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3AT'AJIBHA XAPAKTEPUCTHUKA POBOTH

AkTyanbHicTh TeMmu. [IBUAKUN PO3BUTOK MIKPOECIEKTPOMEXAHIYHUX CHUCTEM
(MEMC) Tta TexHOJIOTiH iX BHUPOOHHUIITBA 0araro B YOMY MOSICHIOETHCS KIFOUOBHUMH
nepeBaraMu — MIHIATIOPHICTIO, (PYHKIIIOHAJIBHICTIO, BHCOKOIO HAIIHHICTIO, MaJuM
CHEepProCMOKUBAHHAM, MPOCTOTOI0 IHTErpyBaHHS, 3aTpeOyBaHICTIO MPAKTUYHO YcCiMa
PHUHKaMHU €JIEKTPOHIKH, B TOMY YHUCJI1 1 B ONITOEICKTPOHIIIL.

Cuneprernuna komOinaris Texaosorii MEMC 3 onToeneKkTpoHIKOI PO3BUHYIACS
B KJIaC IHTETPOBAHUX MIKPOCHCTEM, SIKI OTpUMAJId Ha3BYy MIKpPOEIEKTPOONTOMEXaHIYHI
cuctemu (MOEMC). 3a ominkoro aHamiTukiB, dactka mpuctpoiB MOEMC cknana B
2018 p. 6mu3bKo OfHIET TpeTUHH Bif 3araidbHOoro puHky MEMC. OcobnuBy yBary B ranysi
TEJIEKOMYHIKalliil MPUBEPTAIOTh ONTHYHI aKTI0ATOpH Ta mepemukadi Ha 6a3it MEMC, mo
IIMPOKO 3aCTOCOBYIOTHCSl Mif 4yac moOynoBU onTHUHUX Mepex. Cepen pi3HOMAHITTA
IMIACUBHUX KOMIIOHEHTIB MO’KHAa BHIUIMTH OJHI 3 HaiOuibm yncenbHuX — MOEMC-
nepeMuKayli, 3a JOMOMOIOI0 SIKUX BiIOYBA€ThCS MEPEHANPABICHHS MOTOKY CBITJIa MIX
cBiTIIOBOJaMH. OCHOBHUM MMapaMeTpOM TaKHUX IMPUCTPOIB € BinOMBaro4a 3aTHICTh
dynkuionanbHux kommoHeHTiB (PK) y mpormeci mnepeHanpaBieHHS TOTOKIB Y
CBITJIOBOJIHMX MEPEXaX, MEPIII 32 BCE 3a PAXYHOK BIJOUTTS.

Opniero 3 BaXJIMBUX TEHACHINN po3BUTKY BUpoOHHUIITBAa MOEMC-niepemukauiB €
MlHlaTIOpI/ISaLIISI aJyie TIPU IIbOMY BHMOTH IO SIKOCTI BHPOOIB TUIBKH ITiJIBHIYIOTHCS, a
caMe BIJMOBIJHICTh 3aJaHUM XapaKTepUCTHKAM 1 MapamMeTpaM TaKuX KOMIIOHEHTIB
3aJIeKUTh Bl TexHoOJOTil BUpoOHMITBA ix DK — n3epkan. [[3epkano ckiamaerbes 3
MOHOKPHUCTAJIIYHOI MiJIKIaJKWA Ta HAHECEHOT 0, SIK MPAaBUJI0, METAJII30BAHOIO HIAPY.

Po3po0ku B 3a3HaU€HOMY HaIpsiMi BEIyThCS TaKUMHU TianpueMcTBamMu sik Corning,
Lucent Technologies, Pirelli optical (Itamis), Alcatel (®panmis), OmniGuide
Communication (CIIIA), BlazePhotonics (Anrmis).

KOHCTpYKTUBHO-TEXHOJIOTIYHUM  OocoOMMBOCTSIM  BuUpoOHMuTBa MOEMC 1
KOMITOHEHTIB Ha iX OCHOBI TPHUCBSAYEHI Tpalll Oararbox 3apyODKHUX 1 BITUYM3HSIHHUX
BueHux: Yole Fink, Y. Zhao, M. Edward Motamedi, Kammupina B. 1., Towminara /.,
IIcai JI.II., Oxcanuua A.Il., Ilputumna C. €., T'orpu 3. FO., Hesmogosal. III.,
®Oumunenka O. 1., 'opaienka FO. O. Ta iHIHMX.

OnHak, He3Ba)Kaloun Ha JOCTATHBO BEIWKY KUIBKICTh JOCIIKEHb, 110 TIPUCBIUYCHI
JaHIi TeMaTHIll, 3aJIMIIAITECA MPOTUPIUUS MK HEOOXIHICTIO MOJAJBIIOTO TiIBUIIICHHS
skocti MOEMC KOMIIOHEHTIB, BUKOPHUCTAHHSI TMEPCIEKTUBHUX BaplaHTIB peam3allii
texHosoriynux npoueciB (TII) 1 omeparriii iXx BUpOOHUIITBA Ta OOMEXKEHICTIO B1JIOMHX
MiIXO0MiB 70 3abesneueHHs sKOCTI Ta KOHTpoiato MOEMC-ctpykTyp y BupoOax
ONTOETIEKTPOHHOI TEXHIKH.

Bce me cBiguuth mpo Te, MO TEXHOJOTIYHE 3a0e3MEeUeHHs SKOCTI TOBEPXOHBb
NIAKIAA0K  (QYHKIIOHAIBHUX KOMIIOHEHTIB ~ MIKPOOINTOEIEKTPOMEXAHIYHUX CHUCTEM,
a TaKOXX YJIOCKOHAJICHHS METOJiB MPOTHO3yBaHHS Ta KOHTPOJIO iX XapaKTEPUCTUK Ha
eTarax BUPOOHHIITBA M €KCILTyaTaIlii € aKkTyaJlbHUM HaYKOBO-TIPUKJIATHUM 3aBIaHHSIM.

3B’A30K po00TH 3 HAYKOBUMHU NMPOrpaMaMu, IJIaHAMU, TeMaMu. JocmiKeHHs,
pe3yJbTaTH SIKUX BUKJIAACHI Y IUCEpTaliiiHIi poOoTi, 3100yBauka MPOBOAMIA BIAMOBIIHO
no gepxoromkerHux TemM HJIP y XapkiBchbkoMy HalllOHAJIbBHOMY YHIBEPCHUTETI
panioenekTpoHiku (XHYPE) 3a nnanom MOH VYkpainu: y pamkax iHII[IaTUBHOT HAyKOBO-



JIOCTIAHOI poOOTM Ta fAK BHKOHaBelb: «KOHCTPYKTOPCHKO-TEXHOJIOTIYHI OCHOBHU
CTBOPEHHS MEPCIEKTUBHUX KOMIIOHEHTIB MIKPOEJIEKTPOMEXaHIYHUX CUCTEM 1 TEXHOJIOT1H
ix BupoouunTBay (JP Ne 0108U002216); «TeopeTuuHi OCHOBH MiKpOEJIEKTPOMEXaHIYHUX
CHUCTEM, NPOCKTYBaHHS Ta TEXHOJOTIi iX BUPOOHMIITBA Al THYYKHX I1HTETPOBAHUX
cuctem» (JIP Ne 0113U000358); «CTBOpEHHSI MiKpOOIITOCIEKTPOMEXaHIYHUX 3aC001B IS
IHTEJNEKTYaIbHUX TEXHOJOTTYHUX CUCTEM IPOMUCIOBOTO 00JaJHAHHA Ta POOOTOTEXHIKID)
(JIP Ne 0115U002433); «CTBOpEHHS ~ MIKPOOITOCICKTPOMEXaHIYHMUX  3aco0iB  JuIs
IHTEJNEKTYaIbHUX TEXHOJOTTYHUX CUCTEM IMPOMHUCIOBOTO 00JaJHAHHA Ta pOOOTOTEXHIKM
(AP Ne 0115U002433); «be3cknamanbHi THYYKO-)KOPCTKI KOHCTPYKII 31 3MIHHOIO
KOHQITYypaIli€o A1 KOMIOHEHTIB MIKPOCHCTEMHOI TEXHIKH 1HTENEKTyaJlbHUX POOOTIBY»
(AP Ne 0219U001644).

Mertoro aucepraniiiHoi podOTM € TIABUIICHHA SKOCTI (PYHKIIIOHAJIBHHUX
koMrioHeHTIB  MOEMC, nuisixoMm po3poOKH  TEXHOJIOTIYHOTO  3a0e3MedeHHs  1X
BUPOOHMIITBA HA OCHOBI AOCHIIKEHb (PI3MKO-TEXHOJIOTIYHUX MapaMeTpiB Ta METOJIB
koHTpoJito enementiB MOEMC nepemukayis.

JUIst NOCSTHEHHSI TOCTABJIEHOI METH HEOOXIJHO BHPILIIMTH HACTYIHI HAyKOBO-
MIPUKJIAJIHI 3a]1a4i.

— IpoaHaii3yBaT OYJIOBY Ta ICHYIOUl TEXHOJIOTiI BUPOOHHUIITBA KOMITOHEHTIB
MEMC-onTuyHux MepeMuKadiB, iX [MapaMeTpu, BUPOOHUYI JAePEeKTH, IO BHUKIUKAHI
ocobmuBocTsiMu TII, Ta TEXHOJIOTTYHI MOMIJIMBOCTI MOJINIIEHHS X XapaKTEPUCTHK;

— npoananizyBatu BIuMB miakiaqok @K MOEMC Ha xapakTepuCTUKHU J3€pKall Ta
0co0JMBOCTI €eKTiB 1 BTPAT, 1110 HUMH BHOCSIThCS Ta 3ajexaTh Big T1I BUTOTOBICHHS;

— po3poOUTH (PI3UKO-TEXHOJIOTTUHY MOJIEIIb MapaMeTPiB MOBEPXOHB MiakIaoKk OK
MOEMC nis nporHO3yBaHHSI SIKICHMX XapaKTEPUCTHUK Ta BUHUKHEHHS BUPOOHUYUX
nedeKTIB MOBEPXHEBOTO MIAPY MiJIKJIAI0K TAKUX KOMIIOHEHTIB 1 TporpamMHe 3a0e3MeYeHHs
JUTSE MOJICTTIOBAHHS 3a3HAYECHUX TIPOIIECIB,;

— pO3pOOUTH TEXHOJIOTIF0 (POPMOYTBOPEHHS MiAKiIan0K BimOuBarounx DK s
MEMC-onTu4HIX NepeMuKadiB sl 3a0€3MeUeHHs 3aJaHNX 3Ha4€Hb IIOPCTKOCTI;

— pO3pOOUTH Ta MPOBECTU JTOCTIIKEHHSI METOAa KOHTPOJIIO MOBEPXOHb IiJIKIIAIOK
®K MOEMC 3 BUKOpUCTaHHSM 3alPOMOHOBAHOI TEXHOJIOT1T KOHTPOJIIO;

— IIPOBECTU anpoOaIiio po3poOJeHUX MoJeNe 1 MeToay 3a0e3MeyYeHHs SKOCTI
koMrnoHeHTIB MEMC-onTnuHuX nepeMuKadiB, iX eKCHEepUMEHTAIbHE JOCIIDKCHHS Ta
PO3pOOUTH TPAKTUUHI PEKOMEHAIlli 1040 TEXHOJOTIYHOIO 3a0e3MeUeHHs] HEOOX1THOTO
PIBHSI SIKOCTI.

O06’exT HociTKeHHsl — TexHoIor UM mporiec BupooHuirrea ®K MOEMC.

Ipeamer pociimkenHss — (Qi3uko-TexHoJgoTiuHI mapameTpu migkiaagok OK
MOEMC Tta TII iX BUTOTOBJICHHS.

