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METOAbl ®OPMUPOBAHNSA MACOK AASl B3PbIBHOM AUTOTPA®UN

Ilocmynuna 6 pedarxyuio 27.06.2017

Jlumoepagus seasiemcs KA4egbim MeXHOA0UHECKUM NPOUECcOM 6 NPoU3800cmee HOAYNPOEOOHUKOBbIX NPUOOPO8 U MUKPO-
cxem. B cmamve npoanasuzuposarsi cyuecmeyrouue memoosi QopMuposanusi Monoa02uy NAeHOYHbIX NEMEHMO8 C UCHOAb306a-
HUeM 83DblGHOU Aumoepaguu u meHOeHYUY paseumus 0aHHo20 Hanpaeierus. [Ipu uneepcHom nepeHoce u300paNceHus PUCYHKa pe-
3UCMUBHOU (KOHMAKMHOU) MACKU NOAHOCMbIO YCMPAHAIOMCS MPYOHOCMU, CEA3AHHbIE ¢ A0KANbHOU 00pabOMKOU AKMUBHO20 CAOS.

IIpusedervl cnocobbl 8bINOAHEHUS MACOK C NOMOUbIO NPOCKYUOHHOU AUMOZPAPUU U MEXAHUYECK020 NEPEHOCA U300PaANCeHUs.
Tlokazanbl 603MONCHOCMU, 02DAHUMEHUS U 00AACMU NPUMEHEHUS PA3AUMHBIX 8APUAHMO8 MACKUPOBAHUSI.

Karoueevie caoea: /tumoepadmﬂ, 63Dbl6HAA ﬂumoepa¢uﬂ, KOHMAaKkmHasa macka, pesucmueHasa macka, HAHOUMNPUHMUHZ

Beeoenue

Jlutorpadus sBasSEeTCS KIIOYEBBIM TEXHOJIOTMYEC-
KUM MpPOLECCOM B MPOU3BOACTBE MOJYIPOBOIHUKO-
BBIX MpuOOpoB U Mukpocxem [1]. [lo mpuHUIMITY Te-
peHoca n300paxkeHus1 2JIEMEHTOB Ha MOMJIOXKY MOX-
HO BBIICJIUTH JABE I'PYIIbl TEXHOJIOTMYECKUX Ollepa-
LIMii: TIepBasi peajusdyeT MpsSMOM TepeHOC PUCYHKa,
BTOpasi — uHBepcHbIi. Hauboiiee pacmpocTpaHeHBI
METOJIbI TIEPBOW TPYMIIBI, IJII KOTOPBIX TOYHOCTh BOC-
MPOU3BEAECHUSI PUCYHKA PE3UCTUBHOW MacKy Ha ak-
TUBHOM CJIO€ ONPENEIETCS MPUMEHSIEMBIM METOIOM
TpaBJICHUSI.

IIpu nHBEepcHOM mepeHoce N300paKeHusI pUCYHKA
PE3UCTUBHOM (KOHTAKTHOI) MacKu MOJHOCTbIO yCTpa-
HSIIOTCS TPYAHOCTM, CBSI3aHHBIE C JIOKAJIbHOU OOpa-
OOTKOI aKTMBHOTO CJIOSsI, TaK KaK MOCJSIHUI Ocax-
JlaeTcsl TIocyie CO3MaHMsT PE3UCTUBHOM MacKu, a yaaje-
HYE HEHY>XHBIX €r0 YYaCTKOB COBMEIIIEHO C onepaluei
CHSATUS Pe3MCTUBHON Macku. Takasi mocjaeaoBaTelb-
HOCTh ONEpalMid MNOJIydusja Ha3BaHUE B3PBIBHOM
(Lift-off) nutorpacduu. B3pbeiBHas nutorpadusi, He-
CMOTpPSl Ha TIPOCTOTY peaju3aluu, objiagaeT psaoM
HEIOCTATKOB, CBA3aHHBIX C OTPAHUYEHUSIMHU IO TEM-
rneparype MOAJOXKHU MpY OCaXkJAeHWU MaTepuayia ak-
TUBHOTO CJIOSI U TPYAHOCTBIO YAQJIEHUS MAacKu TP
0OJIbLION TOJMIIMHE aKTUBHOIO CJIOS.

Oonocaoiinsie peaucmugHble MacKu

Marepuan KOHTaKTHOM MacKH JTOJKEH YIOBJIETBO-
pSITh B OOLLIEM cllydyae CICAYIOLINM TpeboBaHusIM [2, 3]:

e HE BUIOU3MEHSTHCS B MPOLECCE OCAXKIEHUS TIe-
HOUHBIX MaTepUaioB U He 00pa30BbIBATb C HUMM
XUMUYECKUX COCIUHEHUIA;

e 00OmamaTh ManbiM KoadduumreHToM auddy3uu;

e JIETKO YJAJAThCS C MOJJIOXKM CHOCcOO0aMM, KOTO-
pble He BIMSIOT Ha CBOMCTBA MaTepuasa IJIEHOY-
HOTO 3JIEMEHTAa.

Hist apdeKTuBHOrO yaaaeHus (B3pbiBa) KOHTAKT-
HO MackM HeoOXOoAuMO, YTOOBI TOJIIMHA KOHTAKT-
HOM MacKu B 2—3 pa3a IpeBblliiajia TOJIIINHY 00pada-
ThIBa€MOW TIEHKU, a MpOoGWIb OKOH MAacKu JOJIKEeH
WMETb OTPULIATENIbHBIN HAKJIOH.

B kauecTtBe OCHOBBbI KOHTAaKTHOW MacKu Mpexie
BCEr0 MCIOJb3YIOT CJIOU TMOJMMEPHBIX KOMITO3ULIUIA,
CaMOCTOSITeJIbHO oOpasyiolue peiabed, — ¢orope-
3ucThl. [IpeanoyteHne oTnaeTcs MO3UTUBHBIM JUa30-
xuHOHOBBIM (IXH) doTopesucram, obaagaoium mno
CPaBHEHUIO C HeraTUBHbIMU OOJIbLIEl paspeliaoniei
CMOCOOHOCTBbIO M TEXHOJOTMYHOCTbIO. OCHOBHBIMU
KOMIOHEHTaMU TaKUX PE3UCTOB SIBJISIIOTCSI CBETOUYBC-
TBUTEJIbHBIN MPOAYKT (Mpou3BoaHbIe O-HADTOXMHOH-
JIMa3uI0B) U MJIEHKOOOpa3ylollasi cocTapistoas (Ho-
BOJIAYHbIE WJIM PE30JIbHBIE CMOJIBI).

IToBbilieHue xapakrepuctuk JIXH pesuctoB s
JajbHENIIIeTO UCITOJIb30BaHMsl B MMpolieccax B3pbIBHOM
JuTtorpauu BO3MOXHO MHOrooOpas3HbIMHU CITOcO0a-
MM Ha pas3nyHbIX 9Tanax GopMupoBaHus Macku. Oc-
HOBHBIE CIIOCOOBI YJIYYILIEHUSI XapaKTePUCTUK MAcCOK
MPUBEJEHBI B TAOJUIIE.
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IMoBerenue Tepmoctroiikoctu JAXH pe3uctoB no-
CTUTaeTCsl TakxKe MX MoauduKaluei, Harpumep, my-
TEeM BBeIeHHUS 100ABOK ITOJIUTHIPOKCHICOIEPIKAIIIETO
coeauHeHUs (TJULUEPUH, MOJUSTUICHIJIUKOIb) WU
He(OTOAKTMBHOIO MOTJOLIAOIIETO BEIlecTBa Ha OC-
HOBE XUPOPacTBOPUMBIX Kpacuteneit [11, 12].

IIpuMmeHeHMe B KayecTBe MIEHKOOOpasylolleit co-
CTaBJISIIOLIEH MOJUMMUAA MO3BOJISIET MackaM BbIIEP-
>XMBaTh TemIiepatrypbl Harpesa 10 350 °C, onHako npu
5TOM CHMXKAETCS pa3pellaolias ClocOOHOCTh pe3ncTa
[13, 14].

ITo3utuBHEBIE 27eKTpOHHBIE pe3ucTel PMMA, ZEP
520A 1 AR-P 6200 mo3BonsoT popMUpOBaTL OTPULIA-
TeJIbHbIE HAKJIIOHHbIE CTEHKU, YTO OOYCIIOBIEHO 3(-
¢eKTOM paccesiHUSl 3JEKTPOHOB MPU 3KCHOHMUPOBA-
Huu. Takke Bce OHM 00JIalal0T CTOMKOCThIO K ITOBbI-
ieHHo# Temrmeparype (okojo 150 °C) [15].

[TpobGiema TepMOCTOMKOCTU pellaeTcsl B KOCBEH-
HOM BapuaHTe B3PbIBHOU JIMTOTpaduu MpU UCTIOJIb30-
BaHUM B KAuyeCTBE OCHOBbI MACKM HEOPraHUYEeCKUX
MaTepuajaoB (METaJloB — aJIOMUHUS, MEIU, HUKES,
JIN3JIEKTPUKOB — OKCHUJA BUCMYTa, MOHOOKCHIA Tep-
MaHUs, OKcuaa eBporus u 1p.) [3, 16—18].

B mpoieccax B3pbIBHOI JTuUTOrpauu HaHeceHUe
aKTUBHOTO CJIOSI OCYIIECTBJSIETCS MPEeUMYIIECTBEHHO
MeToaaMu (U3NIECKOIo OCaxKIAeHUS U3 Ta30BOi (pa3bl
(POI'®). B [19] mpemnoxeH crmocod (GopMUPOBaHUS
3alUTHOTO TTOKPHLITUS U3 3MIOKCUIHOM sMmanu. Ha ke-
PaMUYECKYIO TIOMJIOXKY CcO C(OPMUPOBAHHBIMU pe-
3UCTUBHBIMHU 3JIEMEHTAMM HAHOCSIT CyXOU TIJICHOYHBIN

dotopesnuct CITD-2-40, 5KCIOHUPYIOT, TIPOSIBISIOT U
HAHOCYT IUMAaTEeeM IEPBbIA CJIOM 3IOKCUIHOM 3Ma-
JA. YIaNSioT MeXaHNYECKH M3JTAIIKY C TTOBEPXHOCTH,
BBICYLIMBAIOT IIpY KOMHATHOM TeMIlepaTtype, HaHOCST
BTOpOU CJIOI 3Manu, BblaepXKuBatoT 30 MUH IIpU KOM-
HaTHOI TeMIlepaType, B JaJIbHEHIIIEM TIPU TeMIIepaTy-
pe 100...110 °C (Huke TeMIiepaTyphl IIOJMMepU3an
(otopesucta) B TeueHue 3...4 4. Yaansior poTopesuc-
TUBHYIO MAacKy CO CJIeaMH 3Majd B OpPTaHUIECKOM
pacTBopuTeie, MPOMBIBAIOT 1 TTOABEPraloT TepMoodpa-
6otke npu Temnepatype 140...160 °C B reuenue 1...2 4.
TonmmHa TTOKPBITUS U3 SIMOKCUIHOM 3Malli COCTaB-
nget 30...40 mxm. Takas miata ¢ HaOOPOM TOHKOILIE-
HOYHBIX PE3MUCTOPOB MOXET SKCILTYaTHPOBAThCI B He-
TrepPMETUUHBIX YCIOBUSIX.

B [20] penioxkeH CIoco0, OTHOCSIIUIACS K HEJIU-
TorpapuyecKuM MUKPOTEXHOJIOTUSM (OPMUPOBAHUS
Ha MOMJIOXKAaxX TOHKOIUIEHOYHBIX PUCYHKOB 13 HaHO-
CUMBIX Ha €€ MOBEepXHOCTh BeuiecTB. Criocod coaep-
KUT CJIeAylole 3Tamnbl: GOpMUPOBAHUE MACOYHOTO
OCTPOBKOBOTO CJIOSI, OIIaBJIEHUE MAaCOYHOI'O OCTPOB-
KOBOTO CJIOSI, HAIlBUICHHWE CJIOSI BTOPOTO Marepuaa,
B3PbIBHOE yJaJeHUE MAaCOYHOI0 OCTPOBKOBOTO CJIOS,
HalblIEHUE TPEThero maTepumasa U yAaJeHue Cios
BTOpOro Marepuaia. [Ipmuem Marepuai rmepBoro cios
BBIOMpAETCsl TAKUM, YTOObl HE CMauyuBajgach MOBEPX-
HOCTb MOJIOXKH, a OTJIaBJIE€HUE MACOYHOTO CJIOSI CTU -
MYJIMPYIOT 1100 OoMOapAMpPOBKOI MeIJIEHHBIMU HOHA-
MU, JTUOO 00pabOTKOI B HU3KOTEMIEpaTypHOU Ij1a3-
Me, 1100 00JyYeHHEM MOTOKOM 3JEKTPOHOB.

Crnoco0bl yryumennst xapakrepuctTuk macok u3 JIXH pe3ucros
Methods for improvement of the mask characteristics from DZQ resists

Ne | TpebyeMast xapakTepucTUKa Crnoco0 peanuzauuu HcTounuk
n/n | The demanded characteristic Method of realization Source
1 | TepMocTOiKOCTD [IposieneHre n300pakeHs MaCK1 B pPacTBOpPE C 100aBKaMU OPraHUYECKOIr0 PacTBOPUTEIIS [2, 4]

Thermal stability O6paboTka chpopMrUpOBaHHOI MAaCKM B pacTBOpE IMepMaHTaHaTa Kajus, B (hopMalbie-
ruae, B TUla3Me TIICIOLIEeTo pas3psiaa YabTpadHUOoNIeTOBBIM U3YyYeHUEM C JUTMHOW BOJTHBI
100...300 HM, MOHHOIi WX JIEKTPOHHOU OGOMOAPAMPOBKOI
Development of the mask image in a solution with additives of an organic solvent.
Processing of the formed mask in a permanganate solution of potassium, in formaldehyde, in
plasma of a glow discharge, by an ultra-violet radiation with the wavelength of 100...300 nm, by
an ion or electron bombardment
2 | OtpuuarenbHblil yroa Ha- O6paboTka MaTepuasa MacKu J0 MPOSIBJIEHUsI B pacTBOpe HernoHoreHHoro [1AB [2, 5, 8]
KJIOHA Beenenue B nposiButesib 1—5 %-T0 pacTBOpPUTENS MJIEHKOOOPA3yolleil OCHOBBI
Negative inclination angle O6paboTka nepen 3anydoauBanueM B miasmMe BY paspsima B cpene aproHa wim a3ora
Oo6paboTka cHhopMUPOBAHHOTO pesibeha MaCKU B Mapax OpraHMuecKoro pacTBOPUTEIS
Processing of the mask material up to appearance of a nonionic surfactant in the solution.
Introduction in the developer of 1—5 % solvent of a film-forming basis.
Processing before baking in a high frequency discharge plasma in the environment of argon
or nitrogen.
Processing of the formed relief of a mask in the vapors of an organic solvent
3 | Apyrue mapametpsl (anresust, | [1posiBieHne n3o0pakeHUsT MaCKM B pacTBOpe ¢ M0OaBKaMM MepMaHTaHaTa KaJus [2, 5,
ra3oBblIe/ieHre TIpy HarpeBe | OOpaboTKa repen 3aay0IMBaHUEeM YiIbTPadUoIeTOBBIM U3TyYeHUEM 9, 10]
B BaKyyMe U 1Ip.) 3anybauBaHKe C IPOMEXYTOYHOI 00pabOTKOI B XKUIKOM a30Te
Other parameters (adhesion, IMonumepusanus ¢ UCIMOIb30BAHUEM CUJIBHBIX 3JIEKTPUYECKUX TOJIei
gas evolution during heating in | Development of a mask image in a solution with the additives of potassium permanganate.
vacuum, etc.) Processing before baking by an ultra-violet radiation.
Baking with the use of an intermediate processing in a liquid nitrogen.
Polymerization with the use of strong electric fields
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Jleyxcaoiinvte peaucmuenvie macku

JJ1s1 pe3UCTUBHBIX MacCOK TpeOOBaHMUSI MO OJHOBPE-
MEHHOMY 00eCTIEYEHNIO HAaIE’XKHOTO KOHTPOJIS pa3me-
POB OKOH, BBICOKOMY Pa3pelieHUI0 U XOPOIlIEMY TTOK-
PBITHIO CTYNIEHbKU peJibeda MOMITOXKKHU SIBJSIOTCS B3a-
umourckiovaroimuMu. [Ipy UCNoab30BaHUM TOJICTBIX
pPE3UCTOB YXyallaeTcsl pa3pelleHune; BBICOKMEe ero 3Ha-
YeHUs JUIS TOHKUX PE3UCTOB OrpaHUYMBAIOTCS OOpa-
30BaHMEM CTOSYMX BOJH B (DOTOpPE3UCTE WM OOpaTt-
HBIM pacCerBaHUEM IJIEKTPOHOB B 3JIEKTPOHOPE3UCTE.

