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PEINEH3MUSA

BBPXY JUCEPTAIMOHEH TPy 3a MpuAoOUBaHe Ha 00pa30BaTEIHA U HAYy4YHA CTEICH
,,JIOKTOP* B 00JacT Ha BHCIIE 00pa3oBaHue ,, TeXHUYECKH HayKH “, TPpOECHOHAIHO
HanpasieHue 5.2 ,,ElekTpoTexHIKa, eTeKTPOHUKA ¥ aBTOMAaTHKa™, Hay4IHa
CIIenUaIHOCT “TeXHOJIOr s Ha eJIEKTPOHHOTO ITPOU3BOACTBO™

Asmop na Oucepmayuonnus mpyo: mar. umHxk. Llserosap Jlamsanos Llanes,
Karezapa ,,Mukpoenekrponuka““, ®ETT, Texuuuecku ynusepcutet — Codus

Tema na oucepmayuonnus mpyo. ,,Jiscneasane Ha OKCUIHU U XUOPUIHH OKCHJI-
HOJUMEPHH MHE30€TCKTPHYHH €JIEMEHTH C IPUIIOKEHHUE B HAHO- €IEKTPOMEXaHUIHU
cucremu (HEMC)“

Peyenzenm: npod. nta Pymsna Kupunoa Konunkosa, MHCTUTYT 110 MeXaHHKa
npu brirapckaTta akageMus Ha HayKUTE

1. AKkTyarHocT Ha pa3paGoTBaHus B JHCEPTALMOHHUA TPYyA npodieM B
HAYYHO ¥ HAYYHONPHJIONKHO OTHOIIEeHHE. CTeneH M HMBA HA AKTYaJHOCTTAa Ha
npodeMa 1 KOHKPEeTHUTE 3aa4M, pa3padoTeHy B UCePTANUATA

JlMcepTaMOHHUAT TPyd € pa3paboTeH B  akTyanHa obiacT Ha
MHKPOEIEKTPOHHHUTE TEXHOJIOTHH, CBbp3aHa C pa3paboTBaHE HAa €HEPrOHOCHTENH,
KOUTO Ca JOCTaThYHO KOMIIAKTHH K YAOOHM 3a HHTEIpUpaHE KbM pPasiIn4HU
yerpoiicTsa. To3u po6ieM e aKTyalleH KaKTO B HAYYHO, TAKA M B HAYYHO-IPUIIOKHO
OTHOIICHUE, THI KaTO M3UCKBA pa3pabOTBAaHETO HA HOBU MAaTEpHAId M TEXHOJOIHMH,
KaKTO ¥ HOBY IIPUHIIMIIN 32 pad0Ta, KOUTO Ce IpUiIaraT B TEXHOJIOTHYHATa peaIn3alusl
Ha yCTpoMCTBa 3a yucTa eHeprusa. Kakto menta Ha HacTosIlaTa AWCEPTaLUsd, Taka U
IIOCTaBEHHUTE 3aJaYd B Hesd ca (POKYCHpPaHU BBPXY PEIIABAHETO Ha CHILIECCTBYBAIIM
npobneMy 3a yCHJIBaHE Ha IME30€JIEKTPHUYHOTO HAIPEKEHHE, KaTO KOMIIOHEHT 3a
[OBUINIaBaHEe Ha €(EeKTHBHOCTTa Ha IpeoOpa3yBaHE HAa MeEXaHWYHATa EHEPrusi B
eNIEKTPHUYECKa M 32 YBEeJIWYaBaHE Ha M3XOJIHATA eNIEKTpUuecka MOITHOCT. OOexT Ha
U3CIECIBAHETO C€a THKOCIOWHM IME30CIEKTPUYHHM €IEMEHTH OT EKOJIOrMYHO
cboOpasHuTE 0E30J0BHU OKCHIHH MaTEpHUalIM 33 NPUIOKECHHE KaTO aJITepPHATUBHU
u3rounuiy Ha eHeprus B MEMC u HEMC.