Metoau nocaimkennsi. [IpoBeneHHs  mOCHDKEHb  0a3yeThcsi Ha  METOmMAxX
Mare€MaTUYHOIO Ta KOMII FOTEPHOTO MOJETIOBAHHS, (PI3UKO-TeXHONOrYHuX mpouecax TII
BUPOOHUIITBA — JUIs1 PO3POOKH MaTeMaTHYHOI MOJIEITI TPOTHO3YBAaHHS BUPOOHUYMX JE(EKTIB 1
Bi3yai3allli OTPUMaHUX PE3YJIbTaTIB; METO/aX IUIAHYBAaHHS E€KCIEPUMEHTY Ta PerpecitHOro
aHaJi3y, METO/IaX KOMIT FOTEpHOI 0OpPOOKH MaHMX, IU(GPOBOTO KOMIT FOTEPHOTO MOJICITIOBAHHS
TII — 1ns po3poOKM TeXHOJOTl (OPMOYTBOPEHHS; BHUKOPHUCTAHHS IHTEPAKTHUBHOI'O
CEepENIOBHINA MOJIEITFOBAHHS ISl PO3PaXyHKY YHCIIOBUX MACHBIB JIaHHX, 1HTEP(EPEHIIHHOTO
METOy 3 BHUKOPUCTAHHSAM psaiB @Pyp’e Ta agantuBHOI (uibTpauii — aast po3pooku TII



KOHTPOJIIO.

HaykoBa HOBH3HA OTPpMMAHHMX pe3yJabTaTiB. Y TMpolleci BUPIIICHHS 3aBAaHb
BIJIMOBIHO 10 METU JIOCIPKEHb OTPUMAHO TaKi HAyKOB1 pe3yJIbTaTH:

— BIIEpIIIE 3aMpONOHOBAHO (13MKO-TEXHOJIOTIYHY MOJIENIb IPOTHO3YBaHHS Je(EeKTiB
MIIKIaI0K (YHKIIIOHATBHUX KOMIIOHEHTIB MIKPOOITOEIECKTPOMEXaHIYHUX CHUCTEM, sKa
BpaxoBYe€ SKICTh APy MiJKIAIO0K Ta I03BOJISIE MPOTHO3YBATH MapaMEeTPU TEXHOJIOTTYHOTO
mpolecy, MO0 MOXYTh MNPU3BECTH JO BUHUKHEHHS BHUPOOHMUUX NE€(PEKTIB IMiJIKIAT0K
(YHKI[IOHaTPHUX KOMIIOHEHTIB, a TaKOXX KOPHUTYBaTH TEXHOJIOTIYHI TMPOLECH iX
BUTOTOBJICHHS;

— OTpUMaJia MOJATBIIHANA PO3BUTOK perpeciiiHa MOJIEITb, SIKa BPAXOBYE 3aJICKHOCTI MK
TOBIIMHOO mapy BUIAJICHHSI neeKTIB (YHKIIOHATbHUX KOMIIOHEHTIB
MIKPOONTOEIEKTPOMEXaHIYHUX CHCTeM 1 (hakTopamu (POPMOYTBOPEHHS: IIBHIIKICTIO, YacOM,
3€PHUCTICTIO TOJIIPYBAILHOT MACTH Ta iX KOMOIHOBAHOO JIIEF0, 110 JIA€ MOYKIIMBICTh BU3HAUUTH
napaMeTpy MOBepXHi (PYHKIIOHATBHUX KOMIIOHEHTIB MIKPOOIITOCJIEKTPOMEXAHIYHUX CUCTEM 1
IIBUIIUTH iX SIKICTB;

— YIOCKOHAJIEHO 1HTEP(PEPEeHLIINHNI METOI Y TEXHOJIOTTYHOMY IPOLECT KOHTPOJIIO
SAKOCT1 (PYHKI[IOHAJTbHUX KOMIIOHEHTIB IUISXOM YCYHEHHS CYMNYTHIX CKIJIQJOBUX Y
300paKeHHI 3a PaxyHOK 3allpONOHOBAHOTO aJanTUBHOTO HHUGPOBOTO GUIBTPY, IO
JO3BOJISIE  MIJIBUIIMTH  JIOCTOBIPHICTh BIATBOPEHHS MapaMeTpiB  (OPMOYTBOpPEHHS
(YyHKLIOHATBHUX KOMIIOHEHTIB MIKPOOINTOEIEKTPOMEXAHIUHUX CHCTEM Ta PO3LIMPUTU
GyHKI10HATBHI MOXKJIMBOCTI METO/I1B TEXHOJIOT1i KOHTPOJIIO;

— Ha0yB MOJAJIBIIOTO PO3BUTKY METOJI 1IEHTU(IKALIIT €KCTPEMYMIB IHTEpPEPEHLITHIX
CMYT 300pa)K€Hb Yy TEXHOJIOTTYHOMY IIPOLECI KOHTPOJIIO MOBEPXOHb (PYHKI[IOHATIBHUX
KOMIIOHEHTIB MIKPOOITOETIEKTPOMEXaHIUHUX CHUCTEM, IO BIAPIZHAETHCS BHU3HAYEHHSIM
¢da30Boi (yHKIIIT 31 CIIBBITHOIICHHS KOPUCHOI Ta KOMIUIEKCHO crpsbkeHol 3a ['impbepTom
CKJIaJIOBUX CUTHAITY, IO JA€ MOYJIMBICTh MIIBULIUTH JOCTOBIPHICTh BUBHAYEHHS TapaMeTPIB
(dhopMU TTOBEPXOHB JTsI 3a0e3MeUeHHS IKOCT1 (PYHKITIOHATbHIUX KOMITOHCHTIB.

IIpakTnyna HiHHicTh. Pe3ynpratu qOCHiKeHb peanizoBaHi Ha MPAKTHIIl Y BUTIISII
JOCTIAHUX 3pa3KiB 1 TEXHOJOTIYHOI JOKyMEHTAIlil, sKi CKJIaJaloTh OCHOBY JJIs
TEeXHOJOT1YHOTO 3a0e3meueHHs sskocTi miakinanok @K MOEMC y cknam MOEMC, a came:

— po3pobiieHo aociiani 3pa3ku niakianok OK mns ontununoro MEMC nepemukaya;

— po3pobiieHo Ta BianpanboBano TII hopmoyTBopenns DK MOEMC;

—po3podsieno  TII kontpomo skocti @OK 3a paxyHOK BHUKOPUCTaHHS
1HTephEPEHIIITHOTO METOTY;

—po3pobaeno TII pgms 3abesneuenns sxocti K MOEMC Ha erami ix
BUPOOHUIITBA,

—po3p06neH0 KOHCprKui'l' )13ep1<an—Bi)16nBaqu (pO3IIMPEHHS  TOCIIIKEHb y
CYMDKHIN 005acTi), BUKJIAJCHI PIMICHHS 3aXWINCHI MaTeHTaMHd Ha KOPUCHI MOJEIIL:
Ne 118295  «CoHstunmiA  MOAydab 31 CTallOHApPHUM  MapaOOJOLMIIHIPUYHUM
KoHIeHTparopom» (Bixm 25.07.2017) ta Ne 138990 «CoHstuHuiT KONEKTOP 3 (POKITIHHHAM
KoHIeHTparopom» (Bix 10.12.2019).

PesynbraTn, oTpumani B aucepTauniiHiid poboti, BrnpoBamxkeHo Ha TOB TK
«Bamop» (axt Big 20.02.2017 p.), I[IAT «XIM®APM3ABO/] «<H4EPBOHA 3IPKA» (akT
Big 13.03.2020 p.), Ha nianpuemctBi TOB «HBIT «Ykpintex» (akt Bix 18.04.2020 p.), B
[HcTuTyTi cmaTHANIEUX MaTepianiB HAH Vkpaiau (akt Bixg 02.03.2020), a Takox y
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HAaBYAJIbLHOMY Iporeci Ha Kadeapl e€JIeKTpOHHUX amapaTiB  KpeMeHuyIbKoro
HaIlloHampHOTO YHIBepcuTery iM. M. OcTporpaacekoro, Ha Kadenpi iH(OpMaLIHHAX
TEXHOJIOTIM  €JeKTPOHHMX 3aco0iB  HarioHasbHOTO — yHIBEpCHUTETY  «3armopi3bka
MOJIITEXHIKa», a TaKOX Yy HayKOBO-IOCIITHUX poOOTax 1 HaBUYaJIbHOMY TpOIleci Ha
Kadeapi KOMIT IOTEPHO-IHTETPOBAHUX TEXHOJIOTIH, aBTOMAaTH3allii Ta MEXaTPOHIKU
XHVYPE, 1m0 miaTBeppkeHo BiAMOBIIHIMU JOKYMCHTAMH.

OcoOucTuii BHecok 3100yBaya. OCHOBHI HAayKOBI pe3ylbTaTH, HAaBEIEHI Y
IYcepTaliiHiii poOoTi, oTpuMaH1 3100yBauyeM caMOCTiiHO. Y myOsiKaIisiax, HalluCaHUX y
CIIBaBTOPCTBI, BHECOK 3400yBaua mojsirae: [1] — BH3HA4YeHO OCHOBHI ae(EKTH, IO
BUHUKAIOTH IM1]1 yac BUpoOHUITBA Tiakiaanok ®K s MOEMC-niepemukayis 1 criocobu ix
MiHiMi3aii; [2] — BU3HAYEHO TEXHOJIOTYHI (PaKTOpH BUPOOHHUIITBA Ta TUIU ACHEKTIB, IO
BIUIMBAIOTh Ha sAKicTh moBepxoHb ®K MOEMC-nepemukauis; [3, 13, 16-17] —
pO3pO0JICHO  KOHCTPYKIIIO  J3epkan  BimOuBawiB g migBumenHs — KKJI
doroneperBoproBauis; [5] — po3pobiieno merox i TII koutpoao PK MOEMC 3a paxyHok
BUKOPHCTaHHs iHTepdepeniiiitHoro merony; [6, 26] — 3amporoHOBaHO MaTeMaTHYHY
MOJIeIb Ta i1 NpaKTUYHY peaizaiiio sl KOMIT IOTEPHOTO MOJICNIOBAHHS IiJi 4ac
po3pooku TII Bupoouuinrea ®K MOEMC; [7, 8, 24, 27] — cucteMaTn30BaHi TEXHOJIOTII
MikpocucTeMHOT TexHikd Ta MOEMC; [9] — mocmipKeHO 3aJIe)KHICTh HAIPaBIISIOUOl
smatHocti K MOEMC 3a yMoB 3MiHM mapaMeTpiB iX mosumionyBanus;, [10] —
3allPONIOHOBAHO BHWKOPHCTAaHHS THYYKO-KOPCTKHX KOHCTpPYyKHii y MOEMC; [11] —
JOCITIJIKEHO METOJIU KOHTPOJIIO SKOCT1 TOBEPXOHb BUPOOIB eneKTpoHHOI TexHiku, MEMC
ta MOEMC; [4, 21] — npoBeaeHO MOIEIIOBAHHS BiIOMBaIOUOl 3aTHOCTI MIKpPOI3epKai
®K MOEMC; [12,22] - 3anpomoHOBaHO MaTeMaTHYHy MOJCIb IPOrHO3YBaHHS
BupoOHnunx naedekriB mas makaagok K MOEMC; [18-20, 23, 25] — BusHaueHO
(akTOpH BTpAT B ONTUYHUX MepeMukadax. Podoru [12, 19-21] nanucani 6e3 CriBaBTOPIB.