KomnpoMuccHbI BapuaHT peaiu3yeTcsl 11l MHO-
TOCJIOMHBIX CUCTEM PE3UCTOB, B KOTOPBIX HWXXKHUIA
CJI0it, 0OBIYHO MOJIUMED, JOCTATOUHO TOJICTBIN MO CpaB-
HEHMIO CO CTYNEHBbKOW, TJIaHaApU3UpYyeT pebed Moj-
JIOKKH, a B HAHECEHHOM CBEPXY TOHKOM CJIOE€ pe3ucTa
CO3/1aeTCs COOTBETCTBYIOLIMI MUKPOPUCYHOK, KOTO-
pBIf IEpEeHOCSIT Ha HVXKHUIM pe3nuCcTUBHBIN cioii. ITo-
JlyueHHasl B pe3yjibTaTe MHOTocjioiHass (MUHUMYM —
JIBYXCJIOWiHAs) PE3WCTUBHAS MacKa SIBJISIETCS UIEAb-
HOW I mpoliecca B3pbIBHOM JUTOrpaduu, MOCKOb-
Ky HVZKHUU CJ101i OOJIBIION TOJILIMHEI UMeeT NpodUIb
C BEPTUKAJIbHBIMU WU OTPHULIATEIbHO HAKJIIOHEHHBI-
MU OOKOBBIMU CTEHKAMM.

B [21] npuBeneH cnocod hopMupoBaHus HyHKIIMU-
OHAJIbHBIX 2JIEMEHTOB Ha MOJJI0XKaX YCTPOUCTB TPeX-
MEpPHBIX MUKPOMEXaHUYECKHUX CUCTEeM C MCIOJb30Ba-
HUeM B3pbIBHOU jutorpaduu. Ha moaaoxky, mMero-
LIIYIO BBITPABJIEHHbBIC YTIyOJeHUSI, HAHOCST CJION He-
raTMBHOTO (hOTOPE3UCTa, U3 KOTOPOro (POpMUPYIOT
3alUTHBIE YYACTKWA HaJ BBITPABJIEHHBIMMU 3JIEMEHTA-
MU. Macky g B3pbIBHOU Jutorpaduu hopMupyroT
13 MO3UTUBHOTO (hOTOpE3UCTa, KOTOPYIO MOC/e Ocax-
JIeHWsI aKTUBHOTO CJIOSI YAQISIIOT B pacTBOpUTEe, a
3aT€M CHMMAIOT HETaTMBHBIM PE3UCT IMIa3MEHHBIM
TpaBJeHHWeM, OTKPbIBasl BbITPaBJICHHbIC YIIIyOJeHUS.
B naHHOM ciyyae KOMMO3UIIMOHHOE TOKPBITUE U3
JIBYX P€3UCTOB HeJIb3s1 K1acCUDULIMPOBATh KaK MHO-
TOCJIOMHYIO PE3UCTUBHYIO MACKY.

JIByxcioiiHasl pe3uCTUBHasi Macka MOXET, B 3aBU-
CUMOCTM OT TIOCTaBJIEHHBIX 3a7a4, BBITIOJHATLCS B
pPa3IUYHBIX KOMOMHALUSAX MaTepUaloB CJIOEB U yC-
JIOBUSIX (pOPMUPOBAHUSL.

CoznaHue cryrneH4yatoro npoduis CTeHKU (UH-
TEeTpaJibHbIA OTPULIATEJIbHBIA HAKJIOH) JBYXCIOMHBIX
PE3UCTUBHBIX MAaCOK Ha OCHOBE MO3UTUBHBIX (OTO-
pe3UCTOB 0OOECIeUnBAETCS 3a CUET Pa3HOU CKOPOCTU
pacTBOPEHMSI MaTEPUAJIOB IPU MPOsIBIEHUHU. B crioco-
0e, peIoKeHHOM B [22], HUXXHUI ciloit hoTope3uc-
Ta SKCIOHUPYETCH 0€3 111abJIoHa MO BCEM MMOBEPXHOCTU
MOJJIOXKKM, 3aTeM HaHOCSIT BTOPOIi cJioi hoTope3ncra
1 GOPMUPYIOT CKPBITOE U300pakeHue 3KCIIOHMPOBA-
HUEeM 4yepe3 11a0JIOH, MPU 3TOM 3KCHO3ULIMIO MIEPBOTO
ciost BbIOMpatoT pasHoii (0,5...0,6)1,,, e 7,, — 3Ha-
YeHUEe SKCMO3ULIMU BTOPOTO CJIOS B Auana3oHe (hoTo-
rpauYecKoil IIMPOTHI MPUMEHSIEMOTO (POTOpE3KCTa.
g obecnieyeHrss BO3MOXHOCTH MCITOJb30BAHUS TOJI-

cthiX ciioeB AXH ¢dotopesuctoB opMupoBaHue BTO-
POToO CJIOSI OCYILIECTBISIOT B IBA IIMKJA C TPOMEXYTOU -
HOW CYIIKOM HAaHOCUMBIX CJIOEB, YTO TTO3BOJISIET ITy-
3bIpbKaM MOJIEKYJSIPHOTO azoTa aud@yHIUpoBaTh K
BHEIIIHEH TIpaHMle Macku, obecrieurBasi KayeCTBEH-
Hoe mpoBeAeHue oOpaTHOI dotonurorpadpumn u yBe-
JIMYEHME TIPOLIEHTA BBIXOAA TOAHBIX CTPYKTYp ITOC/e
¢oronutorpacdpum [23].

Xopoliiee ITOKPbITUE CTYIIEHbKHU pejibeda MOMI0X-
KW JOCTUTAETCs MPU MCIOJIb30BaHUU TOJICTHIX PE3UC-
TOB, YTO BJIEUET YXyHIlleHHe paspelneHus. Bmecte c
TeM, BBICOKME €ro 3HaUeHUs Jierye MoayYuTh 1Sl TOH-
KWX PE3UCTOB, OMHAKO TP 3TOM OHO OTPaHMYMBAETCST
00pa3oBaHMEM CTOSIYMX BOJIH B (poTope3ucte. B ka-
YeCcTBe TJIaHAPU3UPYIOILETO CJI0S MCIOJIb3YIOT, KakK
MpPaBUJIO, DJIEKTPOHOPE3UCT Ha OCHOBE IOJMMETHUII-
metakpuiata (PMMA) u ero conoimMepoB WM He-
¢orouyBcTBuTenbHbI pe3nuct LOR (Lift-Off Resist)
Ha OCHOBE MOJMMeTUIrTyTapuMuaa. JIJaHHBI MeTox
TTO3BOJISIET TTOJYYUTh OTHOILIEHWE BBICOTHI MACKU K
mpuHe okHa 4:1 mis aaeMeHToB pa3MepoM oT 0,5 1o
5 MKM, OHAKO TIOBBILLIEHHAS] TPYAOEMKOCTb, CBSI3aH-
Hasl ¢ HEOOXOAMMOCTBIO TBOMHOTO 3KCITIOHMPOBAHMS,
OrpaHMYMBAET IIPUMEHEHHUE 3TOro criocoda [15, 24].
JByXClOMHBIE MACKU C "pUCYIOLIUM" CIIOEM Ha OCHOBE
MO3UTUBHOIO (hOTO- WIM BJIEKTPOHOPE3UCTa MpUMe-
HSIOTCS JUISI CO3MaHUs MEXD3JIEMEHTHON MeTallu3a-
LMY MOHOJIMTHBIX MHTETpaJIbHBIX cxeM U T-00pa3HbIX
3arBopoB CBY TpaH3ucropos [25—28].

JIByxcioiiHasi Macka, cOCTosIas W3 TUIEHKU Me-
taja (toawuHa 0,1 MKM) U TO3UTUBHOTO (hOTOPE3UC-
ta (0,6 MKM), UCIIOJIB3YETCs [JIsl IMOJIYYEHHSI PUCYHKA
Ha ruieHke amomuHus. [locne mposiBieHus ¢oTope-
31CTa OCYLUECTBJISIIOT TpaBJieHUE MeTajljla 3a BpeMsl,
MpeBbIIAONIee BPeMsI €ro yIaJeHMSI C OTKPBITBIX
Y4acTKOB, obecrieurBasl MoATpaB 3JIEeMEHTOB MeTalljia
npumepHo Ha 0,3 MmkM. B cedeHnu cTpykTypa 31eMeH-
Ta KOHTAaKTHOW MackKu IoJjyyaeTcsl rprubooOpa3Hoi,
T.€. C HaBUCAIOIINM I10 KpasM 3jeMeHTa (oTope3uc-
ToM [29]. IIpuem caMocoBMellIleHUSI, OCHOBAaHHBII Ha
(hopMUpOBaHUU XOPOLIO KOHTPOJUPYEMOTO MOATpaBa
TOHKOW METAUINYECKON TUIEHKU 33JAHHOMN TOJIIIUHBI
MO/ PE3UCT, pe3KOCThb Kpasi KOTOPOTO obecrieunBaeT-
Csl CIIeLMaJIbHOM IJIa3MEeHHOU 00paboTKOM, MCIOIb-
3yeTcsl IJIsl TIOJy4yeHUsl 3aTBOPOB HAHOTPAH3MCTOPOB
anuHo# 35...40 M [30]. DTO MO3BOISAET CO30aTh OPH-
TMHAJIBHBIA TEXHOJOTMYECKUI MaplpyT Il TMPOuU3-
BOJICTBa HAHOTPAH3UCTOPOB U MHTErPATbHBIX CXEM Ha
HMX OCHOBE C MPUMEHEHMEM TOJIbKO ONTUYECKOM JIu-
torpacuu [31].

ITpu Mcnonb30BaHMKM BMECTO MeTaslia METaIoop-
TaHUYECKUX COEIWHEHMIH, HAHOCUMBIX M3 pacTBOpa
METOJIOM LIEHTpUMYTUpoBaHus, mpoiecc ¢hopMUpoBa-
HUS CJIOEB MacKu MOXHO yHHUdUIIMpoBath. B pabote
[29] mokazaHo, UTO TJIEHKU KapOocuiaTa oJioBa, Ha-
HECEHHbIE Ha IIOMJIOXKY M 00pabOTaHHBIE MPU TEM-
nepaTtypax HUXe TeMrepaTypbl TOJTHOTO Pa3oXeHUS
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CcoeMHEeHUs, 00JIafaloT CMOCOOHOCTbIO TPAaBUTHCS B
BopgolueaoyHoM mnposiputene AXH pesucra, T.e. mpo-
Hecc obpa3zoBaHUS pesibeda OCYILECTBISIETCS B MO-
MEHT IpOsIBIEHUs pe3ucTa. TemrepaTyphbl, UCHOJb3Y-
eMble JIsS1 YaCTUYHOIO PasjioKeHUsI MeTaIoopraHu-
YECKUX COEIMHEHWI, COCTaBJSIOT, HalpuMmep, s
rekcaHata osioBa 110...130 °C u ~240...245 °C — nnsa
HeoaeKaHaTa ojoBa [32]. Hamu B KauecTBe MaTepu-
ajia HYXKHETO CJI0sI MPUMEHSITUCH TJIEHKM aJIKOOKCUIA
0JIOBa, KOTOPBIE HAHOCUJIMCh M3 UICTUMHHOTO PacTBOpa
KoHLeHTpauueit 0,5 mons - r ! meromom HeTpudyru-
pOBaHUs, a 3aTeM BHICYIIMBAINCH Ha BO3MyXe B TeUue-
Hue 20...30 muH nipu temneparype 120...130 °C. Ilpo-
siBJieHWe (DOTOPE3NCTUBHOM MACKU M yAaJieHUe TTpoMe-
JKYTOYHOIO COENMHEHU 0yioBa npoBoauiau B 0,6 %-m
pactBope KOH mnipu Bpemenu obpadorku 70...75 c.

OOIIMM HEIOCTAaTKOM ABYXCJIOMHBIX PE3UCTUBHBIX
MAacoOK SIBJISIETCS TIJIOXasi COBMECTUMOCTb BEPXHETO U
HUKHETO CJI0EB 10 peXXMMaM TepMOOOpadOTKY, BbI3bI-
BamolIas JAerpamaiuio MX MepBOHAYaIbHBIX CBOMCTB.
BBuny mioxoii COBMECTUMOCTH BEPXHETO M HUXKHETO
CJI0EB MO peXuMaM TepMOOOPaOOTKU BEPXHUIA CIIOK
3aMEHSIIOT HeopraHmyeckum pesuctoM Ge—Se ToJI-
muHou 0,2 MKM, JIETHPOBAaHHBIM CepeOpOM, Ha KO-
TOPOM 3KCITOHUpoBaHWeM Y® mM3aydeHHeM CO3IaroT
MUKPOPHUCYHOK; C TOMOIIbIO PeaKTUBHOIO MOHHOTO
TpaBJICHMS B IUIa3Me KUCIOpOAa MOCIeTHUN TTepeHo-
CIT HAa HWXHUU MoauMepHbId ciaoii PMMA tomm-
Ho#t 2,5 MKM [24].

Cpeny IpyrMx KOMOWHAIIMI MaTepualioB CJIOEB
MacKM CJIeAyeT OTMETUTh COYeTaHUE CJO0EB JIBYOKUCHU
KpeMHUs1 (ToniuHoi 0,25 MKM) U HUTpUAA KPEeMHUS
(TommHoit 0,13 MKM), TpuMeHsBLIeeCs 1151 popMuU-
pOBaHUsI PUCYHKA 2JIEMEHTOB Ha OCHOBE IJIEHOK ILja-
TUHBI ToaKHON 50 HM. [IpobiaeMa aare3uu IJIEHKU
YUCTON TUIaTMHBI ObLIa pelleHa MPU MCIOJb30BaHUU
MarHeTpOHHOTO HANbUICHUS IUIATUHBI TIPY TeMIlepa-
Type nmoajoxku 350 °C [33].

Tpexcxmliubte pe3ucmueHbvle MACKU

st perieHrst mpo0JieMbl COBMECTUMOCTHU MEPBOTO
U BTOPOTO Cj0eB Haubojiee 3(pdeKTUBEH Iepexoa Ha
TPEXCJIOHbIE PE3UCTUBHBIE CUCTEMBI.

T-ob6pa3nbsie 3atBOpel Ha ocHOBe Ti/Mo/Cu m
Ti/Al ¢ pnuHamu ocHoBaHmii 150 uMm nnss GaAs CBY
TPAH3UCTOPOB ObUIM CGHOPMUPOBAHBI C TMOMOLUIbLIO
3JIEKTPOHHO-JIy4eBOW JuTorpacduu. Hias 3Toro wuc-
MTOJIb30BAJIUChH TPEXCIOMHBIC PE3UCTUBHBIC MAaCKM Ha
ocHoBe 950 PMMA/LOR 5B/495 PMMA. Kaxnplii
CJIO pe3rcTa HAHOCUJICS Ha MOJJIOXKY METOIOM LIeH-
TpUdYrMpoBaHUS C MOCAEAYIOLIEH CYLIKON MPU TeM-
neparype 180 °C B TeueHue 5 MUH. DKCIIOHUPOBAHUE
MPOBOIMJIOCH C TOMOIIBIO CHUCTEMbI 3JEKTPOHHO-
nydyeBoil HaHoauTorpaduu Raith-150TWO ¢ sHepru-
eil 30 k3B u gUuaMeTpoM BJEKTPOHHOTIO Jyya 2 HM.
OcaxneHue 3aTBOPHBIX MeETaUIM3allMii Ha OCHOBE
Ti/Mo/Cu (25/25/400 um) u Ti/Al (50/370 HM) ocy-
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IIECTBIISITIOCh METOAOM 3JIEKTPOHHO-TYYeBOTO HCTIa-
peHus B Bakyyme [34].

