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BBPXY OUCEPTALMOHEH TPYZA 3a MpUA00uBaHe
Ha 00pasoBaTeNHaTa U HAyYHA CTEIEH ,,JOKTOp”

ABTOp Ha UCEPTAMOHHKS TPY.: Mar. umk. I{Berozap Jamsinos [launes

Tema Ha ucepTanmonHus TPy ,,A3cTeABaHE HA OKCHAHH M XHOPHIHH OKCHA-IIOJTUMEPHHI
MHE30CCKTPHTHH €JIEMEHTH C PUJIOKEHHE B HAHO-eJIeKTpoMexanuanu cucremu (HEMC)“

10 nIpohecHOHANHO Hampasienue 5.2 ,,EnexTpoTexHHKa, CJICKTPOHMKA, aBTOMATHKa ™, HAyYHa
CIICI[UAITHOCT ,, TEXHOJIOrKs Ha EJIEKTPOHHOTO IIPOU3BOACTBO”.

HUneH Ha HaydHOTO Xypu: mpod. AH AHeausi BiaagummpoBa ManyxoBa-MapuHoBa, Kareapa
»EBiextponnka®, Pycencku yHuBepcurer ,,Anren KpHuer“, cerinacHo samosex Ne OXK-5.2-62 ot
16.10.2023 r. na Pexropa Ha Texuudecku yauepcuret — Codus.

1. AktyasnocT Ha pa3spaGoTBaHus B AHCEPTAMOHHMSI TPYA HPo0JIeM B HAYYHO W HAYYHO-
NPHUJI0XKHO OTHOLIEHHE

Konnenuusra 3a passutue 3a 3eIeHaTa eHeprus oNpesiens PaslIIPeHo U3NOI3BaHe Ha IIPUPOHA
BBE300HOBSICMA €HEPTHS C LENl HaMallsiBaHe Ha 3aMbPCABAHETO HA IUIAHETATA W TIOBHINABAHE KAUCCTBOTO
Ha %UBOT. OT roisiMa 3HaIMMOCT € CHEPTOKOHCYMALWATA HA CHBPEMCHHHTE YCTPOHCTBA M TAXHATA
ONTHMH3AaIMs MO0 OTHOIICHHWE HAa MUHHATIOPH3AllMs, CHEpruiiHa e(EeKTMBHOCT M aBTOHOMHH
€HEPrOHOCHTEIIH,

Ilpennoxenata qucepTamus H3clIeqBa HOBM MATEPHAIN U HAHOCTPYKTYPH OT IHE30€JEeKTPUYECH
T 33 IIpeoOpasyBaHe HA MEXaHWYHO HATOBAPBAHE B €IEKTPHUCCKH CUTHAI, MOIXO/IAII 33 3aXpaHBaHe
Ha MAJIOMOIIHH KOHCYMAaTOPH, KaTO OCHOBHATA LEJ € NMOCTUTAaHE HA IOBHIIEHO MHE30ENEKTPUIHO
HalpeXCHUEC W B PE3yNTaT — CIIEKTPUYECKa MOIIHOCT B HEM3CIEABAHU OC30JIOBHH THHKOCIONHHU
MAaTepuaiy, IOMy4CHH 10 TEXHOJIOTHA CBBMECTHMA C TEXHOJIOTHATA Ha MPOM3BOACTBO HA MHTETPATHUTE
CXEMHU.