2.CTeneH Ha mNO03HABaHE ChLCTOSTHHETO Ha mpo0jeMa M TBOpPUYECKa
MHTEPNPETAIS HA JUTEPATYPHHAST MATEPHAJT

JlucepTalMoOHHUAT TPy BKIIOUBA 106pe CTPYKTYpHpaH JUTEpaTypeH 0030p ot 40
CTp., BBPXY 95 nmureparypHu u3tounuka (ot odmo 187), koiTo onucBa CbCTOSHUETO
Ha Hay4HHTe u3cleaBaHud mo temara. O030psT 0000maBa 0a3oBUTE IO3HAHUA 32
OHe30eIeKTpUUHua  edekr, ommcBa  MeXaHW3MBT Ha  TEHEpPHpaHe  Ha
IHME30CJICKTPUYECTBO, MPUHIMIIATE Ha paloTa Ha NHE30€NEKTPUIUTE, KAKTO H
THIIOBUTE KOHCTPYKIIMH Ha TNHE30€JeKTPUYHU edeMeHTH. IIpencTraBeHH ca CBINO
OCHOBHHTE MaTEpHalM, U3MOM3BaHM 32 U3TPaXJaHe HA IHE30€ICKTPUYHU
aNTEepHATHBHY H3TOYHMIM HA €HEPrus, W ca 0000IIeHH ChBpPEMEHHUTE XUOPUIHU
MHOTOCJIOWHH ¥ KOMIIO3UTHH NHUE30CIEKTPUYHH reHeparopu. [Jo6poTo no3HaBaHe Ha
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ChCTOSHMETO Ha mpobiema ce Bmxzaa u oT Tabmumu 1.1-1.4, B I'masa 1, B xouro ca
CpaBHEHH MapaMeTPH, XapaKTepUCTUKU U MaTEpUaI HA CbBPEMEHHM MHOTOCIIONHY 1
KOMITO3UTHH THE30EEKTPUYHN TreHepaTopy. JlaieHu ca OCHOBHUTE MaTeMaTHYECKU
3aBHCHMOCTH, OIIMCBal(M paboTara Ha MHE30€IEKTPUYHUTE HAHOIECHEPAaTOPH.
Pasrnemann ca M CHBPEMEHHUTE TEXHOJOTMYHM MPOLECH 3a M3TpaXkIaHe Ha
IIME30€IeKTPUYHN CI0€Be M HAaHOCTPYKTYpU C IPHUIOXKEHHE KaTO I'CHEepaTopu Ha
elekTpudecka eHeprus. HampaBeHu ca W3BOAM 3a IEPCHEKTHBUTE IIPE] ITME30-
HAHOT€HEPATOPUTE B OBJCIM TNPWIOXKEHHS 32 CHEHU(QUYHH MHUKPO- H
HAHOCJICKTPOHHHM HU3JeNusi. B 3aKimodeHue, OUCEPTAHTHT € HAIpaBWI KPUTHICH
nperies Ha Npo0JieMU, OTpaHHUYEHUS M TPYAHOCTH, CBBP3aHM C MaTEpHAIHTE,
CBOMCTBATa MM M NPOU3BOACTBEHUTE TEXHUKY, U Ha Ta3H 0a3a e GopMyIupal enra u
3aayuTe Ha AMCEPTALUOHHUA TPYA.

3. CroTBETCTBHE HA nsﬁpaHaTa METOAMKA Ha HU3CJeIBaHE C IMOCTaAaBCHATA
meJI U 3aa4i HA MUCCPTALMOHHUSA TPYX
I/I36paHaTa METOJAWKA Ha U3CJI€ABAaHEC HAIIBJIHO CHOTBCTCTBA HA MOCTaBCHATA 1IEJI

U Ha dYeTepuTe 3ajadyd Ha JUCEpTalMOHHUA TpyA. M3monssaHu ca pasmTuvHU
TEXHOJOTHH 33 CHHTE3, KaKTO M EKCIEPHMEHTATHM METOAM 32 M3CIEIABAHE H
MaTEMaTHYECKU MeToau 3a cumynanuu. OT KI0YOBO 3HAYECHHUE € aJallTUPaHETO Ha
TEXHOJIOTHATA 32 BaKYyMHO BHCOKOYECTOTHO KaTOJHO pasIpalllBaHE 3a OTJIaraHe Ha
CIIOEBE OT MAJIKO U3CIEBaHU OE30JI0BHU NHE30€NEKTPUYHN MaTEpHAI, KaTo KalIueB
Hro6at (KNbO3) Bppxy rbBKaBa MOJIMMEPHA MOJIOKKA U Ha IUHKOB OKCHJ, JIETUPaH
¢ ramuit (GZO) BBpXy cuiaunueBa noioxka. I[IpuinoxeHn ca CBbBPEMEHHHU
eKCIIEPUMEHTAIHM METOOU 3a H3ciiefBaHe Ha crpykrypara (katro SEM, AFM u
PeHTreHoBa quGpPaKLys) 1 METOM 32 U3CIEIBAHE HA IME30ETIEKTPUIHOTO IIOBEICHHE.
IMpoBeneHo € CHUMYTAMOHHO H3CIEIBaHE Ha TBHKOCIOWHH IHE30E€JIEKTPUYHU
npeoOpa3yBaTeNl ¢ KOHIIEHTPAaTOpPH Ha MEXaHMYHO HampexeHHue, 4pe3 codTyepeH
npoaykr ,,COMSOL Multiphysics®“. Pa3paboteHa € opurvHajIHa TEXHOJOTHA 3a
CHHTe3 Ha nojapeacHru HaHOHUIIKKA 0T KNbO3 1 0T nmue3zoenekTpuyeH NoauMep, 4pes
IIa0JIOHHO 3aIThJIBAHEC Ha HAHOIOPECT aHOACH amymuHueB okcung AAO, koero
npeacTaBiiBa HOBOCT 3a HyxauTe Ha MEMC npeoOpasyBarenuu crpyktypu. Ha tasu
0a3a ca pelieHu 3a1aunTe U € MOCTUTHATA [[eNITa Ha JUCEPTAIMOHHUS TPYA, a UMEHHO
IIOBUIIIABaHE Ha AOOMBA Ha MUE30EJIEKTPUIHO HAMIPEIKEHHE, a B PE3YyITaT Ha TOBA U Ha
SNIEKTPHYECKA MOIIHOCT, B HEM3CJIEABAHU 10 TO3H MOMEHT 0€30J0BHH THHKOCIOHNHH
MaTepHUaIH, TIOJy4eHHU 10 TEXHOJIOTHS, CbBMECTHMA C TEXHOJIOTHATA Ha IIPOU3BOICTBO
Ha WUHTETPATHUTE CXEMHU.

4. KpaTka aHATWTHYHA XapaKTEPUCTHKA HA €CTECTBOTO M OLECHKAa Ha
JOCTOBEPHOCTTA HAa MaTepuaja, BBPXy KOHTO ce TpagAT IPHHOCHTE HAa
AACEPTAIUOHHUS TPYN
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B ysoonama enasa, na 6a3zaTta Ha OOCTOCH JHUTEpaTypeH 0030p € JOKa3zaHa
aKTYaJTHOCTTa Ha pa3pa0OTBaHATa TEMATHKa, Ne(UHUPAHYU Ca HEPEIIEHUTe IIpobiaeMu
¥ ca hopMyHMpaHu LeNTa U 33/1a4nTe Ha QUCEPTAMOHHUS TPYA.