HocTikeHnsT B pa3pab0TKe HOBBIX TTOJIMMEPOB U B
3JICKTPOHHOM OTNTHUKE MO3BOJIUIIN C TTOMOIIIBIO B3PBIB-
HOU JsMTOrpacdvu WU3roTaBAMBATh TOIMOJOIMYECKUE
aJ1eMeHTHI ¢ pa3mepamu MeHee 0,1 Mxm [36]. OgHako,
10 MHEHUIO CIELMATIMCTOB, ONTUYECKAas JTUTOrpadus
CTOJIKHETCSl ¢ TEXHUYECKUMU OTpaHUYEeHUSIMU, KOTIa
TOIoJioTuYeckasi HopMa crtaHeT meHblie 45 HM. Ha-
HoumnpuHT-1uTorpacdus (NIL, Nanoimprint Litogra-
phy) ¢ cylecTBeHHO MEHbLIMMU MaTepUaIbHbIMU 3a-
TpaTaMy MepeKpPbIBaeT HECKOJbKO TOMOJOIMYECKUX
HOpPM U1 paboTaeT BIUIOTh 10 16 HM [37].

Bomnpoch! npaktuueckoii uHrerpanuu NIL B usro-
toBieHue CBUC uMmeoT MHOrooOpasHbIE pelIeHUS.
O6pamennas S-FIL/R-nurorpadus mo cpaBHEHUIO ¢
npsimoit S-FIL- (Step and Flash Imprint Lithography)
Jutorpadueil mo3BoJjsieT Mmoaydyarb 6ojiee KauecTBeH-
HBII TOMOJIOTMYECKUI PUCYHOK Ha HeIIaHApHBIX TO-
BEPXHOCTSIX TUIACTUH B 00Jiee TOJCTHIX MepeaaTOUHbIX
CJIOSIX, TIO3TOMY SIBIISIETCS JIYYIIIMM BapUaHTOM IS
CO3/1aHUSI HAHOTOIOJOTUI B (DYHKIIMOHAIbHBIX CIOSIX
uHTerpaibHbix cxeM. S-FIL/R-nutorpadusi moxer
OBbITH COBMEIIIEHA CO CTaHIAPTHOM ONTUYECKOM IpO-
eKIIMOHHOM JImTorpadueii.

B nponiecce S-FIL/R, pa3paboTaHHOM clieliuaiuc-
tamu (pupm Molecular Imprints 1 Motorola [38], mis
BBITIOJTHEHUsI JIUTOrpachuM Ha TIACTUHAX, MMEIOIINX
penabed MpeablAylIUX TOMOJOTMYECKUX CJI0EB, MC-
MOJIb3yeTCs TPEXCAOKHBIN pe3uct. B padote [39] npu-
BelleHa IOCJIeq0BaTeIbHOCTh (DOPMUPOBAHUST TpPEX-
cioiinoit Mmacku PMMA/SisN,/LOR (100/50/350 Hm)
¢ ucnoyibzoBanueM NIL. /s ¢opmupoBaHusl Takoit
CHCTEeMBI Ha TIEPBOM 3Tare Ha TMOMJOXKY HAaHOCHUTCS
cioit LOR. Ero cyiika noikHa oCylIeCTBISIThCS TPy
TeMmIieparype, MpeBbIlIAIONIE TeMIlepaTypy Oocaxnie-
Hus SizNy kak MunumyMm Ha 30 °C. 910 obecneynBaeT
cTtabwibHOe (opMUpOBaHUE CiOsl AudjekTpuka. Ha
BTOpoM 3Tane nosepx LOR meTogom miazMocTumy-
JIMPOBAaHHOTO OCaXIEeHUs M3 ra3oBoil (ha3bl ocaxaa-
€TCsl TOHKMI ClIoWi HUTpuaa KpemHus. Temreparypa
peakTopa Mpu 3TOM He noskHa mpesbiath 200 °C,
TaK Kak Mpu 0oJjiee BBICOKUX TeMITepaTypax MPOUCXOINUT
ynanenue ciosgd LOR. Ha mocnenHem srtame moBepx
SizN, Hanocurca cimoii PMMA tomumzoii 100 HM.
ITociie HaHOMMIPUHT-IUTOTPAUU OCYIIECTBISIETCS
MJ1Ia3MOXUMHUYECKOE TpaBJIeHNE TIPOMEKYTOYHOTO CJIOS
SisNy B armochepe CHF3/Ar no macke PMMA. Boi-
COKasl CEJIEKTUBHOCTb TPABJIEHUS MTO3BOJISIET MEPEHO-
CUTb Jaxe pesibed C Majoil rIyOMHON CTPYKTYpUpPO-
BaHUsI; MOJYYeH CTaOWJIbHBIN MEPeHOC U300pakKeHUs
¢ rayounoit crpykryp 20 uM u3 PMMA B Si;Ny. Ha
BTOPOM 3Tare C MOMOIIIBIO TIJIa3MOXUMUUECKOTO TPaB-
Jenus B atmocdepe O, MPOBOAUTCS TPABJIEHUE MO/~
cios LOR o macke SizNy. Cxematnyeckoe n3obpa-
>KeHUe npouecca GopMUPOBAHUS SJIEMEHTOB C UCTIONb-
30BaHUEM TPEXCJIONHON CUCTEMbl PE3UCTOB IMOKA3aHO
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Cxema ¢opMupoOBaHHS CTPYKTYP C HMCHOJb30BAHHEM TPEXCJIOMHOM
cucrembl PMMA/SizN,/LOR: / — HaHeceHMe Ha TIOJIOXKY CIIOEB

mackn; 2 — NIL; 3 — mocnenosarenbHoe TpaBieHue SisNy u
PMMA; 4 — ocaxnenue mMetamia u lift-off

The scheme of formation of structures with the use of
PMMA/Si3N /LOR three-layer system: 1 — deposition of the mask

layers on a substrate; 2 — NIL; 3 — consecutive etching of Si3;N,4 and
PMMA; 4 — deposition of metal and lift-off

Ha pucyHKe. Mcmonb3oBaHMe TUIA3MOXWMUYECKOTO
TpaBJIeHWS Ha BCeX 3Tallax Ipollecca obecrneunBaeT
BBICOKOE AacCIIeKTHOE COOTHOIICHHE (OPMUPYEMBIX
CTPYKTYP.

ITpusenenuniit mnpouecc S-FIL/R-nurorpaduu
obecIreurBaeT co3aaHNe Ha MOIJI0XKe M3 HNo0aTa JIm-
THSI BCTPEUHO-IITBIPEBLIX CTPYKTYp ¢ 1arom 200 HM 1
TOJILMHON MeTa/ui3anuu okojo 100 Hwm.

3axkarouenue

B HacTosiee BpeMsi CTpaTerM4eCKUM ITyTEM pas-
BUTHUS TEXHOJOTMU MUKPO- U HAHOBJEKTPOHUKU SIB-
JISI0TCS  TUTOTpadrIecKe METOObl CO3TaHUs TO-
nojoruu cTpykryp. Hust ¢popmMupoBaHUSI MUKPO- U
HAHOCTPYKTYP MCITOJIb3yeTCs IOAXo[1 "CBEepXy BHM3"
(top—down), T.e. oCylLIECTBsIETCS JOKaJbHOE yaalie-
HHE HEHYXHBIX o0jlacTeil (hyHKIIMOHAILHBIX CJIOCB
3arOTOBKY ITyTeM WX TpaBieHus. [1pu 3ToOM TOYHOCTD
BOCIIPOU3BEJCHUS pPa3MEpOB 3JIEMEHTOB CTPYKTYP
(paspelreHne, JIOKAJTBHOCTb TPABJIICHUST) B TOPU3OH-
TaJTbHOU TIJIOCKOCTH 00ECTICUMBAETCS C TIOMOIIIBIO pe-
3UCTUBHBIX MacoOK, C(h)OPMMPOBAHHBIX B IIpolieccax
Jutorpauu. AJbTepHATUBON MPsSIMOM JMTOrpaduu
SIBJISIETCS] UHBEPCHAs1 (B3pbIBHAS) JUTOrpadus.

B cBs3u ¢ 3amenieHreM TemIla pa3BUTHUS U ObICT-
PBIM YIOpPOXXaHMEM CUCTeM (hOTOJUTOrpaur U KOM-
MJIEKTOB (hOTOIIAOOHOB /I YPOBHEH TEXHOJIOTMU

MeHee 50 HM B yCI0BUSIX MUHU-(AOPUK 3KOHOMUYEC-
K1 3¢ (GEKTUBHBIMU CTAHOBSITCS CUCTEMbBI MHOTOJTyYe-
BOI1 0€3MaCOYHO 3JIEKTPOHHO-Ty4eBOM JUTOrpaduu
W HaHOMMMOpPUHT-AUTOrpacduu. Bce mnpeumyiiecTsa
HAaHOMMIPUHT-IUTOTrpaduu MPOSIBASIOTCS MPU U3T0-
TOBJICHUM NPUOOPOB Ha 0a3e pEryJsIpHBIX CTPYKTYpP
(YCTpOWCTB MaMsITU, U3AEINI MUKPOCUCTEMHON TeX-
HUKH), B KOTOPbIX OCHOBHbIE XapaKTePUCTUKU MOBbI-
LIAIOTCS C YMEHbIIEHUEM Pa3MEPOB.
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Introduction

Lithography is a key technological process for man-
ufacture of the semi-conductor devices and microcir-
cuits [1]. By the principle of transfer of the elements’
images on a substrate it is possible to single out two
groups of the technological operations — the first one
realizes a direct transfer, the second one — an inverse
transfer. The methods of the first group, in which the
accuracy of reproduction of a figure of a resistive mask
on the active layer is determined by the applied etching,
are more wide-spread.

The inverse transfer of the image of a figure of a re-
sistive (contact) mask eliminates completely the prob-
lems connected with the local processing of the active
layer, because the latter is deposited after creation of
a resistive mask, while removal of the unnecessary sites
is combined with the operation of removal of the re-
sistive mask. Such a sequence of operations got the
name of the lift-off lithography. Notwithstanding the
simplicity of its realization, the lift-off lithography has
a number of drawbacks connected with the tempera-
ture restrictions of the substrate during deposition of
the material of the active layer and difficulty with re-
moval of a mask in case of a big thickness of the active
layer.

Single-layer resistive masks

In general, the material for a contact mask should

meet the following requirements [2, 3]:

e it must not change in the course of the deposition of
the film materials and must not form chemical com-
pounds with them:;

e it must have a small diffusion coefficient;

e it should be easy to remove from a substrate by the
methods, which do not influence the properties of
the material of a film element.

For an effective lift-off (explosion) of a contact
mask the thickness of a contact mask should 2 or 3 times
exceed the thickness of the processed film, while the
profile of the windows of a mask should have a negative
inclination.

As the basis for the contact mask the layers of the
polymeric compositions independently forming a re-
lief — the photoresists are used. The preference is given
to the positive diazoquinone (DZQ) photoresists, pos-
sessing a higher resolution and better adaptability to
manufacture in comparison with the negative ones. The
basic components of such resists are a photosensitive
product (derivative of O-naphthoquinonediazids) and a
film-forming component (novolak or resol resins). Im-
provement of characteristics of DZQ resists for the use
in the lift-off lithography is possible at various stages
of a mask formation. The basic methods for improve-

ment of the mask characteristics are presented in the
table below.

Improvement of the thermal stability of DZQ resists
is also reached, for example, by their modification, in-
troduction of the additives of the polihydroxyl-contain-
ing compounds (glycerine, polyethylene glycol) or a
non-photoactive absorbing substance on the basis of the
fat-soluble dyes [11, 12].

Application of polyimide as a film-forming compo-
nent allows the masks to withstand temperatures of
heating up to 350 °C, however, the resolution of the re-
sist decreases [13, 14].

PMMA, ZEP 520A and AR-P 6200 positive elec-
tron resists make it possible to form negative inclined
walls, which is due to the effect of scattering of the elec-
trons during an exposure. Besides, all of them are re-
sistant to high temperatures (about 150 °C) [15].

In the lift-off lithography the problem of the thermal
stability is solved due to the use of inorganic materials
(metals — aluminum, copper, nickel; dielectrics — bis-
muth oxide, germanium monoxide, europium oxide,
etc.) as the mask basis [3, 16—18].

In the lift-off lithography deposition of the active
layer is carried out by the methods of physical deposi-
tion from the gas phase (PDGP). In [19] a method is
proposed for formation of a protective coating from the
epoxy enamel. SPF-2-40, dry film photoresist, is de-
posited on a ceramic substrate with the formed resistive
elements, exposed, developed, and then the first layer
of the epoxy enamel is deposited. The surpluses are re-
moved mechanically from the surface, then we dry it up
at a room temperature, put the second layer of the
enamel, keep it for 30 min. at a room temperature, and
then at 100...110 °C (below polymerization temperature
of the photoresist) during 3...4 4. The photoresist mask
and the traces of the enamel are removed in an organic
solvent, washed and subjected to heat treatment at
140...160 °C during 1...2 A. The thickness of the coating
from the epoxy enamel is 30...40 um. Such a board with
a set of thin-film resistors can be operated in untight
conditions.

In [20] a method is proposed belonging to non-lith-
ographic microtechnologies for formation of thin-film
figures on substrates from the substances deposited on
its surface. The method has the following stages: for-
mation of a mask island layer, melting of the mask is-
land layer, deposition of a layer of the second material,
a lift-off removal of the mask island layer, deposition of
the third material and removal of the layer of the sec-
ond material. At that, the material for the first layer is
selected so that the substrate surface would not be mois-
tened, and melting of the mask layer would be stimu-
lated by a bombardment of the slow ions, or by process-
ing in a low-temperature plasma, or by irradiation with
a flow of electrons.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 3, 2018 137




Two-layer resistive masks

For the resistive masks the requirements for a simul-
taneous reliable control of the sizes of the windows, a
high resolution and a good coating of the step of the re-
lief of a substrate are mutually exclusive. The use of the
thick resists worsens the resolution; its high values for
thin resists are limited by the formation of the standing
waves in a photoresist or backscattering of the electrons
in an electron-beam resist.

A compromise version is realized for the multilayer
systems resists, in which the bottom layer, usually a
polymer, thick enough in comparison with a step,
planarizes the substrate relief, while in the thin layer
of the resist deposited over it, a corresponding micro-
figure is created, which is transferred to the bottom re-
sistive layer. The received multilayer (minimum, two-
layer) resistive mask is ideal for the lift-off lithogra-
phy, because the bottom layer of a big thickness has a
profile with the vertical or negatively inclined lateral
walls.

In [21] a method is presented for formation of the
functional elements on the substrates of the devices of
3D micromechanical systems with the use of the lift-
off lithography. On a substrate with etched deepen-
ings, a layer of a negative photoresist is deposited,
from which the protective sites are formed over the
etched elements. A mask for the lift-off lithography is
formed from a positive photoresist, which after the
deposition of the active layer is removed in a solvent,
and then the negative resist is removed by plasma
etching, opening the etched deepenings. In this case
the composite coating from two resists cannot be clas-
sified as a multilayer resistive mask. Depending on the
set tasks, the resistive mask can be implemented in
various combinations of the materials of layers and
formation conditions.