Anpobauisa pe3yabTartiB aucepramii. OCHOBHI pe3ylbTaTd IUCEpTaliiiHOI poOoTH
JIOTIOBITAJTUCST ¥ OOTOBOPIOBAJIMCST HAa TAaKUX HAYKOBO-TEXHIYHMX KOH(EpEHIsX 1
cumroziymax: MiKHapoIHIH HAyKOBO-TEXHIUHIN KOH(MepeHii «PaiioTeXHIYHI OIS, CUTHAIIH,
armapatd Ta cucremm» (M. Kuis, 10-16 Gepesust 2014 p.); MiKHApOJHOMY MOJIOAIKHOMY
dopymi «Pamioenekrponika Ta Mojome B XXI cropiuui» (M. Xapkis, 2014 p., 2015p.);
BceeykpaiHcbkii  HaykoBO-TIpakTW4HIA — [HTepHeT-koH(epeHwii  «ABTOMaTH3aulisi  Ta
KOMIT IOTEpHO-IHTErPOBaH1 TEXHOJIOTIi Yy BUPOOHUIITBI Ta OCBITL: CTaH, JOCSTHEHHS,
nepcnekTiBr po3BUTKY» (M. Yepkacu, 16-20 Oepesnst 2015 p.); 11l MixkxnapoaHiii HayKoBo-
npakTuuHiil KoHpepeHti «IIpobiemMbl AIeKTPOMArHUTHOW COBMECTUMOCTH TEPCTIEKTUBHUX
OecrpoBOHBIX ceTelt cBs3u» (M. XapkiB, 27 tpaBas 2015 p.); XIV MixkHapomHili HaAyKOBO-
TeXHIYHIM KoH(depeHmii «®Di3udHi TPOIeCH Ta TOJS TEXHIYHUX 1 OIl0JIOTTYHMX 00 €KTIB
(M. Kpemenuyk, 6-8 mucromana 2015 p.); IEEE XIV ta XV International Conference on the
Perspective Technologies and Methods in MEMS Design (MEMSTECH) (Polyana, Ukraine,
2018, 2019); IEEE 8th International Conference on Advanced Optoelectronics and Lasers
(CAOL) (Sozopol, Bulgaria, 06-08 September, 2019).

IMyoaikamii. 3a Temoro auceprallii 3 BUKJIAJACHHSM OCHOBHMX ii pPE3yJbTaTiB
oImy0JIIKOBaHO 27 HAYKOBHMX IMpaib, y ToMy uucm 12 crareit y HaykoBuX (HhaxOBHUX
BUJIAHHAX YKpaiHu 3a (axom (cepel sIKux 6 BHECEHI 10 MIKHAPOIHUX HAyKOMETPUUYHHX
0a3, B ToMy umncii 1 craTTst B 0a3i Scopus), 2 cTaTTi y HAYKOBUX BUIAAHHAX 1HIIUX JCPIKaB,
1 po3aii KoJIEKTUBHOT MOHOTpadii B AepkaBi €Bpocoro3y, 2 MaTeHTH YKpaiHU Ha KOPUCHY
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monenb, 10 Te3 momoBimel y 30ipHHMKax Mpalb MDKHAPOJHUX HAaYKOBO-TEXHIYHHUX
KoH(epeHIii (cepen HUX 4 pedepoBaHO B HAYKOMETpUYHIH 0a3i Scopus).

CTpykrypa Ta o0car aucepramii. /lucepraumiiiHa poboTa € pyKONHUCOM 1
CKJIQJIA€ThCS 31 BCTYMY, S5 PO3AUIIB, BHUCHOBKIB, CIUCKY BHUKOPHUCTAHUX JDKepen 31
112 wnaitmenyBanb (15 c.), 3 momatkiB (22 c.), mictuth 45 pucyHkiB, 12 TaOuIb.
3aranbpHui 00cAT poboTu ckianae 157 cropinok, 3 HuX 110 cTOpiHOK OCHOBHOTO TEKCTY.

3MICT POBOTH

Y Beryni OOTpYHTOBAaHO aKTYyaldbHICTH TeMH, C(HOPMYIBOBAHO METYy pPOOOTH,
3aBJIaHHS JIOCJI/KEHb, SIKI BUPINIYIOTHCS y AMCEPTAIliiHIM poOOTi, a TaKOXX BHUKJIAJICHO
HAYKOBY HOBHU3HY Ta MPaKTUYHY I[IHHICTh OTPUMAaHMUX pe3yibTaTiB. HaBeneHo BigOMOCTI
1010 BIIPOBAHKEHHS PE3YNIbTaTIB poOOTH, ampo0ailiii Ta 0cOOUCTOro BHECKY 3700yBaya y
myOJTiKaIisX.

Y nepuomMy po3aiji mpoBefeHO aHai3 TexHoJorik BurotoieHHs DK y ckmami
MOEMC, HaBeneHo ix kiacu@IKalilo Ta PO3IISHYTO OCOOJUBOCTI (POPMYBAHHS.
JloBeneHo, 1mo OCHOBHOW sikicHOIO xapakrtepuctukoro ®K MOEMC e BinOuBaroya
3/IaTHICTh 00 PO3CIIOBaHHS ONTUYHOI MOTY>KHOCTI.

Ha panuit yvac @K, no sxux HajlexaTh HampaBisAioyl KOMIIOHEHTH — J3€pKala,
3HaXOAATh Bce Ounpmie 3actocyBaHHs B TexHonorisix MEMC. Ile oOymoBieHO
HEOOXIHICTIO YIPAaBIIHHSA TIepe/laBaHHSAM ONTHYHUX CHUTHAIIB MK CBITJIOBOJaMHU.
Buxopucranus MOEMC nepemukauiB Aa€e MOXIIMBICTh: 00’€MHOTO KOMIIOHYBaHHS;
3HIDKCHHS Ta0apuTHUX pO3MIpIB 1 MacH, BapTOCTI, IOMUJIOK TMEpeHaNpaBICHHS,
CIIOTBOPEHb CUTHAMTIB 1 301JIbIIEHHS KOE(DILIEHTY BIAOUTTS.

Opnak, 3a 4YMCIEHHUX TIepeBar, ICHye cepilo3Ha mpobiieMa 3a0e3MeueHHs SKICHUX
nokazHukiB @K MOEMC 1 monyniB Ha iX OCHOBI, Taki BUPOOU MOXKYTh IiJIJIaBATUCS
BEJIMKIN KITBKOCTI JIecTaOlII3yIOUMX YAMHHUKIB Ha BCIX €Tarnax )KUTTEBOTO ITUKITY.

TpuBanicTh eKcrulyaTalli ONTHYHOTO MEepeMHUKaya BU3HAYAETHCS BUPOOHUKAMM 3a
KUIBKICTIO pa3iB MEpPEMUKaHHS, TOOTO TaKOK, L0 HAMpsIMy 3aJ€XKHUTh B MEXaHIYHOI
yactuHu MEMC-BupoOy. Ane nHa ganuit yac 10 30 % BIIMOB 4M HEKOPEKTHOI POOOTH
ONTHUYHUX TIE€PEMHUKAYiB BHUKJIMKAHO BIUIMBaMM Ha BiaOuBatounii @®K. VYV mnpoueci
BupoOHuITBa PK 3’saBisitoThCs AedeKTH, 10 BUKIMKaHI caMuM TII BHpoOHHUIITBA IHX
KOMIIOHCHTIB Ha OCHOBHOMY e€Tali — BHUPOOHHUIITBI MIAKJIAJIOK, a Jaji, SK MpPaBuUio,
HAHECEHHS METaJlI30BaHOTO IIapy, 3 HEMHUHYYUM BUHUKHEHHSIM DPO3POCTaHHS Ne(EeKTiB
nigkiaagok. Hano- ta MikpoaedekTH il BILIMBOM MEXaHIYHUX CUJT IEPEMUKAaHHS, KOPO3ii,
MEXaHIYHUX TOMIKO/KEHb 32 YMOBU HABaHTAKCHHS, CIENU(DIYHUX YMOB EKCIUTyaTarii 3
4acoM IIEPETBOPIOIOTHCS Ha MaKpoJe(EeKTH, M0 CYTTEBO BILIMBAE Ha KOPEKTHY PoOOTY
MEMC-nepemukadis.

3 1UbOro Mepesliky OCHOBHMMH 3allMINAIOThCSA BIIMOBH, 110 ToB’s3aHl 3 DK —
n3epkaniamu. J{ms 3’sicyBaHHA TPWYMH BUHUKHEHHS naedexTiB mpoanamizoBaHo TII
BurotoBiieHHs ®K, ocoOnmBy yBary npuijieHo BUTOTOBJICHHIO IMiIKIAI0K. JloBeaeHO, 1110
came aedextu makinanok OK e nepmonpuanHo0 1e(eKTHOCTI CTPYKTYPH B IIJIOMY.

TakuMm 4MHOM, iICHY€ HEOOXIJHICTh PO3POOKH TEXHOJIOTIYHOTO 3a0e3MeUeHHs IS
nigumieHHs skocti @K MOEMC-nepemukadiB. s 1mporo HE0OXiJHO BHKOHATH
peTeNbHUN TEOPEeTUUHUI aHalll3 1 MOJETIOBaHHS pPO3BUTKY aAedektiB y xomai TII ix
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BUTOTOBJICHHS, BCTAHOBUTU JUKepeida BUHUKHEHHS, a TaKOX TEXHOJOTIYHI ¥
eKCIUTyaTallliiHl YWHHUKH, SKI MOXYTh HPHU3BECTH OO0 30UIBIICHHS Ta MEPEXOay VY
MaKpOpO3MIpH, 110 CIPUINHUTD 3HWKEHHS ITapaMeTpPiB 1 HAIIMHOCTI B IILJIOMY.

Y apyromy po3aijii 3amporoHOBaHO MOJAETh NMPOTHO3YBAaHHS NE(EKTIB IiAKIAI0K
®K y cknant MOEMC-Bupo0iB Ha eTarax BUTOTOBJICHHS. 30KpeMa, 3allpOIIOHOBAHO METO/
NPOTHO3YBAaHHS BHHUKHEHHS BHUPOOHMYUX Je(EKTIiB IMOBEPXHEBOrO IMIapy MiIKIaI0K
®K MOEMC Ha ocHOBI (¢izuko-TexHosnoriauaux mojaeneit TI1 ix Burorosnenns. Lleit meton
JI03BOJIsIE BUABIISATH 3HauUeHHs (i3uko-ximiunux mapamerpiB OK minx gac ix BUpoOHUIITBA,
a TaKOXX BHOCUTU KOPEKTUBH Yy TII BUTOTOBJIEHHS TAKUX CTPYKTYD.

[IpoBeneno awnamiz TII BurotoBmenns MOEMC-nepeMukauiB 1 KpPUTHYHHUX
(bakTopiB, K1 BIUIMBAIOTh HA BUHUKHEHHS BUPOOHUYMX AehEKTIB y iX CTpyKTypi. BiH mae
MiJCTaBy MPHUIYCTUTH, 110 B OCHOBI MEXaHI3My BHHHUKHEHHsS BUPOOHHUUX aedexTiB OK
MOEMC nexaTh mepeTBOPEHHSI MIKpO-
! Ta MaKpOCTPYKTYp BHXIJIHUX MaTepialiiB

1 (I3UKO-XIMIYHI  MpOIECH, IO
" BiZI0yBatOThCsI M yac BupoOHunrea K
" P / 4 MOEMC, npu 1upomMy peali3yerbes
i cXxema MepeTBOpPeHHs CyOMIKpoae(eKTiB
F v 1 MiKpoaepeKTiB Ha MakpoaeheKTH.
O6macte migkmankun DK, mo 3a3Hae
(b13UKO-TEXHOJIOTTYHUX BILJIUBIB 1
OpOSABISIETbCS  SIK  (IYKTYyaliss o0sacti
CIOCTEPEIKEHb  TOBEPXHEBOIO  IIApy
miactuan makmagku OK, HaBegena Ha
puc. 1 (3ouum I - I11).

Pucynok 1 — [lapu mnactuaun ©K, o
3a3HAIOTh (PI3UKO-TEXHOJOTTUHUX BIUIMBIB 1
MEeXaHIYHUX NMopyuieHs: | — penpedHuit map;
Il — mopymenwii wap; 1 — nepopmoBanuit
map; IV — HenopyiiieHa cTpykTypa
makiragku GK

Hudysiro mapiB 1 miamapis PK MOEMC MoxHa BUpa3uTH yepe3 ApYyruil 3aKOH
dika: s omHoBUMIpHOT qudy3ii (1) abo qudy3ii uepes miiBky (2):

dv _ . d¥V
—=D : 1
dt dx? @
d_V: Dﬂ, (2)
dt A

ne D — xoediuient nudysii; V — KOHIEHTpalis pPEYOBUHU (KOMIIOHEHTA), IO

nudyHayBana; A — TOBIIMHA TUTIBKH.