BvB 6mopa 2onasa, e paspaboTeHa TEXHONOTHMA 3a M3rpaXkAaHe Ha
IHE30€IEKTPUYHU CTPYKTYPH OT ciabo u3ciieBaHu 0€3010BHA OKCHIM, KaTO KaJIUEB
HHoO6aT KNbO3, upe3 BakyyMHO paslpalliBaHe BbpXY I'bBKaBa IIOJHMMEPHA IOJI0XKKA
ot nonuetwieH Hadranat (PEN). U3cnensanu ca cTpykTypaTta, MHE30€IEKTPHYHOTO
HOBEACHUE M MEXaHWYHATa YCTOMYMBOCT HA MHME30€ICKTPHUYHUTE MATEPHAIM IIPU
IIMKIMYHE HaToBapBaHusi. M3ydeHa € chbBMecTHaTa paboTa Ha INUE30€IIEKTPUIHHI
CTPYKTYpPH ChC CHEIMAIM3UPaHN MHTETPAIHU CXEMU U € II0Ka3aHO, Y€ T€ MOrar Ja
paboTAT B pekuM Ha IeHepUpaHe M ChbXpaHEHHE Ha eHeprus. Upe3 B3aMMOBPB3KH
MEXIY ITHEe30€JICKTPUIHUTE KOoepHULIUEHTH, MOp(OoIOoruiTa M TEXHOJOTHYHHUTE
YCIIOBHS Ha IIOJIyJaBaHe Ha CIOEBE OT LIMHKOB OKCHUJ, JierupaH ¢ ramuit (GZO) Bepxy
CWIMIHEBA IOUI0XKA, Ca M3rPaJEeHH CEH30pHH CTPYKTYpH OT MeMOpaHEH THII, C
BUCOKA YyBCTBUTEIIHOCT.

B mpema 2nasa 3a HpBU BT € HU3CIEABAH THHBKOCIOEH IHUE30CIEKTPHYCH
TreHepaTop, ChABpPKall KpBIOBM KOHIEHTPAaTOPM Ha MEXaHWYHO HaIpEXECHHE.
[IpoBeneHO € CHMYNAIMOHHO M3CIEABAaHe, KAaTo Ha Tasu 0aza ca MPOEKTHPAHU H
CHMYJIMPaH! THHKOCIOWHU IMUE30€ICKTPUYHHM I'€HEPATOpH HAa OCHOBaTa Ha KaJlMEB
H100AaT, C OMTUMHU3NPAHA TOMOJIOTHSA Ha KOHIIEHTPATOPH, BOJAEIA 10 IOBUIIICH NOOUB
Ha eNEKTPUIECKa EHEPTH.

B uemewvpma 2nasa e nscneaBano maOIOHHO 3aITbJIBAHE HA HAHOIIOPECT aHOJEH
amymuaueB okcun AAO c¢ muesoenexrpuueH Marepuan or KNbO3, gpes BakyyMHO
BHCOKOYECTOTHO pasmpaniBaHe, KoeTo IpeicTtaBnsBa HoBocT 3a MEMC
npeobpa3yBaTenHu CTpYKTypu. M3cienBaHa € CTeNeHTa W PaBHOMEPHOCTTA Ha
3aIIbJIBAHE B 3aBHCHMOCT OT JUaMeThpa Ha HaHOTprOMukuTe AAO M OT TAXHATa
neipkuHa. [lomydenn ca moapenenu HaHoHmmku oT KNbO3, kakto u  OT
nmesoenexktpudeH nonuMep (PVDF-TrFe), kato € mokazaHo IpeIUMCTBOTO UM 3a
HOBHUINaBaHe €(QEKTUBHOCTTa Ha INpeoOpa3yBaHe Ha MEXaHUYHHM BB3ICHCTBUA B
€IIEKTpUYECKa CHEPIHs, CIPSAMO E€IEMEHTH C HECTPYKTYpUpPaHHU CIOEBE,

Cnensa 3akmouenue u opmynupane Ha HAYYHO-NPUNONHCHUME U NPUNONCHU
npuHoCy Ha TUCEPTALMOHHUS TPY/I, KakTo U Oubimorpadus.

5. Hayyau w/wiM HAyYHONPWJIOKHH M MNPWIOKHUA TNPHHOCH HA
AUCePTANUOHHMSA TPYA

CuntaM, 4e NpUHOCHUTE HA JUCEPTAIMATA UMAT MPEAMMHO HaAYYHO-IIPUIIOXKEH U
IpuwiIoKeH xapakrep. O6mo ca hopMymupanu 6 HayIHO-TIPIJIOKHH U 1 IPHIIOKEH
IPUHOCH, KOWUTO Ca W3BEJACHU KBM OTAciaHuTe [7naBu 2, 3 u 4, U NIOBTOPHO ca
IOpPEACTaBEHH B 4acTTa ,,HaydHO-IpUnoHM M NpUIOXHU IpuHOCH ‘. Te Mmorar na
O0BIaT 0000IIEHN KAaKTO CIIEIBA;
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KeMm I'maBa 2 ca ¢opmynupaHu TpU Hay4HO-IIPUJIOXKHHU IMPUHOCA, KOHUTO Ca
CBBp3aHU C pa3paboTeHH J[Be TEXHOJOTHH 3a KOHTPOJIMPYEMO IOJIyuyaBaHe Ha
HaHOIOKPUTHS OT KAJIMEB HUOOAT U OT MIUHKOBO-TAIMEB OKCHUJI, KAKTO M Ha METOTUKA
32 TeCTBaHE Ha MME30EJIEKTPUYHATA PEaKIUs HAa THHKOCIONHM NUE30eIEKTPUYHU
reaeparopu oT KNbO3. Ha ta3u 6a3a ca moiay4yeHH U XapakTepU3UpaHi ThHKOCIOWHU
npeobpa3syBarenu (HaHoreHepaTopH) oT 6e3010BeH Matepuan KNbO3 Bepxy reBkaBa
PEN nopnoxxa, kouro nocrassat eHeprus ~7,8 mW/N (780 nW/kg). Usrpanena e u
CEH30pHAa CTPYKTYpa OT MEMOpPaHEH THII OT LMHKOBO-TayeB okcua (GZO) oTioxeH
BBpXy cwmmnud, koaro e mnoaxonama 3a MEMC/HEMC censopu Ha
HaTHCK/HATOBapBaHE ¢ BUCOKA YYBCTBUTEIHOCT OT 5 mV/g.mm2.