CrenBaiiky OCHOBHATA IIeJ Ha JAUCEPTALKATA Ca OCTABEHH UETHPH OCHOBHH 3aavH, CBBP3aHH C
(1) paspaGoTBare Ha TEXHONOTHA 32 NOJMyYaBaHe HA HAHOIOKDPHTHS OT HOBH GE30OBHY MaTepHaH ¢
KOHTPOIMPYEMH W BB3NPOM3BOAUMH IAPAMETPH BBPXY PA3IMYHU BHUAOBE NOIJIOKKH — CHIULAEBH U
OIMMEPHH; (2) IOTy4aBaHe Ha MHE30CIEKTPUYHH OKCHM C BrPaJeHH aTOMH B KPHCTATHATA pelerka
C pasiIMYHO NPEAHA3HAYCHUE — 32 3aCHJIBAHE HA aCHMETPHUATA Ha PELIETKATa M YCHIBAHE HA JAUIIONHHS
MOMEHT M 3a yBEIMYaBaHE Ha ENEKTpHYECKaTa MNPOBOJMMOCT Ha CJIOS M YCHIBaHE Ha TOKAa B
TIME30ENEKTPHKa; (3) Cb3naBaHe Ha KOHIEHTPATOPM HA MEXAHWYHO HANPEXKEHHE ¢ TOAXOMAIA
TEOMETpHS M PasHpPEACICHUE BBPXY I'bBKaBaTa MOIOKKA, 32 YCHIBAHE HA MEXaHUIHOTO HATOBAPBAHE
M yBEIMYaBaHE Ha 00MBa HA UE30ENEKTPHYCH 3apsi/l OT eAMHUIA ILIon; (4) HaHOCTPYKTYpHpaHE Ha
0e30/0BHNTE MHE3OENEKTPHYHM OKCHIM W TONHMEDH, 33 CB3JABaHE HA MHOXKECTBO MaTpUYHO
OpraHM3MPpaHN HAHOHUIIKOBH CTPYKTYPH, YHETO IME30ENEKTPUYHO HANPEIKEHHE CE CyMHUPA.

2. CTenen Ha Mo3HABaHe ChCTOSIHUETO Ha MpoGemMa 1 TBOPYECKa HHTEPIPETALNA HA
JUTEPATYPHUS MATEPHAT

B jmucepraumara ca wmsmomssamu 187 nurepaTypHM m3ToumHMIM — 173 Ha JIaTUHMLA, 2 Ha
KApUIHMIA H 12 uHTepHET ajpeca, KOETO IOKa3Ba, 4e JOKTOPAHTHT € 3al03HAT ¢ Imy6nukanuuTe B
0011aCTTa Ha TBHKOCJIOMHM MaTepHaTH H TEXHOJIOTHHTE 33 IIOJTy4aBaHETO KM,

B paspaGoTkaTa mponMyaBa KOpPEKTHOTO LHTHPAHE Ha JTUTEPATYPHUTE U3TOYHHUIM, HAYTHOTO
HaBIIM3aHE B H3CJIEJBaHaTa MNPOONEMAaTHKa M TBOPYECKOTO MHTEPIPETHpPaHE Ha M3IIOJI3BAHATA
JUTEPaTypa, KakT0 M MHOIO AOOPOTO BH3yalHO NPEACTABSIHE HA PA3IVICHKNAHATE TEXHONOTHH W
TIOCTHTHATA pe3ynraty. JIureparypHuTE HM3TOYHMIH Ca IUTHPAHH 1O PeNa HA IOSBSIBAHETO MM B
TEKCTA.

3. ChoTBeTCTBHE HA M30PaHATA METOAMKA HA H3C/JIeABaHe H NOCTABEHMUTE 1e/1 M 3a1a4H Ha
JMCEPTANHOHHMS TPY/ € OCTHTHATUTE MPUHOCH
OGeKT Ha U3CTENBAHETO Ca THKOCIONHM MHE30CTEKTPUYHNA €NEMEHTH OT Ge30I0BHH MaTepHay
33 TIPUIIOKCHUE KaToO ANTEPHATHBHM M3TOYHUIM Ha eHeprus B MEMC u HEMC. Ilpenmerst Ha
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U3CIIEBAHE € IME30EIEKTPUYHOTO HANpeXeHNe B 0€3010BHY ITMe30€eKTPUIHY OKCUIHY U TIOJIMMEPHHU
CIIOEBE KAaTO KOMIIOHEHT 32 IIOBHINABaHE Ha €(PEKTUBHOCTTa Ha MpeoOpasyBaHe Ha MeXaHHYHATa
€HEPrus B €IEKTPUYECKa.

