papers
were presented and published at international scientific conferences, indexed in global
databases.
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There is also one single-author scientific paper, which is clear evidence of the candidate’s
personal research autonomy and maturity.

8. Application of the findings from the dissertation in scientific and social
practice

In the documents submitted, the candidate has included a list of citations, containing

7 citations of his publications, all of which appear in international specialized scientific
journals. My search in the international bibliographic database Scopus reveals a total of 10 of
his publications and 13 independent citations. This clearly demonstrates that the results
achieved in the dissertation have not only received the necessary publicity but are also the
subject of active interest and recognition by the international scientific community.

9. Evaluation of the compliance of the auto-abstract with the requirements for
its preparation

The Author's Abstract submitted is 33 pages long. Its content corresponds to that of the
dissertation. The Author's Abstract presents the chapters of the dissertation in a coherent and
accurate manner. The Author's Abstract concludes with the list of publications related to the
dissertation and a summary in English.

| find that the Author's Abstract corresponds to the content and contributions of the
dissertation and meets the generally accepted requirements for its preparation.

10. Opinions, recommendations, and comments

The dissertation is characterized by a clearly defined applied scientific and practical focus. In
it, the author demonstrates in-depth knowledge of the current state of the field, high
professional competence, and the ability to conduct independent scientific research,
supported by the presented results and their software engineering implementation.

| have no substantive remarks on the presented dissertation. As a recommendation for
improving the structure, | believe it would be appropriate to include a clear and specifically
formulated chapter entitled “Aims and Objectives of the Dissertation” in the introductory part
of the text, which would outline the framework of the research.

The recommendations proposed hereafter are of an editing nature:

Linguistic — use the established Bulgarian terminology alongside terms from other languages
(e.g., replace terms such as “ckanunpaHe / scaling,” “knamnupare / clamping,” “eceHunanHo /
essential,” etc.);

Structural — a more concise organization of the text into fewer chapters, with conclusions
following each chapter, a summary, and final conclusions.

Formatting — add explanatory text, translations, and descriptions in Bulgarian to the figures used.
In addition, given the potential of this work, | recommend that the doctoral candidate, in his
future scientific career, focus on publishing in renowned international journals with a high
impact factor (IF) and impact rank (SJR).

The critical remarks and recommendations presented herein in no way diminish the high
scientific and applied scientific results achieved; rather, they are intended solely to assist the
author in his future publishing and research activities.

nu
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11. Conclusion with a clear positive or negative evaluation of the dissertation

The doctoral candidate has been working in the field of electrostatic discharge (ESD) protection
for several years. He has consistently demonstrated diligence and excellent engineering skills,
which have resulted in the dissertation presented here.

MINIMUM REQUIRED POINTS
by indicator groups for the award of the academic and scientific degree of PhD
valid until June 2018

Requirements SD "PhD" Boris Dobrichkov

Total number of scientific publications 3 5
- incl. the number of papers in peer-reviewed 1 5

journals

. . 1 1
- incl. single-author papers
- incl. the number of articles in Class A 0 1

international journals (with an Impact Factor)

_ 0 7

Number of citations
- incl. in international specialized scientific 0 7

journals

Based on the amount of material presented, the in-depth content, the scientific and applied
scientific results obtained, as well as the contributions outlined, | express my firm opinion that
this dissertation fully meets all the criteria for the award of the educational and scientific degree
of PhD.

All the facts presented thus far provide grounds for me to confirm that the submitted thesis fully
satisfies the regulatory requirements of the Law on the Development of Academic Staff in the
Republic of Bulgaria (3PACPB), the Rules for Application of the Law on the Development of
Academic Staff (MM3PACPE), as well as the internal Rules on the Conditions and Procedures for
Acquiring Academic Degrees at the Technical University of Sofia (MTYPMHCTYC).

Based on the foregoing, | give my unequivocal positive assessment of the dissertation and
strongly recommend that the esteemed Scientific Jury award M. Eng. Boris Danailov Dobrichkov,
the educational and scientific degree of “Doctor” in the field of higher education 5. Technical
Sciences, professional strand 5.2. Electrical Engineering, Electronics, and Automation, in the
scientific specialty of Microelectronics.
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