[ToTpiOHO BiA3HAYMUTH, 110 3HA4YHY posib Yy TII BUrOTOBIEHHS BiJIrpae TepMiyHE
OKHCJICHHS KpEeMHit0. TepMmiyHe OKHCJICHHS KPEMHII0 TMPOTIKAE 3a pPaxyHOK audys3ii
OKHMCJICHHS! KOMIIOHEHTIB, /10 TPAHUII po3auTy ¢asz, Jie 1 BIIOYBAEThCs peakilis OKUCICHHS.
OxuciieHH sIBJsiE COO0I0 HEPIBHOBAKHUIA MPOIIEC, PYIIIHHOIO CHUJIOK0 SIKOTO € BIAXUJICHHS
KOHIICHTpAIlii KUCHIO Bij piBHOBaru. IIoTiK HMX YaCTMHOK OKHCIIOBa4a ISl OYylb-sIKOi
Touku V-mapy OkKcumay omucyerhcsi 3akoHOM (1). OxucneHHs mij 4yac BUPOOHHUIITBA
nigkinagok @K MOEMC € okpemum BumajgkoMm Audysii. XiMiuHYy KOpO3il0 MIapiB 1
nigmapie PK MOEMC moxHa npenctaBute y BUTIAAL (3), a 32 HassBHOCTI 3aXMCHUX
w1iBoK — (4):
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dv -E

=0 3)
k , k

Lh&vo, (4)

dt kd+kph0

ne E — enepria akTuBaIlii MoJeKy, Mo OEpyTh ydacTh y peakiiii; R — ra3oBa mocriiiHa;
T — alcomoTHa TeMIieparypa, kp — KOHCTaHTa HIBUJAKOCTI XIMIYHOI peakuii; Vi —
KOHIICHTpAIIisl peareHTy (HampuKiaja, KUCHIO) Ha 30BHIIIHIN MOBEPXHI HA MEXI1 3 Ta30BOIO
dazoro; hy — ToBuIIMHA MOKPUTTS; Ky — KoedimienT audys3ii y mpoueci KOposii.

[IIBuakicTs BUIApOBYBaHHsS Marepiany miakiaaku abo mimmapie @K MOEMC
MOJKHa BUpa3uTH y BULIISI (5):

()

ne M — MonekyspHa Bara MaTepialy pe4oBUHH, 110 BUTAPOBYIOTHCS; p — TUCK.

Judy3ist Ta XIMIUHI peakiiii MOXKYTh CITy>KUTH OCHOBOIO JIJIsl BU3HAUEHHS IIBUKOCTI 1,
OTXe€, OMUCY KIHETUKH MPOLECIB, IO PO3MIAAAIOTECS. [I0SCHUTH KIHETUKY TepMOJIUHAMIYHUX
napaMeTpiB CEPeIOBUIIA MOXIIMBO Ha OCHOBI MOBEIIHKU CYKYITHOCTI YAaCTHHOK, 3 SIKUX II€
CEepelIOBUILE CKIagaeThesl. MIKPOCKOMIYHUM CTaH CYKYITHOCTI YaCTUHOK MOBHICTIO 33a€ThCS
KaHOHIYHUMH 3MIHHUMH (X). 3 MaKpOCKOIIYHOI K TOYKH 30py CTaH PEUOBHHU BU3HAYAETHCS
JIOCUTh OOMEKEHHUM YHCJIOM TapameTpiB, MOCTATHIX JUISI MAaKPOCKOMIYHOI XapaKTePUCTUKU
CepeloBHINA. 3aJaHHs IMX TapaMeTpiB BH3HAYAE€ MAKPOCKOMIYHUN CTaH CEepeOBHIIA.
MaxkpocKkoITiyHl TapameTpy, B TOMY YHCII OOCST PEUYOBHMHH, II0 BCTYMWIA B PEAKINIO, €
(GYHKIISIMI KaHOHIYHUX 3MIHHHX:

Vi (X)), npuuomy k=1, 2,..., n,.

TakuMm YMHOM, MAaKpOCKOITIYHA CHCTEMa 300paKyeThCsl 3a JIOMOMOTOIO 3aJaHHS
migeHOCTI  WMoBipHOcTi  3miEEMX  @( X,t). Ils ¢dasoBa MIIBHICTE HMOBIpHOCTI

HA3MBAETHCS (DA30BUM PO3MOJIIOM HMOBIpHOCTEH, ab0 TPOocTO (ha30BUM PO3MOIIIOM.
3naroun @( X ,t), MOKHA OOUUCIIUTH CTATHCTHYHE CEPENHE 3HAUYEHHS BiamosimHo (6), a

TaKOX CEpPEIHHOKBAJIPATUYHE BIIXWICHHS, IO MPOSBIAEThCA SK (IyKTyars 00yacTi
CIIOCTEPEXKEHDb OpyIIeHHUX mapis (7):
V= [V(X)o(X,t)dX, (6)
(X)

DV =4/(V -V )2 . (7)

Bupimienns 3aBmanHs 1moOyI0BM MaTeMaTUYHOI MoJeNl mependadae oOUMCICHHS
MaKCUMaJIbHOTO 3HAYEHHS TMOMUJIOK Il KOXKHOTO TOPSANKY peakiiiii 1 BHOIp Takoro
MOPSJIKY, KU 3a0€3MeYNTh MiHIMAJIbHE 3HAYEHHS OMUJIOK, KOMOIHAIlIS SIKUX YHIKadbHA



JUTA KOKHOTO OKpemoro TII.
Jl7is CKOpOYEHHS TPYIOBUTPAT Ta 3pYYHOCTI aHali3y OTpUMaHOi iH(opmarii, 3a
3allpOTIOHOBAHMMH MAaTEMaTHUYHUMHU MOJENSIMH, TPOBOAUTHCA HyMepalis KOXKHOTO
okpemoro TIl mms  MOXKIMBOCTI
S e R 5«1 rpadiyHOi Bi3yamizamii pe3yibTaTiB

I “/ ' “te MOJICTTIOBaHHS 3  BUKOPHCTAHHSIM
P PO3pO0JICHOTO MPOTPAMHOTO 3acoly
o (I13), iuTepdeiic sKkoro HaBeACHO Ha

= puc. 2.

3a J0MOMOTOI0 PO3POOIIEHOTO
[13 Bpasiocss 3HU3UTH TPYIOBUTPATH
Ha BUPIIICHHS MPOOJIEMHU IMPOTHO3Y-
BaHHS BUPOOHUYMX Je(DEKTIB Yy
M IKJIaIKax OK MOEMC,
MIJBUIIUTH TOYHICTH 1 JJOCTOBIPHICTh
: OJIEp’KyBaHOL 1H(popmarii npu
Pucynok 2 — I13 st BU3HAYE€HHS OBEIIHKU po3po6ui TIT BHTOTOBACHHS TAKHX

peakuiit g yac Budopy TII 06’€KTIB Y LIOMY.

A e Cocdan

VY 113 peai3oBaHO MOXJIMBICTh CTBOPEHHS PI3HUX 3a mapaMmeTpamu BapiantiB TII, ix
30epiraHHs, MOXJIMBICTb 3MiHM KokHOro mapamerpa TII Burotonenns @OK g
NPOTrHO3YBaHH:A 1€()EKTHOCTI B YMOBAX BUPOOHHUIITBA.

Oco0a, gka mpuilMae pIilIEHHs, MOXE aHANI3yBaTH MOBEIIHKY CHUCTEMH [JISI TOTO
TII, sikuii BUXOIUTH 32 MEXI €KCIIEPUMEHTAJIbHUX YU PO3PAaXYHKOBHUX PE3YJIbTATIB, ajie
JI03BOJISIE€ CYUTH MPO CTaH BUPOOY Ha eTarli HOTo MOAaIbIIOl eKCITyaTallii.

BaxnuBuM € Te, 1m0 Mg yac aHamily MacHBY BEJIHMKOTO OOCATY JaHMX 3aBISKU
3arporioHoBaHoMy [13 MokHa 3ilicHIOBaTH BUOIp ONTUMAILHUX BapiaHTiB BHpoOy Ta TII
BUTOTOBJICHHSI, 3aJIEXKHO BiJl PI3HUX MOYATKOBUX YMOB (HAMPHUKIA/: TEXHIYHUX BUMOT, BAMOT
10710 HaJIIHHOCTI, KJIAaCy TOYHOCTI, pecypcy poOOTH abo BapTOCTi BUPOOY).

Y Tperbomy po3aiji NpeICTaBICHO PE3yJbTaTH MPOBEIEHHS EKCIIEPUMEHTY s
noOyIOBH MOJENIl BIUIMBY MMapaMeTpiB TEXHOJOTIYHUX oOmepaiiid nuiidyBaHHS Ta
noJiipyBaHHs Ha napamerpu popmoyrBopeHHss DK MOEMC.

Pesynpratn  MoOpmenioBaHHsS BUKOPUCTOBYIOThCS i 4ac raHyBaHHs 11
BUpoOHUIITBA sk miakiaagok @K, tak 1 mikpomzepkan MOEMC. MogentoBaHHs 03BOJIsIE
BU3HAYUTH BETUYMHY BUXIIHUX MMapaMeTPiB JIJIsl OTPUMAHHS 3a/IaHUX 3HAYEHb IOPCTKOCTI
3pa3kKa, 10, B CBOIO Yepry, MPsIMO BIJIMBAE HA 3HMXKEHHSI 1€(EKTIB Yy CTPYKTYPI MiAKIAIKH
@K 1 Ha B1IOMBaKOUy 371aTHICTh JI3epKala.

JIist MoJetoBaHHS BIUIMBY PEXUMIB (IHIIMIHUX TEXHOJOTIYHUX oOmepariii Ha
napametpu dopmyBanasi PK MOEMC Bukopuctano moBHuil (HaKTOPHUN EKCIIEPUMEHT.
Jljis mpoBeieHHsl eKCIIEpUMEHTY OYyJI0 BAKOHAHO HACTYIIHE: OTPUMAHO Ta MPOaHaI130BaHO
anpiopHy i1H(opmariito; oOpaHi BXiJHI Ta BUXIAHI 3MIHHI, PO3POOJICHO MaTEMaTHYHY
MOJieJb;, BHU3HAYEHO METOJl aHali3y JMJaHMX; MPOBEIEHO EKCIIEPUMEHT; IepEeBIPEHO
CTATUCTUYHI TEPEIyMOBH MJii OTPUMAHMX EKCIIEPUMEHTAIBLHUX JIaHUX; TMPOBEACHA
00poOka pe3ynbTaTiB, a TaKOX pPO3POOJCHO pEeKOMEHJalii W00 BUOOPY 3Ha4YeHb
napameTpiB 0OpoOHUX omepaliil y npoueci popmoyrBopeHHs: komnoHeHTiB MOEMC.
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Haiibinpmr  3HauynmuMu ~ BXITHUMH  (DAKTOpaMHd  TEXHOJOTIYHMX  Ormepariii
dopmoyTBOopenns PK, mo BiAMOBiAAIOTH yciM BUMOTraM (PaKTOPHOTO EKCIIEPUMEHTY, €
gac 00poOKH 3pa3ka — ¢ (x8), MBUIKICTh OOCPTAHHS IMMUHACISA — V (00/X8) 1 3ePHUCTICTh
MIACTH IS TOJIpyBaHHs Ta NUTiQyBaHHA — z (MKkm). B yCix mpoBeneHux A0caigax TUCK OyB
CTaJIOIO Ta OAHAKOBOIO BETUYHHOIO.