K®M I'naBa 3 ca popmynupanu 1Ba Hay4HO-IIPIIIOKHU IIPUHOCA. 33 TEPBH IIBT €
U3CIEABAH THHKOCJIOEH IHE30€NEKTPUYEH TIE€HEpPaTop, ChABpPXKALl KPbrOBU
KOHIIEHTPaTOpHU Ha MeXaHUIHO HanpekeHue. Ha Ta3u 6a3a e pa3paboTeHa TEXHOJIOTHA
3a TIPOM3BOACTBO HAa TBHHKOCIONHHM IHE30€JIEKTPUYHH TeHepaTopu ¢ IoAo0peHa
edexTuBHOCT Ha MpeoOpa3yBaHe, MOPaaAX CTPYKTYPHPAHUTE CIIOEBE C KOHI[CHTPATOPH
Ha MEXaHWYHO HAMPEKEHUE.

Kem I'maBa 4 ca ¢opMymipaHu eOuH HayIHO-IPIIOKEH W €OUH HPUIOKEH
npusocd. Cb3fageHa € OpUrHMHAJHA TEXHOJIOTWs 32 HAHOCTPYKTypHpaHe Ha
IIME30€NEKTPHUYHN OKCUAH U ITOJIMMEPH IO (popMaTa Ha HAHOBJIAKHA, YPE3 MATPUIHO-
aCHCTHPAaHO M3pacTBaHE B HAaHOIOPECT aHOJEH ayMHHHEB OKCHJ. Peamusupanu u
H3CIEBAaHM Ca HAHOCTPYKTYpHpaHH T€HEPATOPHH €JIEMEHTH CBhC 3HAYUTEIHO
NOBUIIEHa €QEKTUBHOCT Ha IpeoOpa3yBaHe HA MEXaHUYHH BB3AEHCTBUA B
CIIEKTPUYECKa EHEPIus CIpSIMO €JIEMEHTH C HECTPYKTypupaHH crnoeBe. Kato
NPHIIOXKEH IPUHOC € Ch3JaJleHa Ja0opaTopHa YCTAHOBKA 32 aHOJUpPAHe Ha alyMUAHHHA
IpY IOBHUIICHO HANpPEXECHUE 3a paslIMpSABAHE HA JUAMEThpa Ha HaHonopnTe,’ ¢
NOAJbPKaHE HA HHCKA IOCTOSHHA TEMIIEpaTypa, KOETO MO3BOJIABA Ja Ce Peryiupa
pasMepa M pasnpenesICHIETO Ha HAaHOBJIAKHATA B IUEIEKTPUYHATA MATPHIIA.

CuuraMm, 9e mOIydIE€HUTE PE3YATATH Ca OPUTHHAIHA U HAITBIHO CHOTBETCTBAT Ha
M3MCKBaHUATAa 3a JMCEPTALIMOHEH TPYyA 3a IMpuuoOuBaHe Ha oOpa3oBaTeNHaTa U
Hay4Ha CTeleH ,,JlokTop".

6. OneHka 3a cTeneHTa HA JIMYHOTO YYACTHE HA JHCEPTAHTA B IPHHOCHTE

OmensM KaTo BOJELIO JHUYHOTO y4YacTHE Ha JUCEPTaHTAa B NPUHOCHTE TIO
JAMCepTalMATa, KaTo ce 6aupaM Ha y4acTHETO MYy NMyOJIHMKAaLUUTE MO JUCEPTALHATA,
KBIETO TOM € CAMOCTOSTENICH aBTOp B €HA ITyOIKalys, IIEPBU aBTOP B 3 MyOIuKanuu
¥ BTOPH aBTOD B TPH IyOJHKAIIMH OT IPHIOKEHHS CITUCHK.

7. IlpeneHKka Ha MyOJMKANMUTE MO JUCEPTANHMOHHUSA TPYA: Opoii, XapakTep
HAa M3XAHNATA, B KOUTO ca oTne4yaTtanu. OTpakeHue B HAYKaTa — U3MOJI3BaHe U
IUTHPaHE OT APYrH aBTOPH, B APYru 1a00opaTopuu, CTPAHHU U IP.
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[IpencraBeHu ca 7 myOnMKanuy NO OUCEPTALMOHHMSA Tpyd, 6 OT KOHTO ca
unnekcupanu B SCOPUS u Web of Science, B ToBa gucio 5 cTaTuu B CHHCaHUS U ABE
B cOopuuny Ha IEEE xoHdepeniuu. JJokTOpaHTHT MMa €IHa CAMOCTOATENIHA CTaTHs B
MexayHaponHo crnucanue, unaekcupano B SCOPUS c¢ ummmnakr panr (SJR 0.19,
kBapTia Q3). ZIBe OT mMyOJuKamMHUTE Ca B CIIMCaHUS C BUCOK MMMAKT (axtop 7,147
(Q1) u 3,623 (Q2), u enHa e B cmucanue ¢ umnakt pasr (SJR 0,198), kato u Tpure
IyOJUKAIIUK ca C OTBOPEH JOCTHIL. B JonbIHEHKE, pe3ynTaTuTe ca MPEACTaBEHH Ha 5
MEXTyHApPOIHH KOH(EPEHIMH, TPH OT KouTo B brirapus u ase B uyxOuHa.