B pucepranusaTra e nokaszaHO, 4e THHKHU cioeBe oT kamueB HuobaT (KNbO3) ¢ xoHTpommpyeMu
CBOMCTBa, C€ IOJIy4aBaT YCIIENIHO BBbpPXy I'bBKaBa IIOUIOKKA C IIOMOINTA Ha KOHBEHIIMOHAJHA
MHKpOCJICKTPOHHA TEXHONOIMA 3a oTnaraHe. EdQekTuBHMAT mojaxon 3a mojoOpsBaHe Ha
IHME30€NEKTPUYHOTO MOBEJCHNE Ha I'bBKABH yCTPONCTBA 32 ChOMpaHe Ha €HEeprus € IIOCTUTHATO 4pe3
¢buHa HacTpoiika Ha MOPQOJIOTHATa U MUKPOCTPYKTypaTa Ha CIOEBETE MOCPEACTBOM MapaMeTpuTe Ha
TEXHOJIOTHYHMA Tpouec. IIpon3BeileHUAT NHME30€NeKTPUYEH €IEMEHT 3a ChOMpaHe Ha €HEprus € B
CBCTOSIHUE /12 3aXpaHBa CIECIHATU3NPAHH MHTETPATHU CXEMHU U J]a CITy>KH KaTO peajieH M3TOUHUK Ha
€HEeprus 3a MaJOMOIIHM YCTPOWCTBAa. YCIEIIHO Ca NOJy4YE€HM M ONTHMM3MPAHU THHKH CIIOEBE OT
IIMHKOB OKCHJ], JIETHpaH C TajMif, KOUTO IpOSBABAT IMOJOOpEHAa IPOBOAMMOCT CIPIMO KaJHEBHA
HHoOar. IlocTMrHaTto mOBHMINaBaHE Ha YYBCTBUTEIHOCTTA Ha €IEMEHTa KbM ClabM MeEXaHWYHHU
HATOBapBaHMsA, IOIy4eHAaTa BHCOKAaTa YyBCTBUTEIHOCT M OTIMYHATA JIMHEHHA 3aBUCHMOCT Ha
IpeAaBaTe/IHATa XapaKTEPUCTUKA NPaBAT CBH3IAAJCHUTE CJIOEBE TOAXOASINM 3a BrpaxJaHe B
reneparopur enemeHTd 1 B MEMC m HEMC ceH3opu Ha HAaTHCK Ha OCHOBAaTa Ha CHIIMLMEBA
MeMOpaHa.

B nucepranusTa € U3cneaBaHO U JOKA3aHO M3IMOJI3BAHETO HA aHOIHMS aryMHuHUEB OKcHI (AAO)
KaTo IIa0JIOH 32 HAHOCTPYKTYPUPAHE Ha NMHAE30ENEKTPHYHY MaTEpUalH 3a MPUIIOKEHHUS 32 ChOupaHe Ha
eHeprus. [lomy4enure pe3ynraTu AoKa3BaT, Y€ HAHOCTPYKTYpUPAHETO Ype3 aHOAU3HUPaHe Ha allyMUHUH
U pasnpaliaBaHe Ha IME30€NICKTpUYHUSA MaTepual B HaHOTPHOMukuTe OoT AAQO € ycmemHo 1o
OTHOLIEHHE HA YBEIMYABAHETO HA IHME30€JEKTPUYHOTO HANPEKEHHE — H3TPAZCHU Ca HAHOBJIAKHA OT
KanueB HHO0OAT ¢ quaMeTsp okoio 200nm u eokuHa 10 10pm.

JIOKTOpaHTBT METOAMYECKH NPABWIHO € CTPYKTypupal aucepranusta. ChCTaBHHTE YacTH Ha
H3CIICBAHETO B AMCEPTaAlMATa Ca B3aMMHO CBBp3aHH. IlocTaBeHUTE IEN M 3a7ayul ca MOCTUTHATH B
IbjIHA cTeneH. IlpunaraneTo U yChbBBPIIEHCTBAHETO HA MPEITIOXKEHUTE METOJUKH Pa3BUBA 3HAHUATA U
OIMTA Ha JOKTOPaHTa U JOIPHHACAT 32 HETOBOTO 00pa30BaTEIHO U HAYYHO pa3BUTHE.

4. HayyHo-NpPUI0KHYA M MPHJIOKHHA MPUHOCH HA JUCEPTANMOHHUS TPYX

Ilopxpensam dopMynupaHUTe OT JOKTOPAHTA IMPHHOCH, OLEHABAM T KaTO HAYYHO-IPHJIOKHH H
IPUIOXKHH M T'M CBBP3BaM ChC Ch3/]aBaHE Ha HOBU METOAMKH, MeTOAU U Moaenu. IlpuHocuTe chabpxaT
€IEMEHTH Ha HOBOCT, HMAT XapakTep Ha o0oraTsBaHe Ha HAayYHOTO IIO3HAHHE M MpPAKTHKa H HOCAT
CBOsTa 3HaYMMOCT. IIpuemam, de npuHOCHUTE Ca JIMYHO JEJI0 Ha JOKTOPAHTA. -