Creation of a step profile of a wall (integral negative
inclination) of the two-layer resistive masks on the basis
of the positive photoresists is ensured due to different
speeds of dissolution of the materials during develop-
ment. In the method proposed in [22] the bottom layer
of the photoresist is exposed without a template on all
the surface of a substrate, then the second layer of the
photoresist is deposited and a latent image is formed by
exposure through a template, at that, the exposure of
the first layer is selected as equal to (0.5...0.6)7,,, where
t,, — value of the exposure of the second layer within
the range of the photographic width of the applied pho-
toresist. In order to ensure the use of the thick layers of
DZQ photoresists, the formation of the second layer is
carried out in two cycles with an intermediate drying of
the deposited layers, which allows the bubbles of the
molecular nitrogen to diffuse to the external border of
the mask, ensuring a reverse photolithography and in-
crease of the percent of the output of suitable structures
after the photolithography [23].
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A good coating of the relief step of a substrate is
achieved due to the use of a thick resist, which involves
deterioration of the resolution. At the same time, high
values are easier to achieve for the thin resists, however,
they are limited by formation of the standing waves in
a photoresist. As a rule, the role of the planarizing layer
is played by an electron-beam resist on the basis of
polymethylmethacrylate (PMMA) and its copolymers
or non-photosensitive resist, LOR (Lift-Off Resist) on
the basis of polymethyl glutarimide. The given method
allows us to receive the correlation of the height of a mask
to the window width of 4:1 for the elements with the sizes
from 0.5 up to 5 pum, however, a higher labor input,
connected with the necessity of a double exposure, lim-
its application of this method [15, 24]. The two-layer
masks with a "drawing" layer on the basis of a positive
photo — or electron-beam resist are applied for crea-
tion of an interelement metallization of the monolithic
integrated circuits and T-shaped gates of the microwave
frequency transistors [25—28].

A two-layer mask from a metal film (0.1 pm) and
positive photoresist (0.6 pm) is used for obtaining of a
figure on an aluminum film. After development of the
photoresist a metal etching is carried out during the pe-
riod exceeding the time of its removal from the open
sites, ensuring underetching of the metal elements ap-
proximately by 0.3 um. In section the structure of the
element of a contact mask has a mushroom-like form,
i.e. with the photoresist hanging over along the edges of
the element [29]. The self-alignment method based on
formation of a well-controlled " underetching " of a thin
metal film of a set thickness for a resist, the sharpness
of the edge of which is ensured by a special plasma
processing, is used for obtaining of the gates of the na-
notransistors with the lengths of 35...40 nm [30]. This
allows us to create an original technological route for
manufacture of nanotransistors and integrated circuits
on their basis with application of only optical lithogra-
phy [31].

In case, when instead of a metal the metalloorganic
compounds are used deposited from a solution by the
centrifugation method, the process of formation of the
mask layers can be unified. In [29] it is demonstrated,
that the films of tin carboxilate, deposited on a substrate
and processed at the temperature below that of a com-
plete decomposition of a compound, possess an ability
to be etched in the water-alkaline developer of DZQ re-
sist, i.e. the process of formation of a relief is carried out
at the moment of development of the resist. The tem-
peratures used for a partial decomposition of the orga-
nometallic compounds, for the tin hexanate, for exam-
ple, are 110...130 °C and ~240...245 °C — for the tin ne-
odecanoate [32]. As the material for the bottom layer
we applied tin alkoxide films, which were deposited
from a true solution with concentration of 0.5 mol - g~
by the centrifugation method and then were dried up in
the air during 20...30 min at 120...130 °C. The devel-




opment of the photoresist mask and removal of the in-
termediate compound of tin were done in 0.6 % solu-
tion of KOH at the time of processing of 70...75 s.

A common drawback of the two-layer resistive
masks is a poor compatibility of the top and bottom lay-
ers by the heat treatment modes, causing a degradation
of their initial properties. Because of a poor compati-
bility of the top and bottom layers by the heat treatment
modes the top layer is replaced with Ge—Se inorganic
resist with thickness of 0.2 um, alloyed with silver, on
which by means of UV radiation exposure a microfigure
is created; by means of jet ion etching in oxygen plasma
the latter is transferred to the bottom polymeric PMMA
layer with thickness of 2.5 pm [24].

Among other combinations of materials for the
mask layers it is necessary to mention a combination of
the layers of the silicon dioxide (0.25 um) and silicon
nitride (0.13 um), applied for formation of a figure of
elements on the basis of platinum films with thickness
of 50 nm. The problem of adhesion of a film of pure
platinum was solved due to the use of the magnetron
platinum deposition at the substrate temperature of
350 °C [33].

Three-layer resistive masks

For solving of the problem of compatibility of the
first and second layers, a transition to the three-layer
resistive systems is most effective.

T-shaped gates on the basis of Ti/Mo/Cu and Ti/Al
with the lengths of their bases of 150 nm for GaAs mi-
crowave frequency transistors were formed with the use
of the electron beam lithography. Three-layer resistive
masks on the basis of 950 PMMA/LOR 5B/495 PMMA
were used for this purpose. Each layer of the resist was
deposited on a substrate by the centrifugation method
with the subsequent drying at 180 °C within 5 min. Ex-
posure was done by means of Raith-150TWO electron
beam nanolithography system with energy of 30 keV
and diameter of the electronic beam of 2 nm. The dep-
osition of the gate metallizations on the basis of
Ti/Mo/Cu (25/25/400 nm) and Ti/Al (50/370 nm) was
carried out by the method of the electron beam evap-
oration in vacuum [34].

Achievements in development of new polymers and
in electronic optics allowed us to make the topological
elements with the sizes less than 0.1 um by means of the
lift-off lithography [36]. However, according to experts,
the optical lithography will face technical restrictions
when the topological standard becomes less than 45 nm.
Nanoimprint Lithography (NIL,) with essentially small-
er material inputs embraces several topological stand-
ards and works up to 16 nm [37].

The questions of practical integration of NIL in
manufacturing of GSI have diverse solutions. The re-
verse S-FIL/R lithography in comparison with the di-
rect Step and Flash Imprint Lithography (S-FIL) al-

lows us to receive better topological figure on the non-
planar surfaces of the plates in thicker transfer layers,
therefore, it is the best way for creation of the nan-
otopologies in the functional layers of the integrated
circuits. S-FIL/R lithography can be combined with
the standard optical projective lithography.

In the course of S-FIL/R, developed by experts
[38] for the lithography on the plates with the relief
of the previous topological layers, a three-layer resist
is used. In [39] the sequence of formation of
PMMA/Si;N4/LOR (100/50/350 nm) three-layer mask
with the use of NIL is presented. At the first stage of the
system formation a layer of LOR is deposited on a sub-
strate. Its drying should be carried out at the tempera-
ture exceeding, at least, by 30 °C that of the deposition
of Si;Ny. This ensures a stable formation of a dielectric
layer. At the second stage a thin layer of a silicon nitride
is deposited over LOR by the method of plasma stim-
ulation from the gas phase. The reactor temperature
should not exceed 200 °C, because at higher tempera-
tures the layer of LOR is destroyed. At the last stage the
PMMA layer with thickness of 100 nm is deposited over
SisNy. The nanoimprint lithography is followed by a
plasma-chemical etching of the intermediate layer of
SisNy in the atmosphere of CHF;/Ar by PMMA mask.
High selectivity of the etching allows us to transfer a re-
lief with even a small depth of the structurization; a sta-
ble transfer of an image with the depth of the structures
of 20 nm from PMMA into Si;N, was obtained. At the
second stage by means of the plasma-chemical etchings
in the atmosphere of O, the etching of the intermediate
layer of LOR is done by Si;N, mask. A schematic im-
age of the process of formation of the elements with the
use of the three-layer system of resists is shown in the
figure. Use of the plasma-chemical etching at all the
stages of the process ensures a high aspect correlation
of the formed structures.

The presented process of S-FIL/R lithography en-
sures creation on a substrate from lithium niobate of the
interdigital structures with a step of 200 nm and thick-
ness of metallization of about 100 nm.

Conclusion

The lithographyic methods for creation of the to-
pology of structures are the strategic direction in the
development of the technology of the micro- and na-
no-electronics. For formation of the micro- and na-
no-structures the top—down approach is used, i.e. lo-
cal removal of the redundant areas of the functional
layers of a work piece by their etching. At that, the ac-
curacy of reproduction of the sizes of the elements of
the structures (resolution, locality of etching) in a hor-
izontal plane is ensured by means of the resistive
masks formed in the processes of lithography. An al-
ternative to the direct lithography is the inverse (lift-
off) lithography.
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In connection with a slowdown of the rate of devel-
opment and growing costs of the photolithography sys-
tems and sets of the photo masks for the technological
levels less than 50 nm, in the conditions of minifacto-
ries the systems of the multibeam no-mask electron-
beam lithography and nanoimprint lithography become
economically effective. All the advantages of the na-
noimprint lithography are visible in manufacturing of
the devices on the basis of the regular structures (mem-
ory devices, products of microsystem technologiess), in
which the basic characteristics are improved with a re-
duction of the dimensions.
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BBenenune

ITnenounsie pesuctopsl (I1P) 1mmpoko ucrosnb3y-
IOT B TMOpUIHBIX MHTeTrpaibHBIX cxemax HY, BU u
CBY nuamazonos [1].

CHuxenue paszopoca IIP mo HomMMHAJIBbHOMY CO-
MPOTUBJEHUIO 00eCcieunBaeTCsl JIa3epHOI MOJArOHKOM
[2]. YMmeHblueHue rabaputHbix pasmepos I1P npuso-
IUT K HEOOXOOUMMOCTU YYMUTHIBATh KOHEYHOCTbH TOJI-
IIWHBI Ja3epHOM Tpope3u. Mcrmonb3oBaHME TOJIBKO
9KCMEePUMEHTATBbHBIX JaHHBIX OTPAaHMYEHHOTO0 O00beMa
OKa3bIBaCTCS HEIOCTATOYHBIM ISl TIOJTHOTO aHajm3a
mpoiiecca IMOAroHKU. TpedyIoTcss MOAeIbHEIE UCCIIEA0-
BaHMSI, KOTOPBIM M TTOCBSIIIEHA HACcTOSIIAsI paboTa.

MeToauKa NOCTPOEHHSA MOJIEJIH MOATOHKH

Crpykrypa [1P ¢ npope3bio ITUHOM ¢ ¥ ITUPUHOU
2f mpuBeneHa Ha puc. 1, a. 3agaya peuiaercsi MeTO-
IoM KOH(MOPMHBIX oToOpaxeHuid [3]. MHOroyrojb-
HuK MM, MsM,MsMcM, Mg B IJIOCKOCTU Z OTOOpa-
JKaeM Ha BePXHIOIO MOIYILIOCKOCTh Imw > 0 ¢ ykazaH-
HBIM Ha puc. 1, b COOTBETCTBUEM TOUYEK C TOMOIIBIO
unterpana Kpucroppenss — IIpapua [3]:

2= A] Jo? — oD/ - PO 1YW D) dw, (1)
0

rme A — KOHCTaHTa OTOOpaKeHMs].

KoHcTaHTBl o, B, y ONpEeneynsitoTcsi U3 CUCTEMBI
YpaBHEHUIA

fle=1i/hL, fl(a—f)=1/1; (2

I = A{ Jovr— a2y (B2 - w12 wheE - wh) dw;

B
L= A] o — o)/ whH(12 - wh)(? - wh) dw;

Y
L= Aé Jov? o2y o - pH 12w E - wh) dw.

Ms Mo Mi

cl}lle.a X

- fOf a -

‘ O,

m,m, m; m; mg mym; m, my m, M,
“1yB8 a0 apy 1

iMS Mo M4

Puc. 1. IIpamMoyrosbHblii pe3ucTop ¢ mpope3bio (a) U ero 0TodpaxKe-
HHE Ha BEPXHIOI MOJYIIOCKOCTh (b)

Fig. 1. A rectangular resistor with a gash (a) and its image on the top
semiplane (b)
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Iinepsnnunruyeckue uHTerpaibl /; — I3 BbIUKC-
JISIIOTCS. C MCIIOJIb30BaHUEM KBaApaTypHbIX (opMyJ
HauBbICIIIEH CTENEHU TOUYHOCTM MOCJe NMPUBEIECHUS
WHTEPBAJIOB MHTETPUPOBAHUS K CTAHAAPTHOMY MHTEP-
Basy (—1, 1) u BblIEIEHUIO OCOOEHHOCTEl B BECOBYIO

¢ynkumio 1/(1 — wz)l/2 [4]:
1 N
dw _ 2n-1
JER = 3 5 o cosgtn). (3)

1-w

Torna conporusnenue R ITP (puc. 1, a) Beruucs-
etcs o popmyte [3]:

Re=2pK(v)/K'(v), “4)

IJe p — YAeJbHOE TOBEPXHOCTHOE COMPOTUBJICHUE pe-
3WCTUBHOM TUICHKU.

Pe3ynbTaThl pacyeToB HOPMHMPOBAHHOTO COIPO-
TUBJIEHUA R, = Rf/ (2pa/b) nmpuBeneHsl Ha puc. 2.

B gactHOM ciydae y3koii mpopesu (f=0) a =0 u
uHTerpan (1) npuBOIUTCS K BUAY

¢ (atib) = A] 7 2 wcziw e
Lo - pH o - Hw? )
2
=_4 F(arcsin _l,kj, ®)]
1-p? w'—y

F(o, k) — annuntuyeckuit UHTErpaa 1-ro poga Momy-
sk =2 = /(1 = pH]V2
M3 cooTBeTCTBUS TOUYEK Z = ib U W = oo TIOJIyYaeM

2

rae K — MOMHBIN SIIUNTUYECKUI uHTerpai 1-ro poaa
monyns k.

OOpamas (5) 1 KUCIOJIb3ys Jajiee IUIMOTAYECKUE
¢yukunm SIkobu, ImorygaeMm:

w -1 zsn[(1+il’_;_z)[(,k}. (7

Puc. 2. 3aBuUCHMOCTH HOPMHPOBAHHOTO CONPOTHBJIECHHUSA PE3UCTOPA OT
napameTpos npope3su npu f/a = 0,005; 0,2; 0,3; 0,5; 0,7 u ¢/b=0,1;
0,2; 0,3; 0,4; 0,5; 0,6; 0,7; 0,8 npu b/a = 3 (a) u b/a = 0,5 (b)
Fig. 2. Dependence of the reduced resistance of the resistor on the gash
parameters at f/a = 0.005; 0.2; 0.3; 0.5; 0.7 and ¢/b = 0.1; 0.2; 0.3;
0.4; 0.5; 0.6, 0.7; 0.8 at b/a = 3 (a) and b/a = 0.5 (b)
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Puc. 3. BiausiHde HOPMAPOBAHHOI TONIIMHBI MPOPE3N f/a HA H3Me-
HEeHHe CONMPOTHUBJIEHHS B MPOIIEHTAX B 3aBHCHMOCTH OT HOPMHPOBAH-
Hoit umanbl npope3u ¢/b: 0,1 % (1) u 0,5 % (2)

Fig. 3. Influence of the reduced thickness of the gash f/a on variation
of the resistance in percents depending on the reduced length of the gash
¢/b: 0.1 % (1) and 0.5 % (2)

M3 COOTBETCTBUS TOYEK Z = a U W = Y CJIEOyCeT

b/a = K/K, 8)

rae K'— MOJHbIA 3JUIMNTUYECKUA MHTerpas 1-ro poaa
JIOTTOJTHUTETLHOTO Momynsd k'= (1 — k2)l/ 2

M3 coorBercTBUS ToueK z = icuw=0,z=0mn
w = B c yueToM (8) mosiyuaeM B 3TOM YaCTHOM CJiyyae:

v =70 = dn[(l — ¢/b)K, k'],

B = By = vsnl(c/b)K’, k']. )
Torna aist (4) nojiyuaeM OKOHYATEIbHO
Ry=2p K{dn[(1 -¢/b)K" k']} (10)

K'{dn[(1-¢/b)K k']}"

CrernieHb BAUSIHUS TOJILIMHBI Mpope3u 2f WISt TIpo-
W3BOJILHOTO TIPSIMOYTOJILHOTO PE3MCTOPa MOXKHO OIle-
HUTb TI0 COOTHOILIIEHUIO, nonydeHHoMy u3 (4) u (10):

Rr _ Ko Kdnl(d—¢/HKL K}
Ry K Kidnl[(1-¢/D)K K1}

rie Ry Ry — CONpPOTMBICHNSI, BBIYMCICHHBIC C yUe-
TOM M 0e3 ydyeTa IUPUHBI TIPOPE3N; y — OIpeaesis-
eTCsl U3 CUCTEeMbl ypaBHEHU (2) Mpu 3aJaHHBIX pa3-
Mepax a, b u c.