N3cnenpanusaTa ca HaMEPHIN IIUPOK OT3BYK CpPel HaydIHATa OOLTHOCT Y HAac U B
uyxOnHa. 3abema3anu ca 13 murupanmsa B8 SCOPUS (6e3 aBTonuTHpaHusa) Ha TPH OT
nyOIUKaIUUTe IO AMCEPTALUATA.

8. M3mosi3Bane HA pPe3yJITATHTE OT AUCEPTALMOHHMA TPyJ B Hay4HATAa U
COIMATHATA MPAKTHKA

B JpombiHeHHE KBM 7-Te NyOMMKalUM IO AUCEPTALKMATa, DPE3YNTaTUTE OT
aucepraMoHHus Tpyx Ha LlBetoszap llaneB ca ampoOupaHu B TpHU Hay4dHO-
U3CTIeJOBATENICKU IIPoeKTa KbM Katezpa ,,Muxpoenexrponuka® Ha TY-Codus. Tosa
ca JBa IpoeKTa 3a GpyHaaMeHTamHu HayuHu uicnensanus keM @HU: JIH 07/13 (2016-
2020) u KII-06-H27/1 (2018-2022), 10 KOUTO AOKTOPAHTHT € pabOTUII KaTO yYaCTHHUK
B HAYYHUS KOJEKTUB; U €IUH IIPOEKT B IIOMOII Ha JokTopaHTuTe, Ne 192I1/10006-03,
HUC na TY-Codus, no xoiiro Toii € paspaborun I'naBa 4 Ha quceprauura.

Cpmio Taka, pe3yiaTaTUTe OT JUCEPTAIMATa HaMUpPAT OTPaKEeHUE B y4eOHHUs
npoliec Ha kareapa ,,Mukpoenexkrponuka™ Ha TY-Codus, KaTo OT TAX ca MOATOTBEHH
IBe 1a00pPaTOPHU YNPAXKHEHUS IO AUCHMIUIMHAUTE ,,MUKPOEIEKTPOHHH TEXHOJIOTUU
3a aJITEpHATUBHU M3TOYHHIM HA €HEeprua” u ,,Hanomarepuanu“, KOUTO c€ M3MOI3BAT
B CIIEMAIN3UPAHU MarucThpPCKU KypcoBe KbM KaTeparta.

9. OneHKa Ha CHOTBETCTBHETO Ha aBTopedepaTa ¢ HM3UCKBAHUATA 32
M3TOTBSIHETO MY, KAKTO M HAa aJeKBATHOCTTAa HAa OTpa3siBaHe HA OCHOBHHUTE
MOJI0:KeHHS H MPUHOCUTE HA JUCEPTALMOHHHSA TPYX

ABTOpC(I)epaT'LT CbOTBCTCTBA HA U3UCKBAHHATA 34 USTOTBAHEC, KATO CHHTC3UPAHO
M aACKBAaTHO IIPpCACTaBsI OCHOBHHUTC pPEIYITATH OT BCHUYKH TJIaBH H o6o6111aBa
IIPUHOCUTC Ha AUCCPTATUOHHUA TPYA.

10. MHeHus1, NpeNnOPHLKU M OeJIeKKH

Hucepranuara 6e3CHOPHO CBHIBPXKA WHTEPECHHM M OPUTHHATHHU PE3YyITaTH U
M3II0JI3Ba MHOTO OOTaTa METOI0JIOTHS 3a pa3paboTBaHe U U3cieABaHe. B nombenHeHue,
IpenopbuBaM Ha JUCEPTaHTA Ja HanpaBH NPEIBAapUTEICH TEPMUYEH aHAIU3 4pes3
DSC/TGA Ha wMarepmanuTe, KOMTO WU3IOJN3Ba, 3a Ja Mpenusupa Io-gobpe
TeMIIEpaTypHUTE YCIOBUSA Ha OTJIaraHe BBB BaKyyMHaTa kamepa. B qucepranusara, Ha
cTp. 64, KBM T. 2.2., Ce TBBPAM, Y€ ,,TEMIEpPaTypaTa BbB BaKyyMHaTa kamepa € 1o 110
°C, xoeto e ¢ npubiusutenso 40 °C TeMrepaTypeH 3amac 1moj mpara Ha HeoOpaTuMa
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TOIIMHHA Aerpananus Ha PEN mommoxkure®, KaTo ce HUTHpa JMT. M3TOYHUK [122].
Ho, B CBITHOCT IparsT Ha HeobpaTuma TorwuHHa Aerpafanus Ha PEN € Tonset ~350°C;
TemIepaTypaTa My Ha Torene e 270 °C; TeMiepaTypaTa Ha BCTBKIIBAHE/OMEKBAHE €
Tg=120°C, a Temmeparypa Ha HempekbcHaTa pabota e 155 °C, cnopex DSC/TGA
U3CJIeIBaHMS B JIUTEpaTypaTa. [https:/linkinghub.elsevier.com/retrieve/pii/S0141391013002607].
Jo6pata Tepmuana crabunHocT Ha PEN momimepa 61 1o3BojIiIa OTIaraHeTo Ha
cnoesere KNbO3 z1a ce mpoBejie Ipy TeMmiepaTypa B kamepara no-ucoka ot 110 °C,
(Hamp. OKOJIO ¥ HaJl TeMIepaTypara Ha BCTeKisiBaHe/oMekBane, 120 - 150 °C), xoraro
HOJIMMEPHUTE MOJIEKYJIM IPEMHUHABaT OT CTBKIOBHAHO BBHB BHCOKOEIACTUIHO
cheTosiHMe. IIpH Te3W TeMIEpaTypHH YCIOBHSA CE O4akpa II0-100pa ajxes3us Ha
OTNOXEHHUA QHIM KbM MOJMMEPHATA MOI0XKKA, KOeTO 61 MoJ00puiIo MeXaHHIHaTa
YCTOMYMBOCT IIpU UUKIMYHK HaToBapBaHuid. OcBeH ToBa, upe3 DSC ananusa morar aa
ce OIpeIeNIAT B TEMIIEpaTypHO 3aBucuMuTe (Gasosu npexoan Ha KNbO3 u ZnO, xoeto
II[e TTO03BOJIH JOITBIHUTENHO J]a Ce KOHTpoupa mpoueca Ha BU oTnarane, cro0paseHo
¢ Ga3oBUTE MPEXOAM U MHME30ENEKTPHIHUTE CBOMCTBA HA OTIOXKEHUTE QHIMH,
[IpenopbkaTa € HAcOYeHAa MPEIUMHO KbM IIO-HaTaThlIHAaTa pabora Ha
JMCEpTaHTa M He HaMaJIiBa 3Ha4MMOCTTa Ha [OJyY€HUTE PE3YITAaTH B TO3U TPYA.