Pesynratute oT npoBeeHNUTE, B CHOTBETCTBHE C IIENITA M 3a[]aYUTE Ha AUCEPTAIMATA, TEOPETHIHM
U €KCIIEPHMEHTAIHM H3CIEeIBaHUA ca CBeAeH! 10 ciaeauute npunocu: (1) Paspaborena e TexHomOrMs 3a
KOHTPONMPYEMO IIOIY4aBAHE HA HAHOIOKPUTHS OT HOBOCHHTE3WPAH IHE30CIECKTPUYEH MaTepua
kanues HHob6aTr (KNbO3) upes BakyyMHO pasmpamBane. M3cieaBano e 3a IbpBH BT IOBEJEHHETO HA
THHKOCIIOMHY mpeobpasyBaTenu oT 6e3o08eH MaTepuan KNbOs u e mokaszaHo, 4e Te MOrat aa paboTsar
B PEKXMM Ha aITEPHATHBEH M3TOYHHK Ha €HEpPrus (HaHOTE€HepaTop) KaTo JOCTAaBAT E€HEPrus OKOJIO
7,8mW/N (780uW/kg); (2) PaspaGorena e MeTomuKa 33 TECTBAHE HA MHME30ENEKTPHYHATA PEAKIHs HA
THHKOCJIOWHM MNHe30eNeKTpuYHu TreHepaTopn oT KNbO3 M e HampaBeH. TEOpPETHYEH aHalu3 Ha
IIOBEJICHMETO UM, KaTo Ha 0a3a Ha TEOPETHMYHHTE H3UHCICHHS M EKCIICPHMEHTAIHUTE IAHHH €
noxy4eHa uHpopManus 3a GpyHAaMEHTAIHH IPOLECH, pa3BHUBAILY ce B CTpyKTypurte; (3) PaspaGorena e
TEXHOJIOTHs 32 KOHTPOIMPYEMO NOydaBaHE Ha HAHOIOKPUTHUS OT HOBOCHHTE3MPAH IMHE30€IeKTPUIECH
marepuan IMHKOBO-ramueB okcua (GZO) u ca DONTyYeHH HOBH B3aUMOBPB3KH  MEXAY
MHUE30CIEKTPUYHUTE KOCHHIUEHTH, MOpPGONOrUATa Ha CIOSBETE U TEXHOJOIMYHHUTE YCJIOBHS Ha
[IOTyYaBaHE Ha CJIOEBETE, KOMTO Ca H3ION3BaHU IIPH M3TPaXIAHETO Ha CEH30pPHA CTPYKTypa OT
MeMOpaHeH THI ¢ [OH0OpeHa YyBCTBHTENHOCT OT SmV/g.mm?% (4) 3a mepBM IBT € H3C/IENBAH
TBHBKOCJIOEH IIME30€NEKTPUYEH TI'€HEepaTop, CHABPXKAII KPBrOBH KOHIEHTPATOPH HA MEXaHUIHO
HAlPEXKEHWE, KaTo € TIPEAJIOKEHa TOIOJNOTUS 3a CIPYKTYpHpaHe Ha HaHOpa3MEpHH CJIOEBE B
reHepaTopHaTa CTPYKTYpa, BOJAEINA IO IOBHUIICH NOOMB Ha €IEKTpUYECKa €HEeprus MpH Pe30HaHCHA
4eCTOTa B HHCKOYECTOTHHA JMana3oH; (5) PaspaboTeHa € TexHOIOrMs 3a MPOHM3BOACTBO Ha
THHKOCJIOMHH IHE30€NEeKTPHYHN TeHepaTopu ¢ momobpena edexTuBHOCT Ha mpeobpasysane; (6)
Ce3maeHa € TEXHONOTHS 32 HAHOCTPYKTYPHPaHE Ha THME30€NEKTPUYHM OKCHIHM W TIOMMMEDPH IOX
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(¢opMara Ha HaHOBJAKHA Ype3 MAaTPUYHO-aCHCTHPAHO M3PACTBAHE B HAHOIOPECT AaHOAEH ATyMHHHUEB
OKCHJI, KaTO Ca pEalu3MpaHd M W3CIIeJBaHU T€HEPaTOPHH €IEMEHTH C MOBHIICHA ¢()EKTHBHOCT Ha
npeoOpasyBaHe Ha MEXaHWYHH BB3JCHCTBUSA B CIEKTPUYECKA CHEPrUs CHPAMO EJIEMEHTH C
HECTPYKTYPHPAHU CIOEBE WK ChC CTPYKTYPUPAHU KOHLIEHTPATOPHU EIECKTPOLIH.