CooTHollIeHre (Rf/RO — 1)100 moka3bIBaeT B Mpo-
LIEeHTaX U3MEeHEHHEe CONPOTUBIIEHUSI pe31CTOpa C TMPo-
pe3blo IUTMHOM ¢ 3a CYeT ee IMPUHBI. Pe3ynbrarhl Ta-
KuxX pacyeToB npu b/a = 0,3 mnst 0,5 % (Kpusas 1) u
0,1 % (xpuBast 2) npuBeIeHBI Ha puc. 3.

ITpy KoHEYHOI ToMIIIMHE Ja3epHOM TTpope3u 3aa-
Yya TMOATOHKU MMeeT MHOXECTBO pPelIeHUI, KOTOphIe
JIETKO onpenesstorcs. st 3Toro u3 cooTHoleHus (4)
10 3aJaHHOMY OTHOIIIeHUIO R/(2p) HaxomuMm y. 31mech
R — TtpebyeMoe 3HaueHue comnpoTusiaeHus ITP. Bce




MHOECTBO BapUAHTOB IIpOpe3eil oayyaeTcs Ipu BbI-
O0ope mapaMeTpoB o M B u3 ycjoBus 0 < a < B <.

3akimouyeHue

MeToaoM KOH(OPMHBIX OTOOpaXKeHUI TTOCTpOeHA
MaTeMaTnyeckasi MOAeNIb MOATOHKHU MPSIMOYTOJIbHOTO
MMKPOPa3MEPHOIo IJIEHOYHOTO PEe3UCTopa C YYEeTOM
IIAPUHBI J1a3epHOU TIpope3n. IloaydeHo cooTHoIe-
HUE, TTO3BOJISIONIEE OLIEHUTD CTeTNIEHb BIUSHUS LLIMPU-
HBI TTPOPE3U 1 ONIPENETUTh HEOOXOAUMOCTD €€ yyeTa B
KOHKpeTHOM cityyae. [IpennoxeHHass Moaeb MO3BO-
JIIeT HallTU BCe MHOXECTBO BapUaHTOB Mpope3eid,
o0ecreynBalOIUX Mpolecc HNoAroHkKu. PadoTtocmo-
COOHOCTbh MOJICJIM MOATBEPKACHA pacyeTaMU B MpPoO-
rpamMmHoM KoMiuiekce ELCUT [5] u akcniepuMeHTa-

MU Ha oOpaslax pe3rCTOPOB C rabapuUTHHIMU pa3Me-
pamu 0402 u 0201.
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The mathematical model of adjustment of the film resistor is constructed. The mathematical model considers the width of a laser
gash that is important for microsized elements. The criterion for a gash width impact assessment is offered. The offered model allows
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Introduction

Film resistors (FR) are used in hybrid integrated cir-
cuits of LF, HF and SHF ranges [1].

Decrease of the spread of FR by the nominal resist-
ance is ensured by a laser trimming (adjustment) [2].
Reduction of the dimensions of FR leads to a necessity
to consider the finiteness of the thickness of a laser
gash. Use of only experimental data because of their
limited volume is not enough for a full analysis of the
adjustment process. Modeling researches are required,
to which the present work is devoted.

Technique for construction of the trimming model

An FR structure with a gash of the length ¢ and
width 2fis presented in fig. 1, a. The task is solved by
the method of conformal images [3]. A polygon of
M MM MM MM >Mygin plane z is displayed on the

top semiplane of Imw > 0 with the conformity of the
points specified in fig. 1, b by means of the Schwarz—
Christoffel integral [3]:

2= A] Jo - oD/ - B - 1w D) dw, (1)
0

where A — image constant.
Constants a, B, y are defined from the following sys-
tem of equations

fle=hL/hL, flta—f)=1L/L 2

h=A] Jovt o2y whH1E WP - wh dw,

B
L= Al Jo? — o2/ whH(12 - wHeE - wh) dw,
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Y
15=A£Jw?a%ﬂm9B%Uzw%wzw%dw

The hyperelliptic integrals /;— /5 are calculated with
the use of the quadrature formulas of the highest degree
of accuracy after the integration intervals are brought to
a standard interval (—1, 1) and the specific features are
singled out in the weight function 1/(1 — w2 [4]:

1

N
IM =TIy g(coszn_ln). 3)

1 /1_W2 Np=1 2N

Then resistance R of FR (fig. 1, a) is calculated un-
der the following formula [3]:

Ry = 2pK(v)/K'(x), (4)

where p — specific surface resistance of a resistive film.
The results of the calculations of the reduced resist-
ance R, = Rf/(2pa/b) are presented in fig. 2.
In a particular case of a narrow gash (f=0) a =0
and integral (1) is brought to the following form:

¢ (atib)=A] 2 2 w;iw 2 2 N
LI =BHw™ = D(w" =7
2
=_4 F(arcsin _l,kJ, ®)]
1-p? w—y

K, k) — elliptic integral of the Ist kind of the module
k=167 = /(1 = pHI2

From the conformity of the points z = ib and w =
we get

2
a=-2lop (6)
where K — a full elliptic integral of the 1st kind of mod-
ule k.

By inverting (5) and using further the elliptic Jaco-
bian functions, we get:

2

::2 _‘;2 = sn[(l + ’I’T—Z)K k] 7

From conformity of the points z = a and w = y it fol-
lows that

b/a = KK, 8)

where K'— a full elliptic integral of the 1st kind of the
additional module £'= (1 — kz)l/ 2

From the conformity of the points z = ic and w = 0,
z =0 and w = B with account of (8) in this particular
case we get:

v =719 = dn[(1 — ¢/B)K’, k7,
B = Bo = vysnl(c/D)K, k], 9
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then for (4) we get

— 7, K{dn[(1 -¢/b)K" k']}
Ro = 20 ranici —e/m K K11 (10)

The degree of the influence of the gash thickness of
2f for a derived rectangular resistor can be estimated
by the correlation received from (4) and (10):

R _ Ko Ktdnld—¢/HKL KD
Ry K Kidn[(T-c/B)K KD

where Ryand Ry — the resistances calculated with the
account of the gash width and without it; y is defined
from the system of equations (2) at the set sizes of a, b
and c.

The correlation of (Rf/RO — 1)+ 100 shows in per-
cents the variation of the resistance of the resistor with
the gash length ¢ due to its width. The results of such
calculations at b/a = 0.3 for 0.5 % (curve I) and for
0.1 % (curve 2) are presented in fig. 3.

At the final thickness of the laser dash the adjust-
ment problem has many solutions, which are defined
easily. For this purpose from the correlation (4) by the
set correlation R/(2p) we find y. Here R — the required
value of the FR resistance. All the numerous dash ver-
sions are found during selection of the parameters of a
and B from the condition 0 < a < B <.

Conclusion

The method of the conformal images is used for
construction of a mathematical model for adjustment of
the rectangular microdimensional film resistor taking
into account the width of the laser gash. A correlation
is received allowing us to estimate the degree of the in-
fluence of the gash width and to determine the necessity
of its account in a concrete case. The offered model al-
lows us to find all the numerous versions of the gashes
ensuring the adjustment process. The operability of the
model is confirmed by the calculations done in EL-
GASH software [5] and by the experiments on the sam-
ples of the resistors with dimensions of 0402 and 0201.
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ONTUMM3ALINA TPAEKTOPUU AASEPHOM OBPABOTKM
NMAOCKOCTHbIX 3ATOTOBOK AASl MOMC

Ilocmynuna ¢ pedaxyuro 03.07.2017

Ilpedcmaenen HoBbILE NOOX00 K ONMUMU3AUUU MPACKMOPUU O8UNCEHUS NA3EPHO0 AYUA B0 8PeMS NYHe80l 00padbomKU Ha CMAaH-
Ke ¢ YI1Y naockocmuoli 3a20mo8Ku npou3e8oabHOU (opmut no kKpusoli. Ilpednoxceno 06a memooa CHUNCCHUS 8peMeHU 00pabomKu,
00UH U3 KOMOPbIX npeononazaem ygeauvenue ckopocmu 00padomiu nymem eAaoko2o CONpAlNCeHUs KPUBbIX PA320HA-MOPMONCEHUS,
a 8mopoll — CHUJICeHUe NYmu 6CnOMO2amMenbHbIX nepexo008 ¢ NOMOUbI0 2eHemu4ecko2o areopumma. llpedraeaemoiii n00x00 no3-

6oasiem ymeHvulums epems oopabomxu Ha 25—30 %.

Karoueewie caosa: razepnas oopabomka, 4I1Y, onmumuzayus mpaekmopuu, eeHemu4eckue aieopummel, 3a0a4a KOMMUBO-
Aa%cepa, 8blCOKOCKOPOCMHAs 06pabomka, enaokoe ConpsijiceHue KpUblxX pazeoHa-mopMolcenus

BBenenne

CoBpeMeHHOe MPOU3BOACTBO HE MOXET 00OUTUCH
0e3 HOBBIX TEXHOJOTMI M HMCIOJB30BAHMS BBICOKO-
TOYHOIO OOOPYIOBAaHHUS C YUCIOBBIM NPOrPaMMHBIM
yrpasiaeHueM (YI1Y). C KoH1Ia ceMUAECSITHIX TOIOB
MPOILIJIOrO BeKa Takoe 00OpyloBaHME HEMpepbIBHO
COBEPLIEHCTBOBAJIOCH, 1 Ceiyac B HallleM pacropsike-
HUM UMEIOTCSl TaKue YCTPOMCTBA, KaK 3D-TIpuHTEpHI,
3D-ckaHepbl, aBTOMaTU3UPOBAHHbIE COOPOYHBIE JIH-
HUU, JIa3€pPHbIE I'PAaBUPOBLIMKHN, MAPKMPOBLUUKHU, A
TakKe TMOpUAHBIE W aJallTUBHbIE TEXHOJOTMYECKHUE
cucteMsl [1].

Pa3zpabotka u ucciaegoBaHuE aaroOpuTMOB pPabOTHI
craHka ¢ UYITVY sBaseTcs clI0XHOM 3agaueil, BKJIIoYaoo-
el B cebsi 3aayy COKpalleHMsI BpeMeHM 00pabOTKU
C000pa3HO MPOrpaMMHBIM U amiapaTHbIM BO3MOXHOC-
TSIM 00OPYIOBaHUSI U MEXaHUUYECKMM XapaKTepUCTUKaM
ux ppurareneit [2, 3]. Kak cienyer us pa6or [4, 5], or-
TUMU3ALUST TPAGKTOPUU MOXET ObITb OJHON M3 TJiaB-
HBIX 3a/1a4, pellieHre KOTOPOil 3aTparuBaeT Mpon3BOIM -
TEJIBHOCTb M KaQUeCTBO BBIMYCKAEMOM MPOAYKIIUU.

OTMeTuM, 4TO JIt0O0OE TEXHOJIOTUYEeCKoe 000opyI0-
BaHue ¢ YITY uMeetr mexaHu3M, KOTOPbIA TiepemMela-
€T OKOHEYHOE YCTPOICTBO BIOJb ONPEIACTICHHON Tpa-
extopuu. Pazymeercs, ero 3(peKTUBHOCTH (0COOEHHO
MPOAOKUTEIBHOCTh BpeMeHU 00pabOTKM) 3aBUCUT OT
CKOPOCTH TIepeMEILeHNST MEXaHN3Ma U €TO TPaeKTOPUHU
repeMetieHrs. O4eBUIHO, YTO BO3MOXKHOCTH KOMITO-
HEHTOB 000OPYIOBaHUS OOYCIIOBIMBAIOT TJIABHBIN KpPH-
TEepU TTPOU3BOIANTEIBHOCTH CHCTEMBI — CHUXXCHHE
BpeMeHU 00paboTKU. DTO JIOKUTCS B OCHOBY 3aJauyu
(dopMUpoBaHUST TpaeKTOpHUHU TIepeMEIleHUS B XOIe
JIyueBOii 00pabOTKH.

B oOiieM Buae mpoliecc NOCTPOEHUST TPaeKTOPUU
COCTOUT B TOCTPOECHUHM rpadmKa 3aBUCUMOCTH Tpa-
€KTOpUU OT BPEMEHM, 3a KOTOPOE€ OKOHEYHOE YCT-
poiicTBO ABUXKETCS BAOJb Hee. COOTBETCTBEHHO, Tpa-
eKTOpHST OOBIYHO BBHIpaXkaeTcs KakK ImapaMeTpudecKast
(yHKIIMSA OT BpeMeHU, 3HaUYEHNE KOTOPON B KaKIBIA
MOMEHT BpeMEHU COOTBETCTBYET OMNpeaeJeHHOMY T10-
JIOXKEHWIO OKOHEUHOTO ycTpoiictBa [6]. OueBumHO,
YTO, OINPEACTUB 3TY (DYHKIIMIO, HEOOXOAUMO PACCMOT-
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peTb 0COOEHHOCTU €€ HCIIOJIb30BaHUs. B OOJIbIIMHC-
TBE CJy4aeB CTAHOYHOI 00pabOTKU TPAEKTOPHUS UHCT-
pyMeHnTa 3agaetcss CAM-nporpaMmMoli aBTOMaTU4eC-
Kd. OCHOBHBIX (PaKTOPOB, BIMSIOIIMX HA KayeCTBO
00paboTKM, IBa — 3TO YIpaBJIeHUE TeOMeTpueit Tpa-
€KTOpMU U YIpaBleHUe KMHEMAaTUIECKUMU TTapaMeT-
pamu ctaHka. Takxke 3TU (akTopbl BIAUSIOT HA TMPO-
M3BOJIUTEIbHOCTh 000OpymoBaHus [7]. B To Bpems Kak
OOJIPIIIMHCTBO CYILIECTBYIOLUIMX aJrOPUTMOB pacyeTa
ITOJa49¥ OCHOBBIBAIOTCS Ha CKOPOCTH M YCKOPEHUH KaK
Ha OCHOBHBIX (haKTOpax Hale>KHOCTU, UCIIOJIb30BaHUE
TUHAMHWYECKUX COCTOSITHMI BBICIIETO TOPSIIKA, TAKMX
KaK PBIBOK, JEJaeT pacyeT M ONTUMU3ALMIO TOAAYU
BeCbMa CJIOXKHOM 3amaueit [8].

OcHoBHas npobjieMa — 3TO yBeJIWYEHUE MoAayu
IIpY OTHOBPEMEHHOM COXpPaHEHMH TOYHOCTH OOpa-
0OTKM, NPU COOJIIONEHUN OIPAaHUYEHUI MO YCKOPEHU -
sIM, HakjagblBaeMbiX cTaHKoM [4]. IIpu mocrpoeHuun
TPAeKTOPUU JOJIKHbBI ObITh YUTEHBI CKOPOCTH, YCKOpE-
HUS U PBIBKU B TIpoIiecce ee 00xoma.