11.-3akiioueHHe ¢ SICHA MOJOXKHUTEJHA WJIH OTPUIATE]HA OLEHKA HA
ANCEPTAUOHHUSA TPYA
Cuwram, Je moxydeHute ot mar. uHx. [{Beroszap JlamsHos LlaneB pesynrartu ca

OPUTHMHAJIHA M HAITBIHO CHOTBETCTBAT Ha M3UCKBAHUATA 33 JMCEPTALMOHEH TPYA 32
npujobuBane Ha obpasoBaTelHaTa M HaydHa cTeneH ,,Jloxrop". PaspaGorkure B
JVCEpTalMATa ca OMUCAHM KOMIIETEHTHO M B Heo0Xoaumara IThJIHOTA, U3BOIUTE H
3aKJII0YEHHATA Ca MHOTO A0Ope MOCTPOSHU U apIryMEHTUPAHHU. JJOKTOPAHTHT € MOKPHII
muHuMaaHuTe usucksanus Ha TY-Codust (cpbpan € Hax 54 TOUYKHM IO MOKA3aTel OT
rpymna ,,I'“, KOUTO Ha[BMIIABAT MUHUMATHUTE U3UCKBaHUSA 0T 30 TOUKH).

[NonydenuTte B qMCEPTALMOHHUSA TPY HAYYHO-TIPHIOXKHH ¥ IIPHIOKHH IPHHOCH,
BHCOKOTO OOpa30BaTeTHO HUBO M HATPYNaHUS TEOPETHYECKHM M HM3CIEJIOBATEIICKU
OIUT, C NOCTUTHATH IPAaKTUYECKH PE3YITaTd B €HA aKTyajHa HaydHa o0lIacT, MM
JaBaT JOCTaThYHM OCHOBaHHS YO€IEeHO Ja MpernopbyaM Ha yBaXaeMOTO XKypH Ja
npuchau Ha Mar. urx. [[Bero3ap Jamsauos [{aneB oOpa3oBaTenHaTa M HayYHa CTEICH
,,JJOKTOpP* B 0011acTTa Ha BHCIIE 006pa3oBaHue ,, TeXHUIECKH HAyKU , PO ECHOHAIHO
Hanpasiienue 5.2 ,ENeKkTpoTexHHKa, €NEKTPOHMKAa M aBTOMATHKA™, Hay4yHa
CIeUaaTHOCT “TeXHONOTH Ha eIeKTPOHHOTO IIPOU3BOACTBO.

Hata: 03.01.2024 . PENEH3EHT : | 1)
rp. Codus (mpod. ara Pymsna Koruinkosa )

Witef | [
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piezoelectric elements with application in nano-electromechanical systems (NEMS)"

Reviewer: Prof. Dr. Rumiana Kirilova Kotsilkova, Institute of Mechanics at the
Bulgarian Academy of Sciences

1. Relevance of the problem developed in the dissertation in scientific and
applied terms. Degree and levels of relevance of the problem and the specific tasks
developed in the dissertation

The dissertation work is developed in an up-to-date field of microelectronic
technolo;gies related to the development of energy carriers that are compact enough and
convenient for integration into various devices. This problem is relevant in both
scientific and scientific-applied terms, as it requires the development of new materials
and technologies, as well as new principles of operation, which are applied in the
technological implementation of clean energy devices. Both the purpose of this
dissertation and the tasks set in it are focused on solving existing problems of
piezoelectric voltage amplification, as a component to increase the efficiency of
converting mechanical energy into electrical energy and to increase the output
electrical power. The object of the study is thin-layer piezoelectric elements from
environmentally friendly lead-free oxide materials for use as alternative energy sources
in MEMS and NEMS.