Mexi 3MiHH (aKTOpiB: MaKCUMaJbHHA Yac oOpoOku marepiany tma = 20 xs, a
MiHiMaTbHUA 1, = 10 x6; mBHOkicTh oOepTanHs gucka — Vo = 40 06/xs8,
V,in = 30 06/x6; 3epHUCTICTb NACTU — Zmax = 32 MKM, Lpin = 2 mxm. Mexi 3MiH (pakTopiB
nepesideHi B Tabmuii 1.

Ta6muis 1 — Mexi 3MiH GakTopiB

Yac 06pobku IHBraxicts 3ePHUCTICTE [opcTKicTs,
daxTopu (x6) o0epTaHHS TUCKa nacT (k)
(06/x8) (Mrm)
[IpuiiHsiTe NO3HAYEHHS t Vv z Ra
[To3Ha4ueHHs B €KCIIEPMEHTI X1 X5 X3 Y
Bepxus mexa (1) 20 40 32 —
OcHoBHuii piBeHsb (0) 15 35 17 —
Hwxas mexa (-1) 10 30 2 —

Ha mijgcTaBi npoBeeHUX JOCTIKEHDb Ta aHaIi3y OyJo 00paHO YMHHHMKHU, B SIKUX
3QICKUTh PE3YJbTyIoua BEJIWYMHA IIOPCTKOCTI Matepiany Y (Mkm) Ta CKIAQJICHO
y3arajJbHECHY MaTeMaTHUYHY MOJCIb 3aiexHocTi (8):

Y =1(t, v, 2), (8)

ne t, v, Z— dakTopu, 110 BIUTUBAIOTH HA BEIMYUHY Y.

[ToOynoBaHO MaTpHII0 MPOBEACHHS MOBHOTO (DaKTOPHOTO EKCIEPUMEHTY.
OcCKUIbKM ICTUHHUHN BUJ 0a30BOi (PYHKIIi HEBIAOMHIA, TO AJIsl OMKMCY MOBEPXHI BIATYKY
OyJio BuKOpHcTaHo piBHSIHHS (9), 110 sABIsE COOOKO PO3KIATAHHS i€l PYHKIIIT B PSI;

2
y =b0 +Zin:1bixi +Zir}:1bij Xin +ZP:1biiXi , 9)

ae Xi, Xj — 3MiHHi ¢daxropu ana i=1...n, j=1...n, npu 1upoMy i#j, Do, bi, bjj — xoedinienTn
perpecii 3a BIANOBIIHUX 3MIHHUX, 3HAYEHHS SIKMX BU3HAYaOTh ()OPMY MOBEPXHI BIATYKY.
IlepeBipka CTATUCTUYHOI 3HAUYIIOCTI KOE(ILIEHTIB perpecii BUKOHyBajdacs 3a
t-kpurepiem CtbrofieHTa. Bysio BU3BHaUY€HO AUCTEPCIIO BIATBOPIOBAHOCTI.
3a pe3ynbraTaMyd TMPOBEACHOTO EKCIEPUMEHTY OTPUMAaHO pIBHSHHA perpecii y
kogoBaHoMy Bursial (10):

y = 20,33-5,17X;+2,25%,+9,21x3+1,98%; Xa. (10)

Monens anamizyBanacs 3a Koe(imieHTOM JAeTepMiHAIl, SKU € 3HAYUMHUM JJISI PIBHS
3HauymocTi 5 % Tta mopiBHioe 0,98. OTxe, oTpuMaHe pIBHSHHS perpecii ajeKBaTHO
OIHCYE MPOLIEC Y MEKax JTOCIHIKYBaHOT 00JIacTi.

JIJist oTpuMaHHs MOBEPXHI BIATYKY KOXKEH 3 TpboX (hakTopiB Oyno 3adikcoBaHO Ha
MOYaTKOBOMY piBHI: t = 15 x6, v = 35 00/x8, z = 17 mkm. 3 BUKOPUCTAHHSAM WX 3HAYCHD
OyJ10 PO3KOIOBAHO PIBHSIHHS perpecii Ta OTPUMAHO TPH PIBHSIHHSA 3 IBOMA (haKTOpaMH.

Jlns nexkoyBaHHS PIBHSIHB OYJ10 MPOBEICHO 3aMiHY X; HAa HATypalibH1 3HAYCHHS:
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t-15 v—-35 z-17

x=—-=02t-3 X, = =0,2v—-7, X, = =0,0057z -1,13.
3)

[Ticns nexoayBaHHS BUPA3iB:

y(t,v,2)=20,33+5,17(0,2t - 3)+2,25(0,2v - 7) +

+9,21(0,05z - 1,13)+1,98(0,2t - 3)(0,005z - 1,13). (11)
[Ticyst BUKOHAHHS TIEPETBOPEHD 1 CKOPOUYEHb OTpuMaemo piBusaHHA (12) — (15):

y(t,v,z) =8,7975t +0,45v + 0,1635z + 0,0198tz —14,6251 (12)

Yi15(v, ) = 0,45v + 0,4605z — 5,8273, (13)

Yy_3s5(t,2) = 0,58652t +0,1635z —11249, (14)

Y,_1;(t,v) =0,92312t + 0,45v —1,1249 (15)

_m_i':":“ % [TobymoBana  3a  OTPHUMAaHUMU

ey ACM 40728 PIBHSIHHSAMU rpyma 3aJIeKHOCTEHN
s Mpe/iCTaBlIeHa Ha puC. 3.

____ACM 14710 3a OTPUMaHUMU rpadikaMu

z e sian MPOBEJICHO  OIIHKY BIUIUBY  KOXHOTO

is ¥l dakropy (abo komOiHamii (akTopiB)

oE A TEXHOJIOTIYHUX OIepaliii Ha mapameTpu
’ dopmoytBoperrs PK MOEMC.

Ha  puc. 4-6 MPEJCTABIECHO
MOBEPXHI BIATYKIB IUTACTHH JJis PI3HOI
KOoMOI1HaIii (paKkTopiB.

-
i
| \ I
'
0 '
3 ‘ 1" o
v "

Pucynoxk 4 — IloBepxHsl BIATYKY Pucynok 5 — IloBepxHs BiATyKY
3a (pIKCOBAHOTO 3HAYEHHS Yacy 0OpoOKU 3a (pIKCOBAHOTO 3HAUYEHHS IIBUJIKOCTI
000pOTY HIMUHIEIS

vy > T, X8

I'pusamcrs oGpooKn

Pucynok 3 — 3ajiekHICTh 3HIMAHHS
Marepiany BiJl TPUBAJIOCTI 0OpPOOKH
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Pucynox 6 — [ToBepxHs BIATYKY 3a (iKCOBaHOTO

3HAYEHHS 3€PHUCTOCTI aIMa3HOI MacTh

Ha nactynmHomy eTarti, 3 BAKOPUCTaHHSIM
pPEe3yABTAaTIB  KOMIT IOTEPHOTO MOJIEIIO-
BaHHs (opMOyTBOpeHHs miakiIanok OK
MOEMC, oTpuMaHO €KCiepuMEHTANbHI
3pa3Ky KOMITOHEHTIB.

Ha pucynky 7 mnpencraBiieHO
EKCIIEPUMEHTAJILHO OTPHUMaHi  3pa3Ku
noBepxoHb migkiagok @K MOEMC 3
KpemHito (puc. 7,a — 10 0OpOOKHM),
pe3ynpTati  OoOpoOKM B pexumi 3a
¢dikcoBaHOrO 3Ha4eHHs vacy (puc. 7, 0);
3a (pIKCOBAHOTO 3HAYCHHS MIBHUJIKOCTI
oOepTaHHsl IIMUHIEAS JO Ta IMICHsA
o0poOku  BigmoBigHO (pHUC. /,B  Ta
puc. 7, T), a TakoX 3a (PIKCOBAHOTO

3HAYCHHS 3€PHHUCTOCTI aJIMa3HOi MacTd JO0 Ta Micias oOpoOKkH BiamoBigHO (puc. 7, 1 Ta

puc. 7, e).

Pucynox 7 — 300pakeHHS] €eKCIEPUMEHTAIBHO OTPUMAHUX TT1IKIIAI0K
OK MOEMC 3 kpemHit0
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TakuM YuHOM, MpOBEACHE MAOCIIKEHHS Ja€ MOXJIMBICTh BH3HAUUTH TOYHI
3HaueHHA mapameTpiB ¢GopmyBanHs miakiagok ®K MOEMC, mo, B cBOO Hepry,
NO3UTHBHO BIUIMBA€E HA 3MEHIICHHS OCEpPEAKIB 1 po3MipiB AedEKTHUX MIKPO3apOIKIB Ta,
SK HACIIJOK, Ha 301IbIIEHHS KOE(IIIEHTY BITOUTTS.

Hanuit metox nosBossie miuanyBatu TII GopmMoyTBOpeHHS KOMIIOHEHTIB TaKOTO
TUIy, OTPUMAaHI pe3ylbTaTh MOXYTh OyTH IHTerpoBaHi a0 icHyrouoro II3, mo nmacte
3Mory rutanyBaTu TII, 3MEHIIUTH TPYIOBUTPATH HA IX BIPOBAKEHHS, 0OpOOKY MacHBiB
MaTeMaTUIHUX JJAHUX Ta 301IBIIUTH TOYHICTH 1 BIATBOPIOBAHICTh PE3YIIbTATIB.

YerBepTuii po3aia npucsyeHo po3podil metony kontpomo OK MOEMC, sk
eramry TII ix BuroroBieHHs. Po3pobieHuii MeTo 1 peasli3oBaHO 3aco0aMu KOMIT FOTEPHOTO
MOJICTIOBaHHSI E€KCTPEMYMIB CMYTI' Ha OCHOBI BIA(UIBTpOBaHUX I1HTEpPEpEeHITIHHUX
300paxkens nosepxonb ®K MOEMC.

Jns xoHtponto mnoBepxoHb DOK MOEMC 3anponoHOBaHO BUKOPHUCTOBYBaTH
(da3zoBuil MeTOA, KU J03BOJISIE IIBUAKO Ta TOCUTH TO4HO (10 0,001 MKM) mpoBOIUTH
YUCEIbHY OLIHKY NapameTpiB IIOPCTKOCTI 3pa3KiB 3a PaxyHOK BUKIIIOYEHHS CYIYTHIX
CKJIAJIOBUX Yy CHUTHAJIaX, aHali3yBaTH XapaKTEPUCTUKH MOBEPXOHb Ta OTPUMYBATH IX
TPUBUMIPHE 300paKEHHS.

PeanbHl 1HTEpQepeHIiiHI CUTHATXW MOXKHA TMPEACTABUTH ISl OJIHOBHUMIPHOTO
BunaKy B popwmi (16):

S(X,0) = So(X) + Sy, (X)coge + 27X + 7 (X) |+ n(x) (16)

ne ® — BekTtop mapametpiB; So(X) — ¢doHOBa CKiIaJIOBa; l//(X) — KoedirieHT ¢pa3oBUX
durykTyaniii; n (X) — agutuBHUE Oinnii ["aycciBCbKHiA TITyM.

Y (16) mnpucytHs TrapMoOHiiiHa iH(OpMaIliiiHa CKJIagoBa, IO CBIIYUTH MPO
JOIUTBHICTH 0OpOOKH 1HTep(EepEHIIIMHUX CUTHAIIB Y YACTOTHIM 001acTi.

Curnan (16) xapakTepu3yeTbcsi ABOMA 3HAYYIIUMH TTapaMeTpaMH — 4acTOTOIO Ug Ta
MoYaTKoBow ¢azoro &. Ha mpakTuill Mae miciie BIUTUB alipiOpHO HEBIOMHX MapaMeTpiB
Sm(X), w(X) Ta Sp(X), BHACIIZOK YOT0O BUIIA CUIHATY MOKE iCTOTHO 3MiHIOBATHCS.