ITpu sToM 3amaya B 0OIEM BMIE CBOAUTCS K Ha-
XOXIEHUIO TPaeKTOpUid, OJU3KMX K ONTUMAJbHBIM,
KOTOPbIE COOTBETCTBYIOT OMNpEIeJeHHBIM KPUTEPUSIM
(HampuMep, HaUMEHBIIIEMY BpeMEHU IPOXOKICHUS)
[3]. CylliecTBYIOT 1Ba OCHOBHBIX METOJa MOCTPOCHUS
TPAeKTOPUM — C MCIIOJIb30BAHNEM CETEeBBIX TEXHOJIO-
ruii 6o 6e3 Hux. IlocTpoeHue TpaeKTOpPUM C MC-
MOJIb30BAHUEM CETEBbIX TEXHOJOTMM mpejaroJiaraeT
afanTUMBHYIO pa3pabOTKy TPAeKTOPUM IBUXKEHUS B XO-
Jie BBITIOJIHEHUST TIPOrpaMMbl, a 06€3 CeTeBbIX TEXHOJIO-
Tl — TpeaBapUTEIbHYI0 00pabOTKY MporpaMMBbl st
YITY B ueasix moucka Hepas3pbIBHBIX MyTel M COKpa-
LIIEHUST BCIIOMOTATeJIbHBIX MepexomoB. Takoil moaxon
MOXKET ObITh MCMOJb30BaH MpU 00padOTKE 3ar0TOBOK
O CJIOKHBIM TPAeKTOPHUSIM, COCTOSIILIUM U3 OOJIbIIOTO
yycia OTAeNbHbBIX JUHUIA.

Hanpumep, npu pacrneuarbiBaHuu Ha 3D-nipuHTe-
pe KpyIHOrabapuTHbBIX AeTajell ¢ pa3sJIuYHbIMU TMOMI-
JIEp>KUBAIOIIMMU CTPYKTYpaMU BHYTPH, WU MPU Bbl-
pe3aHUM U3 JIMCTa OOJIBIIOTO YMCiIa HEOJMHAKOBBIX
JeTaneid, Win IIpU U3TOTOBJIEHUU AeTajeil ¢ OONbLIMM
YHCJIOM OTBEPCTUI Ha TJIOCKOCTH.

DKCcrnepaMeHTANIbHAS YCTAHOBKA I 00padOTKH
H3IydYeHneM noanoxek MOMC

g MOMC ygacTto HEoOXOZMMO WM3TOTOBJICHUE
JeTajeil Ha MOIJOXKE, B YACTHOCTU CJIIOXHOU hop-
MBI, COAEPXKAIIUX MACCUBBI pA3HOPOIHBIX 3JIEMEHTOB,
CJIOXKHBIX JIeKaJIbHBIX (DopM U T. A. B cepuiiHoM mpo-
U3BOJICTBE 3TO TPeOyeT HEeCKOJbKHUX TEeXHOJIOrhyec-
KMX OIlepaluii, MIPOU3BOAUMBIX Ha Pa3JIM4YHBIX pe-
KrMax oopaboTku. OmHaKO Ha 3Talle M3TOTOBJICHUS
Mmaketa MODMC 3ameiicTBOBaHUE BCE TEXHOJIOIMYEC-
KOW 1LIeTTOYKKM 9KOHOMUYECKH HelleaecoobpasHo. Ta-
KMM 00pa3oM, HEOOXOAMMO CIIPOEKTUPOBATh YCTAHOB-
KY, TTIO3BOJISIOLIYIO0 O0beIMHUTh HECKOIBKO OTepalnii
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10 3acBeyMBaHUIO (PoTOpe3ucTa 0e3 KCII0JIb30BaHUS
(oTto1abiona, oTxxura, MUKpOoCBapku, packpos, T.e.
co37aTh aHaJIOT MaKeTHO-CTeHAOBOU JabopaTtopuu
JUJISI MUKPOYCTPOMCTB B paMKaX OJHOM CUCTEMBI C YUC-
JIOBBIM TIPOrpaMMHBIM ynpaBieHuem [9—10].

B HacTosieit pabotre paccMaTpuBaeTCsl YCTPOMC-
TBO (puc. 1), mpeaHa3HaueHHOe 1151 Jla3epHOl oOpa-
OOTKHU TIJIOCKOCTHBIX 3aTOTOBOK JIA3€PHBIM U3JTyYeHU -
eM. OHO COCTOUT M3 HEMOJABMXHOIO CTOJIa, Ha KOTO-
pOM pa3MelaeTcss oObeKT, TepeMellalolieicsl B 1ByX
KOOpAMHATaX JIa3epHOM TOJIOBKM, PACHIOIOKEHHONM Hal
CTOJIOM, U HMCTOYHMKA JIa3€PHOTO M3JyYEeHUsI, ONTH-
YECKU COINPSIKEHHOTO C Jla3epHoii TojoBkoi [11—13].
Ha npumepe naHHOro ycTpoiicTBa OyAyT pacCCMOTPEHbI
pa3IMyHbBIe METOABI ONTUMU3ALUU TPACKTOPUU IBU-
>KEHUSI JIa3epHOM TOJIOBKM B Tpoliecce 0O0pabOTKU.

DKCIepUMEHT TPOBOAMIN C MIPUMEHEHNEM TOI-
JIOXXKH, MOKPBITON (PoTOpe3rucToM. DKCepuMeHTab-
HO ObLJIO MOKAa3aHOo, YTO MPU UCTOJIb30BAHUU UCTOY-
HUKa HEOOJIbIION MOIIHOCTH (KMCIOJb30BaIU TBEP-
JOTeJIbHBIN Ja3ep ¢ JIMHOM BOMHBI 405 HM U MOIII-
HocThio 500 MBT) ckopocTh IepeMelleHUs J1a3epHOit
TOJIOBKM HE3HAYMTEJbHO BIMSIA Ha KayecTBO oOpa-
0OTKM TOJIMUMEpa.

Ha puc. 2 nmokazaH oauH U3 3KCIEPUMEHTAIbHBIX
00pa3ioB. OH BBINOJHEH 13 (DOJBIMPOBAHHOIO CTEK-
Jnorekcroanuta Mapku CTD-2, mokpbeITOro oTope3uc-
tom POSITIV20. B xone skcnepumeHTa nocjie odpa-
60TKM obpasel; 6buT moMelteH B 1 %-if pacTBOp TWI-
pOKCHMIIa HATpus, a 3aTeM IPOTpaBjieH B KOHUEHTPU-
POBAHHOM PacTBOPE XJIOPHOTO XeJie3a, YTOOBI yIAINTh
Mellb C 3aCBEYEHHBIX ydyacTKoB. ClelyeT OTMETHUTb,
qT0 B inana3oHe ckopocteit 500...950 MM/MUH TMHUY,
OCTaBJICHHbIE JIA3€PHBIM JIyYOM, UMEIOT MPaKTUYECKHU
OJMHAKOBYIO TOJILIMHY. DTO yKa3bIBaeT Ha TO, YTO
BO3MOXHO HNajibHellee yBeJuyeHue CKOPOCTU obpa-
0OTKM OJHOBPEMEHHO C COXpaHEHUEM TJIOTHOCTU 13-
JIy4eHHsI, TOCTaTOYHOU mis1 00paboTKu (oTope3ucTa.

OnTu4eckoe BONOKHO ﬂaaep
Optical fibre

Puc. 1. DkcnepuMeHTAJIbHOE YCTPOMCTBO IS JIa3epHOil 00padOTKH
Fig. 1. Experimental device for laser processing




CKOPOCTb, MM/MUH.

Speed, mm/imin

Puc. 2. Caenpl 00paGoTKH Ja3epHBIM Jy40M
Fig. 2. Traces of laser beam processing

dpyrumMu cioBaMu — CEJIEKTUBHOE OTBEPXKICHUE I1O-
JINMEPOB MOXET pacCMaTpUBAThCsl KaK BbICOKOIPOU3-
BOIUTEJIbHAsI 00pabOTKa MaTepraioB, COOTBETCTBEHHO,
TpaekTopusi 00pabOTKM JOJIKHA ObITh ONTUMHU3UPOBA-
Ha JJ11 paboThl HA MaKCUMaJIbHOM CKOPOCTH.

OcHoBHbBIE CIIOCOObI ONTUMH3AIMHA TPAEKTOPUHI

OcHoBonosaramonias 3ajadya ONTUMU3ALUU — 3TO
JIOCTUXKEHUE MaKCUMaJbHOW CKOpPOCTH 00Xxoja Tpa-
ektopuu. Kaxnas nporpamma nist YITY npencrasisi-
eT co0oI1 Iocje10BaTeIbHOCTh KOMAaH/I, OOJIBIIMHCTBO
U3 KOTOPBIX OMUCHIBAIOT MepeMelleHue UHCTPYMEH-
Ta. CienoBaTesibHO, TPA€KTOPUSI MHCTPYMEHTAa — 3TO
MOCJIeA0BATEIbHOCTh ceTMeHTOB. B crankax ¢ YITY
peain3oBaHa JIMHEHHas W KPyroBasi MHTEPHOJISLIUH,
TaK 4TO CETMEHTBI MPEICTABISIOT COOON JUHUU U 1y-
ru. JI1s Kaxnoi KkoMaHabl UK Kaapa yCTaHaBIWBaeT-
ca momava, v ctaHaapt ISO 6983-1:2009 [14] He oro-
BapuBaeT, YTO Ha KaXkJOM 13 OMMCaHHBIX B KaJpe cer-
MEHTOB CTaHOK JOJIKEH Pa3rOHSAThCS 10 MaKCUMaslb-
HOI CKOPOCTHU.

B xone skcnepuMeHTOB ObLIO JOKA3aHO, YTO MeXa-
HUYECKUE XapaKTEPUCTUKU ABUrATEIE HE MO3BOJISIIOT
CUCTEME JOCTMYb MAaKCHUMaJIbHOW CKOPOCTH IOJayu
npu obxoae TpaekTopuu. Kpome Toro, Hu OOuH IBU-
ratesJib HE MOXET HayaTbh paboTy Ha MaKCUMaJIbHOW
4yacToTe BpallleHUsI U OJHOBPEMEHHO BblIaTh COOT-
BETCTBYIOIIUNA MAaKCUMAIBHBIA KPYTAIANA MOMEHT.
st Kaxmoro Tuma ABUTATesel, MCIONb3YIOLIMXCS B
crankax ¢ YIIY, cyliecTByeT 3aBUCMMOCTb 4acCTOTHI
BpallleHUsI OT BpEMEHM, MHaUe rOBOPsI, KpUBasi pas3ro-
Ha-TOpMOXeHus. B o0iiem Buae 3Ta KpuBasl IIpel-
CTaBJIcHa B BUJI€ TpalellMi: BHAaYaJle IBUTATEIb pa3-

TOHSIETCS 1O MOMEHTa Habopa HeoOXOOMMOI CKOpPO-
CTH, 3aTeM TPOMCXOAUT ABMKEHUE MPU MOCTOSSHHOM
3HAUYEHUU CKOPOCTH, a B KOHILIE OH JIMHEHHO 3aMe-
nsgetcs. IIpobiemMa cocTOUT B TOM, YTO 3HAYEHME TO-
Jayyd He CBSI3aHO C IJIMHOW Kajpa.

Taxum o6pa3om, Ha KOPOTKHUX CETMEHTaX TPaeKTO-
pUM, KOTJa 3aMelJIieHue ABUXKEeHUS HauMHAeTCsl cpasy
TocJie YCKOPeHUsI, TparelueBUIHbIN rpacuK BbIPOXK-
JlaeTCcsl B TPEYTOJIbHBI M CTAHOK HE MOXET AOCTUYb
MaKCUMAaJIbHOI'O 3HAYeHUsI CKOPOCTH 00paboTku. Oye-
BUIIHO, YTO NMPU 00X0le TPaeKTOPUU, COCTABICHHOM
U3 MHOXeCTBa KOPOTKMX KaapoB, OT Kajapa K Kaapy
HWCIOJIHUTEIbHbBI MEXaHU3M OyIEeT ABUTAThCsSl pbIBKA-
MU. DTO BbI3bIBAe€T BUOpALIMU U YCKOPSIET M3HALIMBA-
HY€ JBUTATeJel M MPOYMX ABMKYIIUXCS JacTeit [15].

Ipennaraercst caeayrlIMiA MOAXOA K ONTUMM3A-
LIMM TPAeKTOPUM B XOJie 00pabOTKM 3aroTOBKMU Ha
cranke ¢ UITY.

1. Peanuzanus aropuTMa AByXIIPOXOIHOTO aHAIM-
3a ympaBisiolleid mporpamMbl. Ha mepBoM mpoxoze
OyAyT OLIEHUBATbCS OOILIME XapaKTEePUCTUKU TPAEKTO-
pUM, TaKUe KaK JJIMHA CETMEHTOB U MMHYTHas Tofaya
Ha KaXX7IO0M U3 HUX, TTOCJIE YeTO BCS TPAaeKTOpUS OymeT
pa3ouTa Ha paBHbIe OJloku. Ha BTOpOM 3Tame Oyner
co3gaH Oydep, B KOTOpBIil OymayT IOMEIIEeHBI OJIOKU,
JUTSI HUX HEOOXOAMMO paccuuTaTh apaMeTphbl KPUBBIX
pa3roHa-TOPMOXEHMS C YUETOM UX CONpsKeHMs1. Pa3-
Mep Oydepa MOXET U3MEHSITHCS U 3aBUCUT OT MaKCH-
MaJIbHOM CKOPOCTHU, 3aJlaHHOI B YMpaBJsIOLIei Mpo-
rpamMme. Takum obpaszom, B Oydep OyaeT moMelieHO
Takoe YMCJIO OJIOKOB, KOTOPOE HEOOXOAMMO IJIsl BO3-
MOXHOCTH OCTAHOBKH JBUTATENSI B IUTATHOM PEXUME
(TO ecTb 6e3 MpEeBbILIEHUSI MAKCUMAJIbHBIX IJIs1 yCTa-
HOBKM 3HAue€HUI yCKOpeHUsi U pbiBKa). [TogoOHbIi
TOAXOJ IMO3BOJIUT UCTIOJTHUTEIBHOMY MEXaHU3MY TLIaB-
HO DPa3rOHSTHCS B TeUEHHUE HECKOJbKMX OJIOKOB sl
JOCTUXKEHUS 3aJaHHOW KOHTYPHOM CKOPOCTH.

2. Tlepexoa oT TparneueuaaabHONW KPUBOW pasro-
Ha-TOPMOXEHMUS K IBOHOM S-o0pa3Hoii (puc. 3). I1o

PuiBok
Yank

YckopeHue
4 Accelsration i
KoopawHata
Coordinate '
-6 L 1 1 L L 1 1 1 N
0 1 2 3 4 5 6 7

Puc. 3. O0muii BUI KPUBBIX JABHKEHHS, CKOPOCTH, PA3roHa W TOP-
MOXKEHHs 1JIsi IBOIHO S-00pa3Hoii TpaekTopun

Fig. 3. General view of the curves of movement, speed, acceleration and
deceleration for a double S-shaped trajectory
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CermMeHTaumMa TPAeKTopuM
ApvmeHua obpabotkm 3

Segmentation of the trajectory
of laser treatment

NUHKK cermeHTaumMm
Segmentation boundary lines

| |
| TpaexToOpHM ABMMEHHA NasepHoW 0Bpaboku CermeHThl TPAEKTOPWUW NazepHoR obpaboTku |
| Trajectories of laser treatment Segmented trajectories |

Puc. 4. Cniocod cerMeHTAMH TPAEKTOPUH
Fig. 4. Method of the trajectory segmentation

pe3yJibTaTaM MPOBeASHHbIX UCIIbITAHUM ClieJIaH BbIBOI,

0 TOM, YTO MOAOOHAs TPAeKTOPHS IO3BOJISIET OINTU-

MU3UPOBATh HE TOJbKO BTOPYIO MPOU3BOAHYIO KOOP-

JIWHATHl 10 BpeMeHU (YCKOpEeHHE), HO U TPEeThio —

pbIBOK. Hannuue KOHTpOJIMpPYeMOro pbiBKa MO3BOJIS -

eT Oojiee TMOKO YIpaBIsiThb MapaMeTpaMu pasroHa U

TOPMOXKEHUS Ha KOPOTKUX Kajapax, a TakXke CHU3UTh

Harpy3ky Ha MeXaHUYeCKHe 4YacTu 0o0OpyaoBaHMUS

[16, 17].