3HauuM MPUIOKEH IIPUHOC € Ch3a/ieHaTa JabopaTopHa YCTAHOBKA 33 AHOAMpPAaHE Ha alyMHHUN
IIpY [IOBHUILIEHO HANPeXeHHe 3a paslMpsABaHEe HA AMaMEThpa Ha HAHONOPHTE C IOAABPXKAHE Ha HHCKA
[IOCTOSIHHA TeMIIepaTypa, CIOOMAramo 3a perysipHOCTTa Ha pa3Mepa M pasnpeaeleHHeTo Ha
HAHOBJIAKHATA B TUEIEKTPUIHATA MAaTPHIA.

Ha 6asaTa Ha NOCTUIHATHTE DE3YJITaTH B JWCEPTALMOHHATa pa3paboTKa ca pa3paboTeHH
nabopaTOpHH YIPaXHEHUS MO AMCUUILIMHHUTE ,,MHKPOEIEKTPOHHH TEXHOJIOIHH 32 ANTePHATUBHU
H3TOYHMIIY Ha eHeprus® u ,,Hanomarepuamu® ot Maructspeku nporpamu BB @ETT Ha TV — Codus.

5. IlpenenHka Ha MyOJAMKANMHUTE 110 AUCEPTALMOHHUSA TPYA

3ano3Hax ce ¢ HaydHHUTE TPYAOBE [0 AUCEpTaLusTa. Te 0Tpa3sBaT B I'bJIHA CTEICH pa3paboTKara.
Hsmam 06y my6GauKanuu ¢ JOKTOPaHTa U HE CbM CBBP3aHO JIMLE C Hero o CMUCHIA Ha maparpad 1,
T. 5 ot Jombaaurenuute pasnopeadu Ha 3PACPD.

OCHOBHHUTE pe3yinTaTé OoT paborara Ha JOKTOpPaHTa ca IpeaMeT Ha OOIIO ceJeM IyOGIMKalHH.
Ier oT mMyGIMKALMUTE ca B CIHCaHus, HHAeKcHpauu B Scopus # Web of Science: Energy (Elsevier, IF
2020 - 7.147, xaptun Q1), IOP Conference Series: Materials Science and Engineering (SJR 2019 -
0,198), ELECTRONICA 2019 — Proceedings, International Journal on Technical and Physical
Problems of Engineering (Q3, SIR 0.19), Materials (MDPL, IF 2020 - 3.623, xsaptun Q2). Exna
myGnukanus € B pedepupano cnucanue Advanced Materials Letters 1 eqHa B COOPHMK € JOKIagd OT
HayueH Gopym — 31st International Conference on Microelectronics, MIEL 2019 - Proceedings

Ha tpu (ot cemem) my6mukaruu 1{Bero3ap L{aneB € mbpBu chaBTOp, HA TPH € BTOPH CHABTOP H
¥Ma eHa CaMOCTOsTE/IHa MyOnuKkanus B pedepupaso cnucanue. Bcuyko ToBa moguepraBa poisiTa My B
CBH3/JJaBaHETO U MIPE3ECHTUPAHETO Ha PE3yATATHTE OT AUCEPTALMUATA.

IlpencraBenu ca 12 muTHpaHus Ha TpU OT MyONMKaNMUTE MO JUCEPTALMATA, KOETO IIOKa3Ba
paslo3HaBacMOCTTa Ha JOKTOpaHTa Cpell HaydHara OOIIHOCT M 3HAa4MMOCTTa Ha HaydyHara My
TPOIYKIIUSL.

Pa3paGoTeHUTE TEXHOIOTHMH, CBH3JAJCHUTE METOAMKHA M JOKa3aHaTa €(QEKTHMBHOCT MoOrar Ja
HaMepAT IPUIOKEHUE B OBIEIH IPAKTHICCKU HH)XEHEPHU U U3CIIE0BATEICKH IPOEKTH.