Ile mae migcTtaBu JUisi BUKOPUCTAHHS HEMApaMETPUYHMX METOMIB T Yac
KOMIT I0OTepHOT 00poOKM iHTep(hEepeHIIINHNX CUTHAJIB HAa OCHOBI amapary IMepeTBOPECHHS
®yp’e: muckpetroro (17) — y mpomeci 00poOku N-eaeMeHTHOT MOCTiOBHOCTI 3HAYCHHS
curHany S(Qq) 1 JHUCKpETHOro 3BOPOTHOro meperBopeHHs (16) s BHU3HAYCHHS
NepiOANYHOCTEH y curHanax Bumy (18):

N-1
S(@) =Y s(p)exp(-j2mq/ N)
p=0 , (a7)

N-1
S(a) = (34)D_ s(p)exp(=j2zpq/ N)
p=0 : (18)
Hocnigauii 3pazok @K MOEMC micns QinimHNX omnepariiii 0y710 MOMIIIEHO B
iHTepdepomeTp Ta oTpuMaHo ¢Gorto Ta iHTepheporpamy mosepxHi (puc. 8). Ha puc. 8, a
BIJI3HAYAETHCA MPUCYTHICTh y CHUTHAJl BUCOKOYACTOTHUX Ta IMIYJbCHHUX IIyMIB, IIO
BIJIMBAIOTh HA JOCTOBIPHICTh aHali3y. BUKOpPUCTaHO 1HTEpPAKTUBHE CEPENOBUILE s
YUCEJIbHUX PO3PaxyHKIB 1 Bizyasizallii, iK€ J03BOJHIO C(HOPMYBATH MATPUITIO ITUPPOBUX
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nanux. Ha puc. 8, 6 HaBeneHo (hparMeHT po3MOALTY aMILTITYAu 1HTEphEPEHIIIMHOTO MOJIs
B OJIHOBUMIPHOMY BapiaHTI B MOIMEPEUHOMY JO0 CMYT HAmNpsSMKY, Ha puc. 8, B — CUTHAT 13
IIYMOBOIO CKJIaJIOBOIO B 0araTOBUMIPHOMY BapiaHTI.

BpaxoByroun, M0 CHUrHaT MICTUTh 3HA4HI IIYMOBI CKJIAJOBi, SIKI YCKJIaTHIOIOTH
3HAXO/KEHHS JOCTOBIPHUX 1HTEP(PEpPEHIIMHUX MAKCUMYMIB OTPUMAaHOi MAaTpHIl, s
MiHIMI3alil IIyMOBUX CKJIAJJOBUX MPOMOHYETHCS MPOBECTH (UIBTPALIO BXITHOTO CHUTHATY
3 BukopuctanusaMm ¢ynkuii barrepsopra. IlepenaBanbHa QyHKiis QUIBTpa HUKHIX YaCTOT
baTtTepBopTa N-ro NOpsIKy XapakTepu3yeTbes Bupazom (19):

1

H(jw 2=—.
H(w) 1+w2"

(19)

K& TN

Fackd amphtade

Flomont mumbcr

a) 6)

Field amplitude

B)

Pucynok 8 — Buxigne intepdepenuiiine 300paxerss pparmenty nosepxai ®K
JOCTIKYBAaHOTO 00’ €KTy: a) iHTepdeporpama pparmenty noepxui OK;
0) pO3MoALT aMILTITYId 1HTeP(EPEHIIHHOTO TOJISI B OJJHOBUMIPHOMY BapiaHTi,
B) CUTHAaJ 13 IIYMOBOIO CKJIAJ0BOIO Y 0araTOBUMIpHOMY BapiaHTi

Ha puc. 9, a nokazano BindinbTpoBanuit inTepdepeniiitamii curaan ¢pparmenty OK
3 BUKOpUCTaHHAM QuibTpy barrepBopTta, a Ha puc. 9, 6 — BUAUIEHH] IITyMH, Ha puc. 9, B —
curHai inTepdepeHiii 10 GuIbTparlii Ta mcist B OAHOMIPHOMY BapiaHTi I TOPIBHSIHHSL.

Ha puc.10,a mpencraBineHo TpuBUMIpHUN Tpadik pO3MNOAUTY  aMILIITYIU
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iHTepdepentifinoro mos Ha 3pa3ky @K no ¢iapTpartii Ta micns ¢iapTparnii — puc. 10, 6.
Buxopucranas  ¢umeTpy barrepBopra  gamo  3MoOry  3TJaAWTH  aMILTITYAy

1HTep(EepeHIHHOTO MOMsl, YCYHYTH ()OHOBY CKJIQJIOBY, 3MEHIIUTH KUIBKICTh HIYMIB B
1HTep(dEepeHIIHHNX cMyraxX 1 MK HUMH Ta 30UTBIINTH YITKICTh KApTHHM 3pa3ka MOBEPXHi

OK, THM caMUM TBUIIUTH TOYHICTh HAa HACTYITHUX €Tarax 0OpoOKH.

i 5
Eiieat iaber ’ ’ ' Floment number ' "
a) 0)
3.
Element number
B)
Pucynox 9 — BindinsTpoBanuii intepdepeniiitauii curnan pparmenty OK
13 BUKOpUCTaHHIM QuUIbTpy barrepBopTa: a) BiAdiIbTpoBaHUI cUTHAT; 0) BUIIJICHHI
IIYMH; B) CUTHAJ J0 Ta micis (iapTpariii
2" E.
g g
- o -
3. 5
-8 B,
X : : v X . Y
a) 0)

Pucynok 10 — TpuBumipH#uii rpadik po3noaiTy aMILITYAH
intepdepenuirinoro nons OK: a) no ¢insrpanii; 6) micnus diaprparii
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VY pesynbTati nepeTBopeHHs ['ioepTa iHTep)EpEeHIIMHOTO CUTHAY BiJHOBIKOETHCS
crpsbkeHa KoMroHeHTa S¢(X) B aHamiTiaHoMy curHaii (20):

z(X) =S¢ (X) + Jss(X), (20)
ne
s.(X) = Re{z(X)} = s, (X) cosle + 271X + w(x)]
55 (X) = Im{z(x)} = sy (X)sin[s + 2ax + (X))

BuxopucraBmm  kBagpatypHi ckiagoBi 3 (20) oTpumyemMo OIiHKY (a3u
inTepdepentiiinoro curnany (19), BukoHyroum omnepaitito (21), 1mo mificHa A ycix
3HAYECHb X:

P(X) = & + 27X +7(X) = arctg[s, () / s,(x)]. (21)

B omnepamii (21) 3HaueHHs (a3u OOYMCIIOITh 3 YpaxyBaHHSIM BCIX YaCTOTHHX
CKJIQJIOBUX CUTHAIY, 110 € CYTTEBUM 1 3HAYHO M1ABUIILYE TOYHICTh KOHTPOJ0 OK.

Ha puc. 11 HaBeseHO CHEKTp BX1HOTO CUTHATY 3 BUJIIJICHUM KOPHUCHUM CUTHAJIOM,
a Ha puc.12 —BiaduibTpoBaHMii curHaim Ta ioro ¢dazoBy QyHkiiro. dopma cUTHATY
MOBTOPIOE BX1THUM, OTKE XapaKTEPUCTUKU (DLITBTPY 0OOpPaHO KOPEKTHO.

Amplitude
Amplitude

Frequency Row number

Pucynok 11 — CriekTp BX1HOTO Pucynok 12 — ®a3oBa QpyHKIIis
CUTHAIIy 3 KOPUCHUM CUTHAJIOM BiI(DIITBTPOBAHOTO CUTHAITY

Jlia BU3HaUeHHs 1HTep(EPEHIIIMHUX MAaKCUMYMIB 13 BUKOPUCTAHHSM MEPETBOPEHHS
['inbGepra HEOOXITHO CHIBBIIHECTH TOYKY, B fAKiM (pa3oBHil 3HIMOK JOPIBHIOE HYJIO, Ta
TOYKYy  BiaduibTpoBaHoro curHaimy. KoopauHath  IMX  TOYOK  BIAIOBIAAIOTH
1HTEpPEepEHIIIHHUM MaKCUMyMaM 3 MaTpUIll Bih1IbTPOBAHOTO CUTHAITY.

OTpuMaBIIM MaKCUMYMH Bi(UIBTPOBAHOTO CHUTHAy, BH3HAYAEMO KBaJIpPATHUIM
KOPIHb 13 CEpeHbOr0 KBaapaty (cepeane apupMETUIHE 3 KBaAPaTiB HAOOpPY YMCen), BUpas3
(22) nuist KOKHOT KOJIOHKH (1HTep(EPEHIIIHOT MOJI0OCH ) BiATIOBIIHO:

X, = \/%(xlz + X+ X D) | 22)

J€ X1...Xn — KOOpJIMHATA MAaKCUMYMY 1HTeP(GEPEHIIIMHOI CMYTH; N — HOMEP TOYKH B MEXKax
1HTep(epeHIiitHOT CMyTH.

OTtpumaHi pe3yabTaTH BKa3yrOTh, 110 OpAaoK QyHKIii barrepBopra (1 mopsaky) 3a
YMOBH 3MIHH W,, W, OyJ0 BCTAHOBJICHO BIPHO Ta BH3HAYEHI YAaCTOTU 3HAXOISATHCS
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B mexkax B1j 0,08 'y mo 0,35 I'm.
VY pe3ynbpTaTi IpOBEACHOTO EKCIEPUMEHTY OTPUMaHO rpadivyne 306pa>1<eHH;1 «rpacu,
0 TMpeACTaBieHa MaKCHMyMaMHu IHTePhEPEHINMHOTO CUTHAITy, SKI BiAMOBIIAIOTH
3HAUEHHSM TapaMeTpPiB  CEpeHiX
" apu(PMETUYHUX BIAXUICHb MPOQPUIIO
nosepxai DK MOEMC (puc. 13).
o CT LI T 1] ) ' AT T I P0o3p0o06iIeHO METOI KOHTPOITIO

iaf;.iﬁffif.f\“f"l_"/.

N L MTOBEPXOHb OK MOEMC 3a
20 bt l-_’_l N e\ PaxyHOK BHKOPUCTAHHS
150 L \‘ - / : iHTepdepeHIiiiHoro  MeToay, B
100 bt e x

AKOMY, Ha BIAMIHY BiJ ICHYIOUHX,
3allpONIOHOBAaHO  BHKOPHCTOBYBATH
CMYroBUM (QUIBTp M1 YCYHEHHS

S0 +————1+—— \_J‘

123456783101 R2131415161718192021222324252627 28253031

Homep paaxa
IHTeopdheopeHliRHOIro 20hGpaxeHHn

CYITyTHIX CKJIaJIOBUX B
Homep eneMenTy . . .
. iHTepdepeHIlIftHOMY CUTHaM, IO
Pucynok 13 — «Tpacw» MmakcuMymiB cMyT J03BOISC IIABUIMTH TOYHICTH i
iHTepEpEeHIIHHOr0 CUrHAIY noctoBipHicTh TII koHTpomO Ta

3HU3UTH TPYJOMICTKICTb.

IPsiTmid po3ain aucepraliiitHoi poOOTH MICTUTh OMKC €KCIIEPUMEHTAILHOTO MAaKeTy Ta
pe3yJIbTaTu JTOCHIKEHHS 3pa3KiB, 10 OyJu OTpUMaHi 3 BUKOPUCTAHHSM 3alPOIIOHOBAHUX
METO/IB.

Sk Oyno BH3HAYEHO, OJHIEIO 3 OCHOBHUX XapakrepucTuk sikocti @PK MOEMC e
BIIOMBalOYa 3/4aTHICTb, a00 KUIBKICTh CBITJia, W10 MOLIMPIOETbCS B  HAMpsMKY,
NPOTWISKHOMY 10 HAmpsMKY Mepefadl KOpUCHOI 1H(QoOpMallli Ha eTari MepeHanpaBiIeHHS
CUTHAJTy B CBITJIOBOJIaX.