IToMyuMO ONTMMU3ALIMKU TPAEKTOPHUH B peXXUMeE pe-
aJbHOTO BPEMEHM, CYLIECTBYET Apyras OCHOBHas 3a-
Jadya — OINTHMU3AINS TPAaeKTOPUM ITIepel 3aIyCKOM
nporpaMMbl Ha ctaHke. JIJIsi cokpallleHUsI BpeMeHU
00pabOTKM MOTYT OBITh BBIAEICHBI TPU IIOIX0/IA:

e TIOMCK HauOoyiee TMPOAOKUTEBHOTO HEMpepbiB-
HOTO y4JacTKa TpaeKTOpuM 0e3 OCTPBIX YIJIOB, Ha
KOTOPOM OKOHEYHOE YCTPOHCTBO (KapeTKa CToJa)
yCIeeT pa30THAThCS O MAaKCMMAaJIbHO BO3MOXKHOM
CKOPOCTH C YYETOM OTrpaHUYEHUI MaKCHUMalbHbIX
YCKOPEHMST U PBIBKA;

e MUHMMU3ALMS BCIIOMOIaTeJIbHbIX XOA0B, KOTIa Ka-
peTka ABMXKETCS MpPU BBIKIIOYEHHOM HCTOYHUKE
U3TyYEHUSI;

e KOMOMHALIMs MEPBBIX ABYX MOIXOJIO0B, MO3BOJSIO-
11asi HAMTH MaKCUMaJIbHO MPOTSKEHHYIO TPaeKTO-
pHIo 6€3 OCTPHIX YIVIOB, BKJIIOYAIOUIYIO B ce0s1 Kak
paboune, TaKk ¥ BCIIOMOTaTeJbHbIE XOAbl C YYETOM
HeOOJIbIIOT0 BpeMEeHU BKJIIOUEHUSI U BBIKJIIOUEHMSI
JIa3epHOTO U3Iy4YeHMUSI.

IMpennaraercs caenylolee peiieHue. BHauanae Ha
IUIOIIAAb, OTPaHUYMBAIOLLYIO 001aCTh 00PabOTKM, HA-
KJ1aIbIBaeTCsl KOOPAMHATHASI CeTKa C 3aJJaHHbIM 111aroM
pazouenus. Tpaekropus, 3agaHHasi KOOpAMHATaMU
y3JI0B 1 MHOXECTBOM pedep, pa3drBaeTcsl Ha CerMeH-
Thl, KOTOpblE HYMEPYIOTCS U TTOMEIAIOTCSl B CITUCOK.
Kaxapiii cerMeHT B CIIMCKE COAEPKUT MHDOPMALIMIO
0 HampaBJIeHUU 00X0jJa TPaeKTOPUU, a UX TTOPSIIOK B
CIUCKEe OIpenenseT Topsnok obxoma. CyMmapHoOe
BpeMsl 00Xo/a TPaeKTOPUU COCTOMUT U3 BpEeMEHU, 3a-
TpauMBaeMoOro Ha 00XOM BCEX CETMEHTOB, KOT/a Jia3ep
BKJIIOUEH, U BPEMEHU, 3aTpauMBaeMoro Ha BCIIOMOra-
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TEJIbHBIC IIEPEXObI, KOTJa JIa3€p BbIK/IIOYECH U JIBUXKE-
HUE OCYIIECTBJISETCS Ha MaKCUMAJIbLHOW CKOPOCTU

(puc. 4).
Kaxnplii cerMeHT MOXeT ObITh MpencTaBeH Kak

. ef .o
S(l) d= <xa’ ya’ xb> yb; la d: L J, v, t>’ (])

TIE X, Vys Xp, ¥ — KOODAMHATHI Hayajla M KOHLA Cer-
MeHTa (TOYKU a U b) COOTBETCTBEHHO; [/ — JIJIMHA Cer-
MEHTa; v — CKOPOCTb IPOXOXICHUSI CErMEeHTa; ! —
BpeMsi, 3aTpauyMBaeMoOe Ha IPOXOXIEHUE CEerMeHTa;
d — HampaBlieHUe TIPOXOXIEHMS CErMEeHTa; | — UIeH-
TUGUKATOP CETMEHTA; j — HOMEp CerMeHTa B ouepenu
o0paboTrku. HoMepa cerMeHTOB ompeaesiioT moce-
JIOBaTeJIbHOCTL MX 00paboTKM. CIMCOK CErMEHTOB
MOJTHOCTBIO OMpPENENsieT TPACKTOPUI0 0OpabOTKU:

List o <S([’j)>, l,] € 1, n, (2)

rae i — uaeHTU(UKaTOp CerMeHTa; j — HOMep CerMeH-
Ta B CIIMCKe, 3aJal0lIuii ouepeab 00pabOTKM; # — YHUC-
Jio cerMeHTOB. Toraa Bpemsi, 3aTpauMBaemMoe Ha obpa-
0OTKY

Tr= Tp + Tidle’ (3)

rae T, » — BPeMsl, 3aTpaulBaeMoe Ha 06paboTKy (pabdo-
une xoanl); Ty, — BpeMsl, HEOOXOAUMOE ISl TIEPEME-
IIeHUsT OT 6a30BOI TOUKU IO MEPBOTO CETMEHTa U OT
MOCJIEAHEro cerMeHTa a0 0a30BOM TOUKHU, T.€. BpeMsl,
3aTpayrMBaeMoOe Ha BCITOMOTaTeJIbHBIC IepeMeIleHUS
KapeTKu.

Hanee 3agaya ONTUMMU3ALMU MOXET ObITh Tpead-
CTaBJieHa KaK MOMCK MOCJeA0BaTeIbHOCTU CETMEHTOB
00paboTKM U UX OpUeHTAlMM (Havyajia U KOHIIA y4acT-
Ka, IOe BKJIIOYAeTCS W BBIKJIIOYAeTCs Jiazep), Korma
BpeMsl pabOThl C BBIKJIIOUEHHBIM JIa3epoM OyAeT MU-
HUMaIbHBIM. [lOCKONBKY BpeMs, 3aTpauMBaeMoe Ha
00paboOTKy CErMEHTOB, HEe 3aBUCUT OT MOCJIeA0BaTEb-
HOCTH MX 00pabOTKM, 3ajaya CBOAUTCI K MUHUMU3A-
LMY TOJNBKO BpeMeHU Ty,

IIprHuMas BO BHUMaHUE TOT (pakT, YTO ABUTATENIH,
nepeMeulaolye Ja3epHyo rojJ0BKY B IBYX KOOPIU-
HaTaxX, MOTYT IBMTaThCS HE3aBMCHMMO NIPYT OT Ipyra,
BpeMsI XOJIOCTOTO XOjJa MeXIy ABYMSI aKTHMBHBIMU
ydyacTKaMu OyJeT MPOINoOpLUOHATIbHO MaKCUMATbHOMY
MpUPAILEHUIO TSI KaXI0i OCHU:

Tx(i) = kmax(lxa - xbla |ya - yb|) (4)

OO6uiee Bpemsi, 3aTpauyMBaeMOe Ha BCIIOMOTaTelb-
HbI€ XOJIbl, OyIEeT paBHO

Tx = ZTX(I)’ ie 1,_’1 (5)
1

DTa 3a7a4ya MOXeT ObITh pellieHa C MCIOJIb30BaHU -
eM reHeTndyeckux anroputMoB [18]. 'eHeTnueckue am-
TOPUTMBI IIMPOKO KCIIOJbL3YIOTCS IIpU pa3paboTKe U
ontuMu3aluu nporpamm aiag YITY. B yactHocTH, B
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Fig. 5. Genetic modeling of the trajectory optimization in case of beam processing

pabore [19] onucaHoO MX MUCIIOJb30BAHUE IJISI pa3pa-
0OTKM METOIUKM COPTUPOBKM 0€3 JOMUHUPOBAHMS
(NSGA-II) u noctpoeHust (ppoHTa YACTOTHOTO pac-
npeneaeHus IJs CO3MaHUs MHOTOKPUTEPUAIBHOIO
METOJa ONTUMMM3ALlMM MHapaMeTpoB 00paboTKu (TiIy-
OMHBI pe3a, IMoJaYn M CKOPOCTH) Ipu paboTe Ha TO-
KapHOM CTaHKe.

Pa6Gota [20] nmocBsiieHa 3agauaM NMpUMEHEHUs Te-
HETUYECKMX aJITOPUTMOB B aBTOMaTU3UPOBAHHOM TeX-
HoJiornyeckoi moarotoBke npousBoactBa (ACTTIIT).
Hpyrumu ciioBamMu, JJIsl CUCTeMaTUdecKoi (popmanu-
3allMM METOMOB 0OpabOTKM (OTHOCUTEIBHO TEXHOJIO-
FMYECKUX Olepaluii, 00pabOTKU, MHCTPyMEHTA U T.1.)
B LEJISIX YIYYIIEHUST SKOHOMMUYECKMX Y MPOU3BOJCT-
BEHHBIX ITapaMeTpOB MPOU3BOACTBA U3aeauii. B coeit
padote Bonr [21] mpoBen wucciienoBaHue mpodsiemM
MIPUMEHEHUS] TeHETUIECKUX aJITOPUTMOB COBMECTHO C
HEHpOCeThbIO ISl OIpeAesieHUsI ONTUMAaJbHBIX Mapa-
METPOB 00pPabOTKU J1J1si TMOPUIAHOTO MHOTOIMO3UIIMOH -
HOTO TMOJIMpOBaJIbHOIO cTaHKa. Tapox u 2KaHb B cBOei
pabore [22] nmpencTaBuIN OCHOBAaHHBIN Ha TeHETUYEC-
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KOM aJITOPUTME CTIOCO0 OTCIIEKMBAaHUS ABVKCHUS U3-
OBITOUHBIX M HEU3OBITOUHBIX MAHUITYJISITOPOB B PEXKM-
Me€ PeajlbHOIO BPEMEHH.

B maHHOIT cTaTthe TpenaraeTcs ciemylollee pele-
HUe. XpoMocoMa OyIeT COCTOSITh U3 TeHOB, OMUChIBA-
IOIIMX TTOCAeA0BaTEIbHOCTD POXOXKAEHUSI CETMEHTOB
U X OPUEHTALIMIO, ONPEeAeISIONIMX HallpaBieHue 00-
pabotku (puc. 5). Hng Toro 4troObI OINpEAcIUTh Ha-
MpaBjJeHUe U TPACKTOPUIO TMepeMelleHUs Ja3epHOro
Jlyya BJOJIb CErMEHTa, KaXXAblii T'eH CONEePXUT WH-
(opManLMio 0 HOMEpe cerMeHTa U HalpaBJIeHUU 00-
pabotku. B ciydae, eciu J1yd ABUKETCS OT a 10 b, Ha-
MpaBJIeHUE KOIUPYETCS HyJIeM, eC/id OHO 0OpaTHOe —
eauHuleit. ITocneaoBaTeIbHOCTb TEHOB B XPOMOCOME
OIIpeesIsieT TOC/IeI0BaTeIbHOCTD JIyUeBOil 00pabOTKI
KaXI0ro M3 CerMEHTOB, TaKMM 00pa3oM XpOMOCOMa
KOAMpYyeT oIpeAejeHHbIM 00pa3oM TpaeKTOPHUIO Jia-
3epHOI 00pabOTKM MU3IETHSI.

B manmbHeiteM i BCeX TEHOB, BXOASAIINX B XPO-
MOCOMY, HEOOXOOWMO MCIIOJIb30BaThb KPOCCHUHIOBED.
Ecnu a10 ycnoBue He OyneT cobtoaaThCsl, TO HEKOTO-
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pas JacTb noiexallux oopaboTke CerMeHTOB He Oy- KOMMUBOSKEpA C UCTIOJIb30BAHUEM T€HETUUECKUX ajl-
JeT obpaboTaHa, B TO BpeMsl KaK HEKOTOpbIE M3 HMX roput™MoB. IIpocreiiias ¢opma oneparopa KpOCCHUH-
OyayT oopaboTaHbl ABaXxabl. [IT010OHBI TUIT KPOCCHUH- roBepa ImokaszaHa Ha puc. 5. OrnepaTrop MyTallMl MO-
rosepa ObUI M3y4eH U MPUMEHEH IS pelleHus 3a1aun JKeT paboTaTh C HarpaBjeHUEM 00pabOTKY CerMeHTa 1
| |
| 5 0 2 0 1 1 6 0 4 1 3 0 Xpomocoma A0 myTauun |
I The Chromosome before mutation I
| |
| ¢ |
| |
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Puc. 6. Tunsi MYTAUMIA: ¢ — C U3BMEHEHUEM HANPaBJIEHUS IPOXOXIEHUS CETMEHTA; b — ¢ U3MEHEHUEM TOCJIeI0BATEIbHOCTH TPOXOKACHUS
CErMEHTa

Fig. 6. Types of mutations: a — with a change of the direction of the segment passage, b — with a change of the sequence of the segment passage
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Puc. 7. Pe3yabTaTsl MOJeJMPOBAHUS
Fig. 7. Results of modeling
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C MePEeCTAHOBKOM OTIEIbHBIX cerMeHTOB (puc. 6). Ta-
KON KPOCCHMHIOBep OymeT OJIM30K K HCMOJb3yeMOMY
IIpY pellIeHUN 3aJa4i KOMMUBOsDKepa [23, 24], 3a uc-
KJII0YeHHeM J00aBIeHMsT HalpaBIeHUs] TTPOXOXKICHMS
CEerMeHTa.

ITockoabKy reHeTMYecKHe aJropuTMbl J0Ka3alu
CBOIO 3(p(EeKTUBHOCTD MPU PelICHUU 3ada4yd KOMMU-
BOSIKEpa, 3TO TO3BOJSIET MPEANONOXUTh 3¢ GhEeKTUB-
HOCTb NPUMEHEHUS NaHHOMW CTpaTeruu sl pellieHUs
3a/1a4¥ ONTUMU3ALMU TPAEKTOPUN JTBUXKEHUS TIPA 00-
pabotke uznaydyeHueM [25—27]. JIast moBbllieHUs 3¢-
(heKTMBHOCTM aJropuTMa MOXHO NMPUMEHUTH DBPUC-
TUKY, 3aKJIYaIOIIYylOCsi B M3MEHEHUU OpUEHTALUU
COCEIHEeT0 CerMeHTa TakKuM o0pa3oM, MPU KOTOPOM
paccTosiHME MEXIy KOHII[AMM CErMeHTa, a CJeloBa-
TeJIbHO, ¥ MyTh BCIIOMOTATEILHOTO X01a OyIyT MUHU-
MaJIbHbIMU.

Takke BO3MOXHO NPUMEHEHUE 3SBPUCTUUYECKOTO
MeTo/ma IIOCJIeNOBAaTEILHOIO YIYYIIeHUsS MPOTOTHUIIA
[28], 0OBEAMHEHHOTO ¢ METOAOM II00AJIbHOIO ajar-
TUBHOTO CJy4allHOTO TOMCKAa, MPEeAIOKEHHOro Ipo-
(deccopom Kadeaprsl CTaTUCTUYECKOTO MOIEIMPOBA-
Hust CaHKT-IleTepOyprckoro rocyaiapcTBEHHOTO YHU-
Bepcuteta 0. A. CyikoBbiM [29], KOTOpBIA UCITOJb-
3yeTcsl cieayolmuM obpazom. CHavajna ciayyallHbIM
00pa3oM TeHepHpyeTcs] MHOKECTBO PEIIeHU, U3 KO-
TOPBIX OTOMPAETCS KOHEYHOE MHOXKECTBO # HaWIyy-
mux. Janee, oty perieHus MOTUGUIIUPYIOTCS TTyTEM
MpUMEHEHUs] MepecTaHOBOK. M3 MmojydeHHBIX pelle-
HU1 BHOBb OTOMPAETCSI # HAWIYYIIUX, TPUYEM OT UTe-
pauMy K UTepaluuy auana3oH (paccTosHue X3MMMH-
ra) cokpauaetcs. [locne 3amaHHOro yucaa uTepamuii
JUTST KaKIOTO U3 pellleHWI 3aImycKaeTcsl IPoIecc Co-
BEpLIEHCTBOBAHUSI MPOTOTUIA. Pe3yabTaThl Moaenu-
pOBaHUA JAHHOTO IOIXOMIA TPEACTABICHBI Ha puC. 7.