6. MueHusI, IPENOPBKHA U 0eJIeKKH:

B mcepTanmaTa ca JONYCHATH CTHIMCTHYHM M TPEIIKH OT PENaKIMOHEH XapaKTep, KOUTO HE ca
ONpEAEIIAIIN 3a KaUeCTBOTO Ha pa3paboTKaTa.

TMomy4yenure pe3ynTaTé U MOJE3HOCTTa Ha pa3paboTKaTa MU IO3BOJNIABAT Aa AaM IOJO0XKUTECIHA
OLICHKA M CTaHOBMILE 3a AUCEpTAaLATa Ha Mar. MHX. L{BeTosap [{anes.

7. 3akn0uenne

Hucepranuara Ha mar. urx. [[erozap IlaneB e 3aBbplieHa Hay4yHa pa3paboTKa C Hay4Ha H
IpaKTAYECKa MPHIOKUMOCT U oTroBaps Ha m3uckBanuira Ha 3PACPB, I va 3PACPB u ITYPITHC B
Texumyecku yuuBepcurer — Codus, 3a mprCHKIaHe Ha 00pa3oBaTeIHATA M HAyYHA CTEIEH ,,JOKTOp".

OneHsiBaM MOJIOKUTETHO AKTYAJHHS XapakTep M MNOCTUTHATHTE Pe3yaTaTH OT
pa3pafoTkaTa Ha JucepTanusaTa Ha Mar. mH:xK. [IBerozap Jdamsauo Ilames ,l3cinensaHe Ha
OKCUIHM ¥ XHUOPHUAHU OKCHI-TIOIUMEPHH ITHE30€NIeKTPUYHN EJIEMEHTH C IpHIOXKEHHE B HaHO-
enextpomexannynn cuctemun (HEMC)” no mpodecmoHanHo HampaBieHue 5.2. ,,EleKTpoTeXHHKa,
eJICKTPOHMKA, aBTOMATHKA’, HAY4YHA CICLUATHOCT ,,[€XHOJOTUS Ha €IEeKTPOHHOTO NPOH3BOJACTBO” M
mpefyiaraM Ha 4WIEHOBETe HAa HAYYHOTO »KypH, ompeneneHo cbc 3amoBen Ne OX-5.2-62 or
16.10.2023 r. Ha Pexropa nHa Texumuecku yHuBepcuteT — Codus, Aa riaacyBaT NPHCHhHKIAHE Ha
00pa3oBaTeJIHATA H HAYYHA CTeINeH ,,JOKTop” Ha mar. nH:k. I{Berozap /lamsinos IlaHes.

Penensenr: ()
22.12.2023 r. npod. 18 AHenus ManykoBa-MapuHoBa
U@{X&—{ [ Ty-cooua
_QETT
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on a dissertation for the acquisition
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Author of the dissertation: MSc. Eng. Tsvetozar Damyanov Tsanev

Title of the dissertation: ""Study of oxide and hybrid oxide-polymer piezoelectric elements for
application in nanoelectromechanical systems (NEMS)"

in professional field 5.2 "Electrical Engineering, Electronics, Automation," scientific specialty
"Technology of Electronic Manufacturing".

Member of the scientific jury: Prof. DSc Aneliya Vladimirova Manukova-Marinova, Department of
Electronics, University of Ruse "Angel Kanchev", in accordance with order No. OX-5.2-62 of October
16, 2023, by the Rector of the Technical University of Sofia.

1. Relevance of the developed problems in the dissertation work in scientific and scientific-applied
aspect

The concept for green energy development defines the expanded use of natural renewable energy
with the aim of reducing pollution of the planet and improving the quality of life. The energy
consumption of modern devices and their optimization in terms of miniaturization, energy efficiency,
and autonomous energy sources is of great importance.

The proposed dissertation examines new materials and nanostructures of the piezoelectric type for
converting mechanical loading into an electrical signal suitable for power supply of low-power
consumers. The main goal is to achieve increased piezoelectric voltage and consequently electrical
power in unexplored lead-free thin-film materials obtained by a technology compatible with the
technology for integrated circuits manufacturing,.