2. Degree of knowledge of the state of the problem and -creative
interpretation of the literary material

The dissertation includes a well-structured literature review of 40 pages, on 95
literary sources (out of a total of 187), which describes the state of scientific research
on the topic. The overview summarizes the basic knowledge of the piezoelectric effect,
describes the mechanism of generating piezoelectricity, the working principles of
piezoelectrics, as well as the typical constructions of piezoelectric elements. The main
materials used to build piezoelectric alternative energy sources are also presented, and
the state-of-the-art hybrid multilayer and composite piezoelectric generators are
summarized. A good knowledge of the state of the problem is also seen from Tables

1.1-1.4, in Chapter 1, in which parameters, characteristics and materials of advanced
1
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multilayer and composite piezoelectric generators are compared. The main
mathematical dependencies describing the operation of piezoelectric nanogenerators
are given. The modern technological processes for the construction of piezoelectric
layers and nanostructures with application as generators of electrical energy are also
examined. Conclusions are made about the prospects for piezo-nanogenerators in
future applications for specific micro- and nanoelectronic devices. In conclusion, the
dissertant has made a critical review of problems, limitations and difficulties related to
materials, their properties and production techniques, and on this basis has formulated
the purpose and tasks of the dissertation.

3. Compliance of the selected methodology of research with the set goal and
tasks of the dissertation

The selected research methodology fully corresponds to the set goal and the four
tasks of the dissertation work. Different synthesis technologies are used, as well as
various experimental test methods and mathematical simulation methods. Adapting
vacuum high-frequency sputtering technology to deposit layers of unexplored lead-free
piezoelectric materials such as potassium niobate (KNbO3) on a flexible polymer
substrate and gallium-doped zinc oxide (GZO) on a silicon substrate is the key.
Advanced experimental methods for studying the structure (such as SEM, AFM and
X-ray diffraction) and methods for studying the piezoelectric behavior were applied.
A simulation study of thin-film piezoelectric transducers with mechanical stress
concentrators is carried out using the "COMSOL Multiphysics" software product. An
original technology was developed for the synthesis of ordered nanowires of KNbO3
and of piezoelectric polymer, by template filling of nanoporous anodic aluminum oxide
AAOQO, which represents a novelty for the needs of MEMS conversion structures. On
this basis, the tasks were solved and the goal of the dissertation work was achieved,
namely, increasing the yield of piezoelectric voltage, and as a result, of electric power,
in hitherto unexplored lead-free thin-film materials obtained by a technology
compatible with the technology of production of integrated circuits.

4. Brief analytical characterisation of the nature and assessment of the
credibility of the material on which the dissertation contributions are built

In the introductory chapter, on the basis of a thorough literature review, the
topicality of the developed topic is proven, the unsolved problems are defined and the
purpose and tasks of the dissertation are formulated.

In the second chapter, a technology was developed to build piezoelectric
structures from weakly studied lead-free oxides, such as potassium niobate KNbO3,
by vacuum sputtering on a flexible polyethylene naphthalene (PEN) polymer substrate.
The structure, piezoelectric behaviour and mechanical resistance of piezoelectric
materials under cyclic loads were investigated. The interworking of piezoelectric

2



structures with specialized integrated circuits was studied and it is shown that they can
operate in the mode of energy generation and storage. Through interrelationships
between piezoelectric coefficients, morphology and technological conditions of
gettering gallium-doped zinc oxide (GZO) layers on a silicon wafer, membrane-type
sensor structures with high sensitivity were constructed.

In the third chapter a thin film piezoelectric generator containing circular
mechanical stress concentrators was investigated for the first time. A simulation study
was carried out, and on this basis thin film piezoelectric generators based on potassium
niobate were designed and simulated, with an optimized topology of concentrators
leading to an increased yield of electrical energy.

In the fourth chapter, template filling of nanoporous anode alumina AAO with
piezoelectric material of KNbO3 was investigated, by vacuum high frequency
sputtering, which represents a novelty for MEMS transducer structures. The degree
and uniformity of filling was studied depending on the diameter of the AAO nanotubes
and their length. Stacked nanofilaments of KNbO3 as well as piezoelectric polymer
(PVDEF-TrFe) were obtained, showing their advantage in increasing the efficiency of
converting mechanical effects into electrical energy compared to elements with
unstructured layers.

Following is a conclusion and formulation of the scientific, applied and applied
contributions of the dissertation, as well as a bibliography.

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

I believe that the contributions of the dissertation are mainly scientifically applied
and applied in nature. In total, 6 scientifically-applied and 1 applied contributions are
formulated, which are derived from the individual Chapters 2, 3 and 4, and are re-
presented in the section "Scientific-Applied and Applied Contributions". They can be
summarized as follows:

In Chapter 2, three scientific and applied contributions are formulated, which are
related to the developed two technologies for controllable production of nanocoatings
of potassium niobate and zinc-gallium oxide, as well as a methodology for testing the
piezoelectric response of thin-film piezoelectric generators from KNbO3. On this
basis, thin film converters (nanogenerators) of unleaded material KNbO3 on a flexible
PEN pad were obtained and characterized, which deliver energy ~7.8 mW/N (780
uW/kg). A zinc-gallium oxide (GZO) membrane-type sensor structure deposited on
silicon has also been built, which is suitable for MEMS/NEMS compression/load
sensors with a high sensitivity of 5 mV/g.mm2.

In Chapter 3, two scientific and applied contributions are formulated. For the first
time, a thin-film piezoelectric generator containing circular mechanical stress
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concentrators was investigated. On this basis, a technology has been developed to
produce thin film piezoelectric generators with improved conversion efficiency, due to
the structured layers with mechanical stress concentrators.