OCHOBHOIO TIPUYUHOIO 3BOPOTHUX BTpAT € BIAOUTTS BiJ OOJNACTI 3MIHU TMOKa3HUKA
MiKpopenbedy a3epKaiia, sike YTBOPIOEThCS Uepe3 HasBHICTh HepiBHOCTEH Ha moBepxHax DK,
[e#t edexT MiHIMI3yeTbCst Ha eranax BUpoOHuUITBA Ta KoHTpoiwo (TII ¢popmoyrBOpeHHs),
nusixoM HajmanHs noBepxHi DK meBHoi Gopmu Ta BiactuBocTeil. Benmmuuny miamazony
PO3CIIOBaHHSI OMNTHYHOI TMOTYXHOCTI, B 3aJIEKHOCTI BIJ MIKpPOpeIbey MIKpOI3EpKa,
OITUCYIOTh BHpa3oM (23) [uis i1eaIbHO TJ1aIKOT YMCTOT IOBEPXHi:

\2
—1-exp -(—4’”?3@') , 23)

e 77 — BIACOTOK BTpAaT Ha PO3CIIOBaHHS, O — CEPEAHBOKBAJIPATHYHA MIOPCTKICTH
Bi1OuBarouoi nmoepxHi OK; G — kyT najiiHAS TPOMEHIO CBITIA; A — JOBXKUHA XBUJII.

Ha pucynky 14 HaBemeHO MakeT i JOCHIIKEHHS BimOmBarouoi 3matHocTi OK
MOEMC, sxuii ckinamgaeTbcsi 3 BUMNpPOMIHIOBaua 1 Ta ¢orompuitMaya 2 Ha ONTUYHUX
MO3UINIOHEpaxX 3 JUI FOCTYBaHHSI, TOCIITHOTO 3pa3ka — BIAOWBHOT MiKIAAKK 4, KyT MaiHHS
MIPOMEHSI Ha SIKY PETyJIOE€ThCSI KPOKOBUM JIBUTYHOM 13 TIPOTPAMHHMM KEpyBaHHSIM S, Ta
BUMIPIOBaYa ONMTHUYHOI MOTYKHOCTI 6. BCsi KOHCTPYKIIisS JOCTITHOTO MaKeTy B poOOdYOMy
PEXKUMI 3aXUIIEHA KOPITYCOM 13 BHYTPILIHIM CBITJIONOTTMHAIOYAM MTOKPUTTSIM.

bymu mnposeaeni mgocmimxeHHs 3paska DK, mo orpumaHi 3 BUKOPUCTaHHSIM
3anpONOHOBAaHUX METO/IIB.
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Pucynok 14 — MakeT 115t AOCIIKEHb
BimOuBarouoi 31atHocTI PK MOEMC

3 1bOr0 MOXHa 3pOOUTH BHUCHOBOK,
0 OAHI€0 3 OCHOBHMX TIiepeBar DK
MOEMC Ha OCHOBI 3epKal €
HE3aJICKHICTh BTPAT BiJl JOBKUHU XBHIII.
BTpatn, mo BHOCATBCS A3epKalaMH,
3anexarth Bij skocti DK Ta xyTa maaiHHS
MIPOMEHS.

OtpumaHi  pe3yJbTaTy,
JIOBE BIIPOBAKCHHS
aucepTaniiHoi  poboTH,
3pOOMTH  BHCHOBOK IIPO
3aBIaHp  ImiaBuIIeHHS  sgkocTti DK
HUIAXOM  PO3POOKH  TEXHOJIOTTYHOIO
3a0€3MEeUCHHS TEXHOJIOTIYHOTO MPOIIECy
BUPOOHMIITBA HA OCHOBI JIOCIIIKEHb
(b13UKO-TEXHOJIOTIYHUX  TapaMmeTpiB 1
METOIB KOHTpoto enemMenTiB MOEMC-
NepEeMUKAaYIB.

MIPOMHUC-
pe3yabTaTiB
J03BOJISIFOTh
BUKOHAHHS

(idaHa BHHEBOIDECd

BusnaueHo  Benu4uHY
PO3CIIOBaHHSA ONTHYHOI €Hep-
rii curHany 77 B 3aJE€KHOCTI
BiJl IIIOPCTKOCTI MOBEPXHI O Ha
pI3HIM  JOBXHHI
(puc. 15).

[Ilo6 oTpumaTu 3HaYEH-
H Koe(illieHTy Bi10MBaIOYOi
3MaTHOCTI Ha  PO3CIIOBaHHS
menme 3a 10 %, MOPCTKICTH
noBepxHi ®K wmae Oyt
MEHIIOK 3a 57 HM, IPU LBOMY
po3citoBajibHA 31aTHICTh
Maibke He 3aJIeKUTh  BIJ
JTOBKHHN XBHJII TPOMEHS ¥
MEXax JOCIIKEHOI IUISHKU
JTIOBXMHH XBHJIb.

XBWI A

0.25

0.20
0.15
0.10
0.05
0.00

100
80
60
40

Opcy,
Kic 20
Ts, Mg 0 &

Pucynox 15 — 3anexxHicTh po3CitOBaHHSA

BiJI CepeAHBOKBAIPATHYHOI IopcTKocTI DK

OCHOBHI BUCHOBKH TA PE3VYJIBTATHU POBOTH

VY nucepraiiiiniii pod0TI, Ha MIJCTaBl OTPUMAHUX PE3YJIbTATIB, BUPIIIEHO aKTyaJbHY

HAyKOBO-TIPUKIIAJIHY  3ajady
TEXHOJIOTIYHOTO 3a0e3IeUcHHS,

M1 IBUIICHHS
a TakoX PO3POOKM Ta YIAOCKOHAJEHHS METOIIB

agkocti DOPK MOEMC 3a

PaxyHOK

IPOTHO3YBaHHS 1 OIIIHKK XapakTepucTuk niakiagok @K MOEMC,
[IpoBeneHi nocaiKeHHS TO3BOJISIOTh 3pOOUTH TaKli BUCHOBKU:
1. Po3poGaeHo mozeni Ta MeTo]l 3a0e3neueHHs skocti minkiaanok @K MOEMC Ha
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eTari BUTOTOBJIEHHS, Kl JI03BOJISIIOTH MPOTHO3YBATH CTaH miakianok @K 3 ypaxyBaHHIM
TEXHOJOTIYHUX (PakTOpiB mix vac ix BurotoBieHHs. Po3pobmeno 13 nmns Bizyamizarii
nporeciB y TII BupoOnunTea migkinagok @K, mo nae 3MeHIIEHHS TPYIOBUTpAT OiNblie
HiX B 1,5 pa3m.

2. Po3po0neHo Mozenb BIUIMBY HMapaMeTpiB TEXHOJIOTIYHUX Omepauiid nuiidyBaHHsS
Ta ToJIipyBaHHs Ha mapameTpu GopmoytBoperHss DK MOEMC, mo 103Bojsie BUSHAYUTH
BEeIMYMHY BHXITHUX TMapaMeTpiB [JII OTPUMaHHS 3aJlaHUX YHUCEIBHUX 3HAYCHB
IIOPCTKOCTI.

3. Po3pobneno meton koHTpono @K MOEMC, ycyHeHHs CyMyTHIX CKJIaJIOBUX B
iHTepdepeHIiiHoMy 300pa)KeHHI 3a PaxXyHOK BUKOPHUCTAHHS aJallTHBHOTO ITU(POBOIO
GUIbTPY, IO JO03BOJMB IMABUIIUTHA PIBEHb 1 JOCTOBIPHICTH BIATBOPEHHS IapaMeTpiB
dopmoyTtBopenHss K MOEMC Ta po3mmputu ¢GyHKIIOHATBHI MOMXJIMBOCTI METOJIB
BUINPOOYBaHb 1 TEXHOJIOT1T KOHTPOJIIO.

4. CTBOPEHO  EKCIIEpUMEHTAIbHUA  MakeT 1  TPOBEAEHO  JIOCHTIIPKEHHS
3alpONOHOBAHUX METOMIB. Y pe3yJbTaTi MPOBEACHUX EKCHEPUMEHTAIbHUX OCIIIKEHb
OTPUMAHO JaHl, BIAMOBIIHO O SIKMX MOKHA MPOBECTU MOOYAOBY M aHANI3 3aJIeKHOCTEN
Bux1gHuX napametpiB miakiaagok @K MOEMC Ha po3citoBaHHS ONTHYHOI MOTYKHOCTI.
BusHnaueHo, 1mo ajis OTpUMaHHSA 3HAUYCHHS KOE(IIIEHTY BiIOMBAIOUYOi 3JaTHOCTI Ha
po3citoBanHs MeHuie 3a 10 %, mopctkicTs noepxHi @K mae Oytu meHmow 3a 57 HM,
MpHU I[bOMY PO3CIIOBaJIbHA 3/IaTHICTh MalXKe HE 3aJIeKUTh BiJ JIOBKUHHM XBUJII POMEHS Y
MeKaxX IOCIIIKEHOI AUISHKH JOBXXHHH XBHJIb, a 3aJICKUTHh BiJ skocTl migkiagku DK
MOEMC.

Ha ocHOBI mpoBeieHHX JAOCHIDKEHb PO3POOJICHO TEXHOJOTIYHUN  MpoIec
BurotoBiieHHs minkinanok @K MOEMC.

5. Pesynbratu pobotu aucepraniifHoro nociimkenHs O0ynu Bukopucrani TOB TK
«Banop» mys TecTyBaHHS Ta TEXHOJIOTIYHOTO KOHTPOIIO KOMYTAIliHHUX KOMITOHEHTIB
onToBoJOKOHHMX JiHIA 3B’si3ky Ta [IAT «XimpapmszaBog «UEPBOHA 3IPKA» B
ONTOBOJOKOHHMX KaHajax 3B’A3KY, 5Kl € CKJIaJJOBUMU TEXHOJIOTTYHUX JIIHIA BUPOOHUIITBA
Ta KOHTPOJIIO JIKAPCHKUX 3ac001B. 3a pe3yJabTaTaMu JOCHIKEHHS MOXUOKAa BUMIPIOBAHHS
napametpiB @K He nepeputiye 1 %, mpo 110 € BiAMOBIAHI aKTH.

6. PesynpTatn  po0OOTHM OTpUManu JOCHiTHE BIPOBAHKCHHS B  «IHCTUTYTI
cuMHTWIsAIHHKUX MaTepianiBy HAH Ykpainu.

/. PesynpTaT poOOTH 31 CTBOpEHHS Ta AociipkeHHs miakinaaok GK MOEMC
BIIPOBA/KCHHI Ta MPOUIIIIN €KCIIEPUMEHTANIbHY TepeBipKy Ha 6a3i lleHTpa He3anexxHUX
nociimxers TOB HBII «YkpinTex» B aTecToBaHii BUPOOYBalbHIM J1TabopaTopii.

BurortoBiieHi 3pa3ku BiAPI3HIIOTHCS BiJ BIIOMUX aHAJIOTIB THM, IO iX BiJOMBaro4a
31aTHICTH OublIa Ha 9%, mpudomy noxuOka BUMIipIOBaHb He mepeBuulye 1 % y BchoMmy
Jiana3oHi BUMIPIOBAHHS.

8. 3ampomoHoBaHI METOAM OYJI0 BUKOPUCTAHO ]I Yac PO3POOKHM KOHCTPYKIIIH
BIIOMBAYIB JJII COHSYHOTO MOJYJS 31 CTAlllOHAPHUM KOHIIGHTPATOPOM 1 KOJEKTOpa 3
KOHIIEHTpAaTOpoM. BukianeHi pilleHHsS 3axuIleHl IaTeHTaMHu Ha KOPUCHI MOJEII:
Ne 118295 «Constunmii MOJ1yJIb 31 CTalllOHAPHUM napaboIOMITIHAPUIHUM
KoHIeHTparopom» (Bia 25.07.2017) ta Ne 138990 «ConsiuHuit kojekTop 3 (HOKIIHHUM
KoHieHTpatopom» (Bix 10.12.2019) BignoBigHO.
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9. Pesynbrat qucepTaliiHuX JOCHIKeHb BIPOBAIHKEHI Y HaBUAJIBLHOMY MPOIIECi
Ha Kadenpi eneKTpoHHHMX amapariB KpeMeHYylbKOro HaI[lOHaJbHOTO YHIBEPCHUTETY
iM. M. Octporpascekoro, Ha kadeapi iHGopMaIlitHuX TEXHOJOTIA €IeKTPOHHUX 3ac00iB
HarionanesHoro yHiBepcUTETY «3amopi3bka MOJITEXHIKa», a TAKOXK Y HAyKOBO-TOCI1THIX
poboTax 1 HaBYAIbHOMY TMpoIeci Ha Kadeapl KOMI IOTEPHO-IHTETPOBAHUX TEXHOJIOTIMH,
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AHOTAIIA

Yaga O. O. Texnosoriune 3ade3nevyeHHs AKOCTI MiAKJIAA0K (PyHKIIOHATBLHUX
KOMIIOHEHTIB MiKpPOONITOEJIeKTPOMEXaHiYHuX cucTeM. — Pykonuc.