Following the main goal of the dissertation, four main tasks are set related to (1) development of a
technology for obtaining nanocoatings of new lead-free materials with controlled and reproducible
parameters on various types of substrates - silicon and polymeric; (2) obtaining piezoelectric oxides
with incorporated atoms in the crystal lattice for different purposes - to enhance lattice asymmetry and
increase the dipole moment and to increase the electrical conductivity of the layer and enhance the
current in the piezoelectric; (3) creating concentrators of mechanical stress with suitable geometry and
distribution on the flexible substrate to amplify the mechanical load and increase the gain of
piezoelectric charge per unit area; (4) nanostructuring of lead-free piezoelectric oxides and polymers to
create multiple template-assisted array nanowire structures with accumulated piezoelectric voltage.

2. Degree of understanding of the problem’s state-of-the-art and analystical interpretation of the
references

The dissertation uses 187 references — 173 in Latin, 2 in Cyrillic, and 12 websites, which shows
that the PhD candidate is familiar with the publications in the field of thin-film materials and their
fabrication technologies. The work demonstrates correct citation of references, scientific awareness into
the explored topic, and analytical interpretation of the references used, as well as the very good visual
presentation of the considered technologies and achieved results. The references are cited in the order of
their appearance in the text.

3. Correspondence of the chosen research methodology and the objectives and tasks of the
dissertation work with the achieved contributions

The object of the research is thin-film lead-free piezoelectric elements for application as
alternative energy sources in MEMS and NEMS. The subject of the study is the piezoelectric voltage in
lead-free piezoelectric oxide and polymer layers as a component to enhance the efficiency of converting
mechanical energy into electrical energy.

The dissertation has demonstrated that thin films of potassium niobate (KNbO3) with controlled
properties are successfully obtained on a flexible substrate using conventional microelectronic

1



P PRITTEESEIETTYI R OB R 4
f k8¢
\ i | : - |-

¥ kil RSV L

deposition technology. The effective approach to improve the piezoelectric behavior of flexible energy
harvesting devices has been achieved through fine-tuning the morphology and microstructure of the
films with the parameters of the technological process. The produced piezoelectric energy harvesting
element is capable of power supplying specialized integrated circuits and serving as a real energy source
for low-power devices. Thin films of gallium-doped zinc oxide, which exhibit improved conductivity
compared to potassium niobate, have been successfully obtained and optimized. The achieved increase
in the element's sensitivity to weak mechanical loads, the obtained high sensitivity, and the excellent
linear dependence of the transmittance characteristics make the films suitable for implementing in
generator elements and in MEMS and NEMS pressure sensors based on a silicon membrane. The
dissertation has also investigated and demonstrated the applicability of anodic aluminum oxide (AAO)
as a template for nanostructuring piezoelectric materials for energy harvesting. The obtained results
prove that nanostructuring through anodization of aluminum and filling the piezoelectric material into
the nanotubes of AAO is successful for increasing the piezoelectric voltage — nanowires of potassium
niobate with a diameter of around 200nm and a length of up to 10um have been achieved.

The PhD student has structured the dissertation methodically correct. The components of the
research in the dissertation are interrelated. The set objectives and tasks have been fully achieved. The
application and improvement of the proposed methodologies advance the knowledge and experience of
the doctoral candidate and contribute to his educational and scientific development,

4. Scientific and Applied Contributions of the Dissertation

I support the contributions formulated by the doctoral candidate, valuing them as scientifically
applied, and I associate them with the development of new methodologies, methods, and models. The
contributions contain elements of novelty, enrich scientific knowledge and practice, and have their
significance. I accept that the contributions are personal work of the PhD student.

The results of the theoretical and experimental research conducted in accordance with the
objectives and tasks of the dissertation have led to the following contributions: (1) A technology has
been developed for the controlled deposition of nano-coatings of the newly synthesized piezoelectric
material potassium niobate (KNbOs) through vacuum deposition. For the first time, the behavior of
thin-film transducers made from lead-free material KNbOs has been studied, demonstrating their ability
to operate as an alternative energy source (nanogenerator) delivering approximately 7.8mW/N
(780puW/kg); (2) A methodology has been developed to test the piezoelectric response of thin-film
piezoelectric generators made from KNbOs. A theoretical analysis of their behavior has been conducted,
and based on theoretical calculations and experimental data, information about fundamental processes
revealing in the structures has been obtained; (3) A technology has been developed for the controlled
deposition of nano-coatings of the newly synthesized piezoelectric material gallium-doped zinc oxide
(GZO). New correlations between piezoelectric coefficients, film morphology, and the technological
conditions for film deposition have been established, which were utilized in the construction of a
membrane-type sensor structure with improved sensitivity of 5 mV/g.mm?; (4) For the first time, a thin-
film piezoelectric generator containing circular concentrators of mechanical stress has been studied. A
topology for patterning nanosized films in the generator structure has bgen proposed, leading to
increased electrical energy harvesting at the resonant frequency in the low-frequency range; (5) A
technology has been developed for the fabrication of thin-film piezoelectric generators with improved
conversion efficiency; (6) A technology has been developed for nanopatterning piezoelectric oxides and
polymers in the form of nanowires through template-assisted growth in nanoporous array of anodic
aluminum oxide. Generator elements with enhanced mechanical-to-electrical energy conversion
efficiency compared to elements with non-patterned films or concentrators patterned films have been
realized and investigated.