To Chapter 4 are formulated one scientifically-applied and one applied
contributions. An original technology for nanostructuring piezoelectric oxides and
polymers in the form of nanofibers has been created, through matrix-assisted growth
into nanoporous anode alumina. Nanostructured generator elements with significantly
increased efficiency of converting mechanical impacts into electrical energy versus
elements with unstructured layers have been realized and investigated. As an applied
contribution, a laboratory setup for anodizing aluminum at elevated voltage was
created to expand the diameter of nanopores, with maintaining a low constant
temperature, which allows to adjust the size and distribution of nanofibers in the
dielectric matrix.

I believe that the results obtained are original and fully comply with the
requirements for dissertation for acquiring the educational and scientific degree
"Doctor".

6. Assessment of the extent of the dissertant's personal involvement in
contributions

I appreciate as leading the personal participation of the dissertator in the
contributions to the dissertation, as I admire his participation in the publications, where
he is an independent author in one publication, first author in 3 publications and second
author in three publications from the attached list..

7. Evaluation of publications on the dissertation: number, nature of the
publications in which they are printed. Reflection in science — use and citation by
other authors, in other laboratories, countries, etc.

Seven dissertation papers are presented, 6 of which are indexed in SCOPUS and
Web of Science, including 5 journal articles and two in proceedings of IEEE
conferences. The PhD student has one independent article in an international journal,
indexed in SCOPUS with impact rank (SJR 0.19, quartile Q3). Two of the publications
were in journals with high impact factors 7.147 (Q1) and 3.623 (Q2), and one was in
journal with impact rank (SJR 0.198), all three publications being open access. In
addition, the results were presented at 5 international conferences, three of which in
Bulgaria and two abroad.

The research has found a wide resonance among the scientific community at home
and abroad. 13 citations were noticed in SCOPUS (without autocitations) of three of
the publications on the dissertation.

8. Use of the results of the dissertation in scientific and social practice.
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In addition to the 7 publications on the dissertation, the results of Tsvetozar
Tsanev's dissertation were tested in three research projects at the Microelectronics
Department of the Technical University of Sofia. These are two fundamental research
projects at BNSF: DN 07/13 (2016-2020) and KP-06-H27/1 (2018-2022), on which
the PhD student has worked as a participant in the scientific team; and a project in
support of PhD students, No 192PD0006-03, NIS of the Technical University of Sofia,
on which he has developed Chapter 4 of the dissertation.

Also, the results of the dissertation are reflected in the educational process of the
Microelectronics Department of the Technical University of Sofia, and two laboratory
exercises in the disciplines "Microelectronic Technologies for Alternative Energy
Sources" and "Nanomaterials" have been prepared, which are used in specialized
master's courses at the department.

9. Assessment of the compliance of the CV with the requirements for its
preparation, as well as the adequacy of reflecting the basics and contributions of
the dissertation

The autoreferat corresponds to the requirements for drafting, synthesized and
adequately presenting the main results of all chapters and summarizing the
contributions of the dissertation.

10. Opinions, recommendations and notes

The dissertation undoubtedly contains interesting and original results and uses
various research methodologies. In addition, I recommend that the dissertant make a
preliminary thermal analysis by DSC/TGA of the materials he uses to better refine the
temperature conditions of deposition in the vacuum chamber. In the dissertation, on p.
64, to item 2.2., it is claimed that "the temperature in the vacuum chamber is up to 110
C, which is approximately 40 °C temperature store below the threshold of irreversible
thermal degradation of the PEN pads", quoting lit. source [122]. But, in fact, the
threshold of irreversible thermal degradation of PEN is T onset ~350°C; its melting point
is 270 °C; the glass / softening temperature is Tg = 120°C and the continuous operating
temperature is 155°C, according to DSC/TGA studies in the literature.

[https://linkinghub.elsevier.com/retrieve/pii/S0141391013002607].
The good thermal stability of the PEN polymer would allow the deposition of the

KNbO3 layers to take place at a temperature in the chamber higher than 110 °C (e.g.
around and above the glass/softening temperature, 120 - 150 °C) when the polymer
molecules pass from a vitreous to a viscoelastic state. Under these temperature
conditions, a better adhesion of the deposited film to the polymer substrate is expected,
which would improve the mechanical resistance under cyclic loads. Moreover, by DSC
analysis the temperature dependent phase transitions of KNbO3 and ZnO can also be
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determined, which will allow to further control the HF deposition process consistent
with the phase transitions and piezoelectric properties of the deposited films.

The recommendation is primarily aimed at the further work of the dissertant and
does not diminish the significance of the results obtained in this work.

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

I believe that the received from Mag. Eng. Tsvetozar Damyanov Tsanev's results
are original and fully correspond to the requirements for a dissertation work for
obtaining the educational and scientific degree "Doctor". The developments in the
dissertation are described competently and in the necessary completeness, the
conclusions and conclusions are very well constructed and argued. The doctoral
student has met the minimum requirements of TU-Sofia (he collected more than 54
points according to the indicator of group "G", which exceeds the minimum
requirements of 30 points).

The scientific-applied and applied contributions received in the dissertation work,
the high educational level and the accumulated theoretical and research experience,
with achieved practical results in an up-to-date scientific field, give me sufficient
grounds to confidently recommend to the esteemed jury to award the M.Sc. Eng.
Tsvetozar Damyanov Tsanev, the educational and scientific degree "Doctor" in the
field of higher education "Technical Sciences", professional direction 5.2 "Electrical
engineering, electronics and automation", scientific specialty "Technology of
electronic production".

Date: 03.01.2024 . Reviewer: (1)
Sofia (Prof. DSc. Rumiana Kotsilkova)
/1 \
( k&p]”fb/ TV-COOUA |
QETT ;
BAPHO C OPUTUHANA|