Hucepraiiis Ha 3100yTTS HAayKOBOTO CTYMNEHs KaHAWAaTa TEXHIYHUX HayK
3a cnemianpHicTIO 05.27.06 — TexHomOTIsI, 00JagHAHHSA Ta BUPOOHHIITBO EIEKTPOHHOI
TEXHIKU. — XapKiBCbKUI HAI[lOHAIIBHUM YHIBEPCUTET palioeNeKTpoHiku, Xapkis, 2021.

HuceprairiitHa po6oTa MpUCBSYEHA BUPIIICHHIO aKTyalbHOI HayKOBO-TIPUKJIATHOI
3amaul  miaBuieHHa — skocTi  DPK  (dbyHkuioHaneHux — komrnoHeHTiB) MOEMC
(MIKpOEIEKTPOMEXaHIYHUX CUCTEM) 3a PAXYHOK TEXHOJIOTTYHOTO 3a0€3MEeYeHHS, PO3POOKHU
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Ta YJOCKOHAJICHHS METOIB MPOTHO3YBaHHSA W OIIIHKM XapakTepucTuk miaknagok OK
MOEMC. Po3pobneno Mojaeni ta MeToJ1 3abe3neueHHs saxocTi miakinaaok @K MOEMC,
K1 JO3BOJISIIOTH TMPOTHO3YBAaTU cTaH miAkiaaaok @OK mi BIUIMBOM TEXHOJOTTYHHUX
dakTopiB mig dYac IX BUTOTOBIEHHA. Po3poOreHO Mojenb BIUIMBY MapaMeTpiB
TEXHOJIOTTYHUX omepalliid nurdyBaHHsS Ta MOJIpyBaHHSA Ha mapaMeTpu (HOpPMOYyTBOPEHHS
®K MOEMC, 1m0 103BoJIsIE BU3HAUYNUTH BEJIUYHHY BUXITHUX MMapaMeTpiB ISl OTPUMAHHS
3a/IaHUX YMCEJIbHUX 3HaY€Hb MIOPCTKOCTI. PO3pO0IEHO TEXHOMOTIUHUN MPOIEC KOHTPOIIIO
nigkinagok PK MOEMC, 1o HampaBieHUI Ha TiABUIIIEHHS TOYHOCTI Ta BiITBOPIOBAHOCTI
iHopMalrii, 3HWKEHHS TpyAoMiCcTKOcTi. CTBOPEHO EKCIIEpUMEHTAIBHUNH MakeT 1
MPOBENICHO JIOCHTI/DKCHHS 3alpOTIOHOBAHMX METOMIB. Y  PE3ylbTaTi MPOBEACHHUX
EKCIIEPUMEHTAJIbHUX JOCTIHPKeHb OTPUMAHO JIaHl, SIKI JIajJyd 3MOTY JaTH OILIHKY BILJIUB
napametrpiB @K MOEMC-niepemukadiB Ha pO3CIIOBaHHS ONTHYHOI MOTYKHOCTI.
OtpumaHO pe3yJbTaTH, BIAMOBIAHO JI0 SKUX MOKHA MPOBECTH MOOYAOBY W aHai3
3anexHocTed BuxiaHux mapamerpiB miknagok @K MOEMC nHa po3citoBaHHS ONTHYHOT
noTy>HocTi. Ha OCHOBI mpoBeneHUX OCHIIKEHb PO3POOJICHO TEXHOJOTIUHUN MpPOILec
BUrotoBieHHs miakiaagoxk @K MOEMC.

Knrwouosi  cnosa:  mikpoonmoenekmpomexaniuni — cucmemu,  QYHKYIOHATbHUU
KOMNOHEeHm, NIOKNA0Ka, (DIi3UKO-MEeXHON02IUHA MOOelb, MOO0elb  NPOSHO3)Y8AHH,
GhopmoymeopenHs, HepyUHiBHUL KOHMPOJIb, MEXHON02IYHUL npoyec.
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Jluccepraiiusi Ha COMCKAHWE YYEHOM CTEMEeHM KaHAWIaTa TEXHWYECKHX HayK IO
cnenmanibHocTH  05.27.06 — TexHonorusi, 00OpyIOBaHHUE W TPOM3BOACTBO AJIEKTPOHHOMN
TEXHHUKU. — XapbKOBCKUI HAIMOHATILHBIA YHUBEPCUTET PaIHOICKTPOHHUKH, XapbKoB, 2021.

JluccepraiimonHass paboTa TO CBsIIIEHHA aKTyaJbHOW HAay4HO-TIPUKJIQIHON 3ajaue
MOBBIIIECHUS KauecTBa OK (pyHKIIMOHATEHBIX KOMIIOHEHTOB) MOSMC
(MHUKpPOOIITORIEKTPOMEXaHUUECKUX CHUCTEM) 3a CYET TEXHOJIOIMYECKOrOo OOECIICUCHMUS,
pa3paboTKN M YCOBEPILICHCTBOBAHUSI METOJIOB MPOTHO3UPOBAHUSA U OIICHKU XapaKTEPUCTUK
nojioxkek @K MOOSOMC. Pa3zpaboTtanbl Moienn U METO, 0OECeUeHHs] KaueCcTBa MOJIOKEK
OK MOSMC, KoTopble MO3BOJSIFOT IPOTHO3UPOBATh cocTtosiHue noiokek DK mon
BJIMSIHUEM TEXHOJIOTMYECKUX (PAKTOPOB MPH MX M3rOTOBJICHUHU. PazpaboTraHa Moie/b BIUSHUS
mapamMeTpoB TEXHOJOTHUYECKHX oOmepanuid NUTMGOBKH ¥ TIOJMPOBKM HA TMapaMeTphI
dbopmoobOpazoBanusit PK MODMC, 4TO MO3BOJISIET OMNPEIACIUTh BEJIMYMHY HMCXOJIHBIX
mapamMeTpoB JIJIsl TIONYyYCHUsT 3a/IaHHBIX YHMCICHHBIX 3HAYCHUMW IIepoxoBaTtocTu. Paszpaboran
TEXHOJIOTHYECKUI Tiporiecc KOHTposia mnomnoxkek DK MOODMC, HamnpaBieHHbIA Ha
TIOBBIINIEHHE TOYHOCTH ¥ BOCIPOM3BOIUMOCTH WH(OPMAIIMHU, CHIDKEHHE TPYJIO0EMKOCTH.
Co3iaH 3KCIIepUMEHTAIBHBIN MaKeT U MPOBEICHO MCCIICIOBAHUE MPEJIOKEHHBIX METOI0B. B
pe3ybTaTe MPOBEACHHBIX IKCIEPUMEHTAIBHBIX MCCIECIOBAHUNA MOTYYEHbI JaHHBIE, KOTOPhIC
MO3BOJIWJIN JIaTh OLEHKY BiMsiHUA ntapameTpoB K MOOMC-niepekitouaTenell Ha paccesiHie
ONTUYECKOM MOMIHOCTH. [lomydeHbl pe3ynbTaThl, B COOTBETCTBHH C KOTOPHIMH MOXHO
MIPOBECTU TOCTPOCHUE U aHAIU3 3aBUCUMOCTEM BBIXOJHBIX MapaMeTpoB Moioxkek DK
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MOODOMC Ha paccessHHE ONTUYECKOW MOIIHOCTH. Ha OCHOBE MpPOBENEHHBIX HCCIEIOBAHUI
pa3paboTaH TEXHOJIOTUYECKHU Tiporiecc n3roropieHus noanoxek ®K MOSMC.

Kniouesvie cnosa: muxkpoonmosnekmpomexaHuueckue cucmemvl, @OYHKYUOHAbHbILL
KOMNOHEHm, NOONONCKA, (DUSUKO-MEXHON0SUYECKAs MOOeNb, MOOeNb NPOSHOSUPOBAHUS,
Gopmoobpaszosanus, HeEPa3PyUaArOWULl KOHMPOIlb, MEXHOL02UYECKUL Npoyecc.

ABSTRACT

Chala O. O. Technological quality assurance of substrates of functional
components of microoptoelectromechanical systems. — Manuscript.

Thesis for the degree of candidate of technical sciences in specialty 05.27.06 —
Technology, equipment and production of electronics. — Kharkiv National University of
Radio Electronics, Kharkiv, 2021.

The dissertation work is dedicated to the actual scientific and applied task of
improving the quality of FC (functional components) MOEMS (micro-
optoelectromechanical systems) through technological support, development and
improvement of methods for predicting and evaluating the characteristics of FC MOEMS
substrates. Models and a method for ensuring the quality of MOEMS FC substrates have
been developed, which make it possible to predict the state of PC substrates under the
influence of technological factors during their manufacture. For the first time, a physical-
technological model for predicting substrate defects of functional components of micro-
optoelectromechanical systems has been proposed, which takes into account the quality of
the substrate layer and makes it possible to predict the parameters of technological
processes that can lead to the appearance of technological defects in substrates, as well as
to correct the technological processes of their manufacture. A model of the influence of
the parameters of technological operations of grinding and polishing on the parameters of
the formation of FC MOEMS has been developed, which makes it possible to determine
the value of the parameters for obtaining the specified numerical values of the roughness.
A technological process for controlling MOEMS FC substrates has been developed and
investigated, aimed at increasing the accuracy and reproducibility of information, and
reducing labor intensity. The method takes into account the relationship between the
thickness of the layer for removing defects in the functional components of micro-
optoelectromechanical systems and the factors of shaping: speed, time and granularity of
the polishing paste and their combined effect. This makes it possible to determine the
parameters of the surfaces of the functional components of micro-optoelectromechanical
systems. It is proposed to use the interference method in the technological quality control
of functional micro-optoelectromechanical systems. This is realized by eliminating the
accompanying components in the images using the proposed adaptive filter. This makes it
possible to increase the reliability of the reproduction of the parameters of shaping of the
functional components of micro-optoelectromechanical systems and to expand the
functionality of the control technology methods. A method for identifying the extrema of
interference fringes of images in the technological process of monitoring the surfaces of
functional components of micro-optoelectromechanical systems is proposed, which differs
in the determination of the phase function from the ratio of the useful and complexly
coupled with Hilbert signal components, which makes it possible to increase the reliability
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of determining the parameters. An experimental model was created and the proposed
methods were studied. As a result of the experimental studies, data have been obtained
according to which it is possible to construct and analyze the dependences of the
parameters of the MOEMS FC substrates on the scattering of optical power. It was
determined that to obtain the value of the coefficient of reflectance for scattering less than
10%, the surface roughness of the FC should be less than 57 nm, while the scattering
ability is almost independent of the wavelength of the beam within the investigated
wavelength region, but depends on the quality of the substrate of the MOEMS FC. The
results are obtained, in accordance with which it is possible to construct and analyze the
dependences of the parameters of the MOEMS FC substrates on the scattering of optical
power. On the basis of the studies carried out, a technological process for the fabrication
of MOEMS FC substrates has been developed.

Keywords: microoptoelectromechanical systems, functional component, surfaces,
physical-technological model, forecasting model, formation, non-destructive testing,
technological process.