A significant applied contribution is the development of a laboratory setup for anodizing
aluminum at elevated voltage to expand the diameter of the nanopores while maintaining a low constant
temperature, assisting in the regularity of the size and distribution of the nanofibers in the dielectric
array.

Based on the achieved results in the dissertation, laboratory exercises have been developed for the
subjects "Microelectronic Technologies for Alternative Energy Sources" and "Nanomaterials" in the
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master's programs at the Faculty of Electronic Engineering and Technologies at the Technical
University of Sofia.

5. Evaluation of Publications on the Dissertation Work

I have reviewed the scientific publications related to the dissertation. They fully reflect the
development. I have no joint publications with the doctoral candidate and I am not associated with them
according to the provisions of Paragraph 1, Article 5 of the Additional Provisions of the Law for the
Development of the Academic Staff of the Republic of Bulgaria.

The main results of the doctoral candidate's work have been the subject of a total of seven
publications. Five of these publications are in journals indexed in Scopus and Web of Science: Energy
(Elsevier, IF 2020 - 7.147, Q1 quartile), IOP Conference Series: Materials Science and Engineering
(SJR 2019 - 0.198), ELECTRONICA 2019 — Proceedings, International Journal on Technical and
Physical Problems of Engineering (Q3, SJR 0.19), Materials (MDPI, IF 2020 - 3.623, Q2 quartile). One
publication is in the refereed journal Advanced Materials Letters and one in the proceedings of a
scientific forum — 31st International Conference on Microelectronics, MIEL 2019 - Proceedings.

In three (out of seven) publications, Tsvetozar Tsanev is listed as the first co-author, in three he
is the second co-author, and he has one single authored publication in a refereed journal. All of these
highlight his role in creating and presenting the results of the dissertation.

A total of 12 citations have been received for three of the dissertation publications,
demonstrating the recognition of the doctoral candidate within the scientific community and the
significance of his scientific output.

The developed technologies, methodologies, and proven effectiveness could potentially find
application in future practical engineering and research projects.

6. Opinions, Recommendations, and Notes:

The dissertation contains stylistic and editorial errors that are not determinative of the overall
quality of the development.

The obtained results and the usefulness of the development allow me to give a positive
assessment and opinion of the dissertation of MSc. Eng. Tsvetozar Tsanev.

7. Conclusion:

The dissertation of MSc. Eng. Tsvetozar Tsanev represents a completed scientific development
with scientific and practical applicability and meets the requirements of the Law for the Development of
the Academic Staff of the Republic of Bulgaria, regulation for the implementation of the Law for the
Development of the Academic Staff of the Republic of Bulgaria and the internal rules of Technical
University of Sofia for awarding the educational and scientific degree of "doctor of philosophy (PhD)"
(Regulation on the Conditions and Procedures for Acquiring Academic Degrees at the Technical
University of Sofia).

I positively evaluate the novelty and the achieved results of the development of the dissertation
of MSc. Eng. Tsvetozar Damyanov Tsanev on the topic "Study of oxide and hybrid oxide-polymer
piezoelectric elements for application in nanoelectromechanical systems (NEMS)" in the professional
field 5.2 "Electrical Engineering, Electronics, Automation," scientific specialty "Technology of
Electronic Manufacturing" and propose to the members of the jury, appointed by order No. OX-5.2-62
of 16.10.2023 by the Rector of the Technical University of Sofia, to vote for awarding the educational
and scientific degree of "doctor of philosophy (PhD)" to MSc. Eng. Tsvetozar Damyanov Tsanev.

Reviewer: \/\/\\
22.12.2023 Prof. DSc Aneliya Manukova-Marinova
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