3akimouyeHue

Brumm paccMOTpeHBI MOAXOABI K IMMOCTPOCHUIO OIl-
TUMJIbHON TPAEKTOPUU TSI UCITOJTHUTEILHOIO Mexa-
HHM3Ma cTaHKa. B KauecTBe OCHOBHOTO KpUTEPHSI OII-
TUMU3ALMU ObLJIO MCIMOJIb30BAHO BpeMsi 0OpabOTKM.
Bbuu npenyioxeHbl 1Ba OCHOBHBIX MOAX0/a: YBeJIUYe-
HHE CKOPOCTU 00pabOTKM 3a CUET ILIAaBHOTO COIpS-
JKeHMST KPUBBIX Pa3roHa-TOPMOXKEHUSI U COKpalLEHUsI
yucsa BCIIOMOTaTeNIbHBIX MEPEX0I0B. DKCIEPUMEHTHI
MoKa3ajik, YTO BO3MOKHO 3HAYMTEJbHOE COKpallleH1e
BpeMeHU 00paboTKu, Koraa kontposuiep YITY Brimos-
HSIET pa3roH U TOPMOXKEHUE BIOJIb CICAYIOIIMX IPYT 3a
JIPyTOM Y4aCTKOB, KOTOpbIE ObUIM IIpeABapUTEIbHO
BbIOpaHbI U COXpaHEeHBI B Oy(depe.

s cokpallleHus YMciia BCIIOMOTaTeIbHBIX TIepe-
XOmOB OBbLT pa3paboTaH TEHETUYECKHUU aJITOPUTM C
MOAU(MUIMPOBAHHONW 3BPUCTUKOM, Oa3upyrolIUics
Ha aJTOpUTME U pellIeHMS 3aJaud KOMMUBOSIKepA.
IMpemyoxkeHHbIE METOABLI ONTUMU3ALUK TPACKTOPUU
HUCIIOJTHUTEIBLHOTO MeXaHM3Ma Tpu o0paboTKe U3Jy-

YEeHHEM CIIOCOOHBI YMEHbBIIUTD IIpUEMbl 00pabOTKU U
MOBBICUTh 3(PHEKTUBHOCTb TEXHOJOTUUECKOT0 000py-
nmoBaHUA. B HacTosIee BpeMs CO3MaHbl 3KCIIepUMEH-
TaJbHas yCTAHOBKA M YHUBEpCaJlbHasi MporpaMMHasi
OubImoTeKa, KoTopasi O0ObeAUHSIET ONMMCAaHHEIE alro-
PUTMBI ¥ TIO3BOJISIET BBIYMCIMUTH MapaMeTpbl ONTH-
MU3aLNU.

Ha TecroBoM npumepe 3(ppeKTMBHOCTb YCTaHOB-
Ku, paboTalolleii 110 TpaeKTOpUHU, IOJYYEHHOM ¢ I10-
MOIIBIO TIPEMIOKEHHOTO MeToaa, coctaBwia 81,8 %
OT ONTUMAJILHOTO BapuaHTa. s cpaBHeHUsI, IS TeX
K€ TECTOBBIX JaHHBIX 3((GEeKTUBHOCTb TPaeKTOPUU,
MOJIyYEHHO! IIporpaMMoil 6e3 OoNTUMHU3aluu, COCTa-
BuJIa Bcero 9,95 %. MoXHO TPenInoIoXuTh, YTO B yC-
JIOBHSIX TIPOMBIIIUIEHHOTO TIPOM3BOICTBA IIpeiarae-
MBIl TOJXOM 00ECIIeYUT MOBbIIeHUE d(PDEKTUBHOCTU
ot 25 no 30 %.
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Introduction

Manufacturing cannot do without new technologies
and high-precision equipment with a computer numer-
ical control (CNC). Since the late 1970s, such equip-
ment has been improved and now we have at our dis-
posal 3D-printers, 3D-scanners, automated assembly
lines, laser engravers, markers, and also hybrid and
adaptive technological systems [1].

Development and research of the algorithms for op-
eration of CNC machine tools is a challenge including
the problem of reducing the time for processing corre-
sponding to the software and hardware potentials of the
equipment and the mechanical characteristics of their
engines [2, 3]. As it follows from [4, 5], the trajectory
optimization may be one of the main tasks, a solution
to which can influence the productivity and the quality
of the manufactured products.

It is important to note that any CNC technological
equipment has a mechanism, which moves the terminal
unit along a certain trajectory. Certainly, its efficiency
(especially the duration of processing) depends on the
speed of movement of the mechanism and its trajectory.
Obviously, the possibilities of the equipment compo-
nents determine the main criterion of the system’s pro-
ductivity — reduction of the time for processing. This
makes the basis for the formation of a movement tra-
jectory during the beam processing.

In general, construction of a trajectory boils down to
construction of a diagram of dependence of a trajectory
for a period of time, during which the terminal unit
moves along it. Usually the trajectory is expressed as a
parametrical function on the time, the value of which
corresponds to a certain position of the terminal unit in
each moment of time [6]. Having defined this function,
it is necessary to consider the features of its use. In most
cases of machine-tool processing, the tool trajectory is
set by a CAM program automatically. There are two
major factors influencing the quality of the processing:
control of the geometry of the trajectory and control of
the kinematic parameters of the machine tool. These
factors also influence the productivity of the equipment
[7]. While most of the existing algorithms for the supply
calculation are based on the speed and acceleration as
the major reliability factors, the use of the dynamic
states of the higher order, such as jerk, makes the cal-
culation and supply optimization a very challenging
task [8].

The main problem is an increase of supply with a si-
multaneous preservation of the accuracy of processing
and observance of the restrictions on the accelerations
imposed by the machine tool [4]. The trajectory con-
struction should take into account the speeds, acceler-
ations and jerks in the course of its detour.

In general, the task boils down to a search for close
to optimal trajectories, which correspond to certain cri-

teria. For example, the smallest period of the time of
passage [3]. There are two basic methods for construc-
tion of a trajectory — with the use of the network tech-
nologies, or without them. Construction of a trajectory
with the use of the network technologies envisages an
adaptive development of the trajectory of movement
during implementation of the program. In contrast,
without the network technologies, a preliminary
processing of the program for CNC with a view of a
search for inseparable ways and reduction of the aux-
iliary steps is needed. Such an approach can be used for
the processing of the workpieces via complex trajecto-
ries consisting of a large number of separate lines.

For example, during 3D printing of large parts with
various supporting structures inside, or during the cut-
ting of a large number of unequal parts from a sheet, or
the manufacturing of the parts with a large number of
apertures on a plane.

Experimental installation for processing
of MEMS substrates by irradiation

MEMS requires the manufacturing of parts on a
substrate of complex forms, in particular, those con-
taining a lot of diverse elements, complex forms, etc. In
batch production, this demands several technological
operations in various modes of processing. However, at
the stage of manufacturing of a MEMS model, the in-
volvement of the entire technological chain is econom-
ically inexpedient. Thus, it is necessary to design an in-
stallation allowing us to integrate several operations
concerning the light-striking of the photoresist without
the use of the photo mask, annealing, micro-welding,
and cutting in order to create an analogue of a model-
bench laboratory for the micro-devices within the
framework of one CNC system [9—10].

In the presented work, a device (fig. 1) is discussed
for the laser processing of the plane workpieces by laser
radiation. It consists of a fixed table on which an object
is placed, a laser head moving in two co-ordinates over
the table, and a source of the laser radiation optically
interfaced with the laser head [11—13]. On the example
of the given device, various methods for optimization of
the trajectory of the laser head movement in the course
of processing are considered.

An experiment was done with the application of the
substrate covered by a photoresist. It was experimen-
tally proven that during the use of a source of a small
power (solid-state laser with the wavelength of 405 nm
and power of 500 mW), the speed of movement of the
laser head only insignificantly influenced the quality of
the polymer processing.

Fig. 2 presents one of the samples. It is made from
CTF-2 foil-clad glass-cloth laminate covered by
POSITIV20 photoresist. During the experiment and af-
ter processing, the sample was placed in 1 % solution of
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sodium hydroxide and then pickled in a concentrated
solution of iron acid in order to remove copper from the
lighted sites. It is necessary to point out, that within the
range of speeds of 500...950 mm/min. the lines left by
the laser beam have a practically identical thickness.
This testifies to the fact that a further increase of the
speed of processing simultaneously with preservation of
the density of radiation sufficient for processing of a
photoresist, is possible. In other words, a selective hard-
ening of the polymers can be considered as a high-ef-
ficiency processing of materials, and accordingly, the
processing trajectory should be optimized for work at
the maximum speed.

Main ways for optimization of a trajectory

The main task of optimization is achievement of the
maximum speed of detour of a trajectory. Each CNC
program represents a sequence of the commands, most
of which describe the tool’s movement. Hence, a
tool’s trajectory is a sequence of segments. In CNC
machine tools, the linear and circular interpolations
are realized so that the segments represent lines and
arches. For each command or a frame, a supply is set,
but ISO 6983-1:2009 standard [14] does not stipulate
that on each of the segments described in a frame the
machine tool should accelerate up to the maximum
speed.

During the experiments it was proved, that the me-
chanical characteristics of the engines do not allow the
system to reach the maximum speed of supply at the
trajectory of detour. Besides, not a single engine can be-
gin its work with the maximum frequency of rotation
and simultaneously ensure the maximum twisting mo-
ment. For each engine employed in the CNC machine
tools, there is a dependence on the frequency of rota-
tion on time, in other words, an acceleration-deceler-
ation curve. In general, this curve is presented in the
form of a trapeze: in the beginning the engine is accel-
erated up to the moment of the necessary speed, and
then the movement goes on at a constant value of
speed, and in the end it linearly slows down. The prob-
lem is that the value of supply is not connected with the
length of the frame.

Thus, on the short segments of a trajectory, when a
slowdown of the movement begins right after the ac-
celeration, the trapezoid diagram degenerates into a tri-
angular one, and the machine tool cannot reach the
maximum speed of processing. It is obvious, that at a
detour of the trajectory consisting of a set of short
frames, from frame to frame the actuating mechanism
will jerk. This causes vibrations and accelerates wear of
the engines and other moving parts [15].

The following approach is proposed for the optimi-
zation of a trajectory during processing of a workpiece
on a machine tool with CNC:
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1. Realization of the algorithm for a two-passage
analysis of the control program. At the first passage, the
general characteristics of the trajectory will be estimat-
ed such as the length of the segments and the minute
supply at each of them. After which, all the trajectory
will be broken into equal blocks. At the second stage,
a buffer will be created in which the blocks will be lo-
cated in order to calculate the parameters of the curves
of the acceleration-deceleration accounting for their
interface. The size of the buffer can vary and depends
on the maximum speed set in the control program.
Thus, such a number of blocks will be placed in the
buffer enabling it to stop the engine in a regular mode
(without excess of the maximum acceleration and jerk
for the installation). Such an approach will allow the
actuating mechanism to be accelerated smoothly during
several blocks to achieve the set contour speed.

2. Transition from the trapezoidal acceleration-de-
celeration curve to a double S-shaped one (fig. 3). By
the results of the conducted tests, we came to a con-
clusion that such a trajectory allows us to optimize not
only the second derivative of the co-ordinate by time
(acceleration), but also the third one — the jerk. Pres-
ence of a controllable jerk allows us to more flexibly
control the parameters of acceleration and deceleration
on short frames and also to lower the load on the me-
chanical parts of the equipment [16, 17].

Besides the optimization of the trajectory in real
time mode, the other primary goal is optimization of
the trajectory before starting the program on a machine
tool. Three approaches can be considered for reduction
of the time for processing:

— a search for the longest continuous site of a tra-
jectory without sharp angles, on which the terminal unit
(the table carriage) will have time to accelerate up to
the greatest possible speed taking into account the re-
strictions of the maximum acceleration and jerk;

— the minimization of the auxiliary steps when the
carriage moves with a source of radiation that is
switched off;

— a combination of the first two approaches allow-
ing us to find the longest possible trajectory without
sharp angles including both the working and auxiliary
steps with account of the small on/off time of the laser
radiation.

The following solution is offered. First, a coordinate
grid with a set step of splitting is put on the area limited
by the processing. The trajectory set by the coordinates
of nodes and a set of edges is broken into segments that
are numbered and put on the list. Each segment in the
list contains information on the direction of the detour
of the trajectory, and their order in the list defines the
order of their detour. The total time of the detour of the
trajectory consists of time spent for the detour of all the
segments when the laser is turned on, and also the time
spent for the auxiliary steps when the laser is turned off




and the movement is carried out at the maximum speed
(fig. 4).
Each segment can be presented:

. def ..
S(l) = <xa5 yaa Xb, ybs la da LJ, 0, t>s (1)

where x,, y,, x;, ¥, — coordinates of the beginning and
the end of the segment (points a and b), accordingly,
| — length of the segment, v — speed of passage of the
segment; ¢ — time spent for a passage of the segment,
d — direction of the passage of the segment; i — iden-
tifier of the segment, j — segment number in the turn
for processing. The numbers of the segments define the
sequence of their processing. The list of the segments
defines completely the processing trajectory:

List = (S; ), ije Ln, 2

where i — identifier of the segment, j — segment
number on the list setting a turn for processing, n —
number of segments. Then, the time spent for process-
ing will be:

=T, * Tigie: )

where T, »— time spent for processing (working steps);
T;y. — time necessary for movement from the base
point to the first segment, and from the last segment to
the base point — the time spent for the auxiliary steps
of the carriage.

Furthermore, the task of optimization can be pre-
sented as a search for the sequence of the segments of
processing and their orientation (the beginning and the
end of the site where the laser is turned on/off) and
when the operating time with the switched off laser will
be minimal. Since the time spent for processing of the
segments does not depend on the sequence of their
processing, the task is reduced only to minimization of
time Tidle'

Taking into consideration that the engines moving
the laser head in two co-ordinates can move independ-
ently of each other, the time of the idle movement be-
tween two active sites is proportional to the maximum
increment for each axis:

Tx(i) = kmax(lxa - xb|s |ya - yb|) (4)

The total time spent for auxiliary steps is equal:
T,=XTy ieln. (5)
1

This task can be solved with the use of genetic al-
gorithms [18]. The genetic algorithms are widely used
for development and optimization of CNC programs.
In particular in [19], their use is described for elabora-
tion of a technique for sorting without domination
(NSGA-II) and construction of the front of the fre-
quency distribution for creation of a multi-criteria

method for optimization of the processing parameters
(cut depth, supply and speed) for work on a lathe.

In [20] is devoted to the problems of application of
the genetic algorithms in the automated technological
preparation of manufacturing (ATPM). In other words,
it is for a systematic formalization of the methods for
processing (concerning the technological operations,
processing, tools, etc.) with a view of improvement of
the economic and industrial parameters of the manu-
facturing of products. In [21], research was done on the
problems of application of the genetic algorithms to-
gether with a neuronet for research of the optimal pa-
rameters for processing during the operation of a hybrid
multi-position polishing machine tool. In [22], the way
is presented for the tracing of movement of the super-
fluous and irredundant manipulators based on a genetic
algorithm in real time mode.

This article offers a solution. A chromosome will
consist of the genes describing the sequence of the pas-
sage of the segments and their orientation, defining the
direction of processing (fig. 5). In order to define a di-
rection and a trajectory of the movement of a laser
beam along a segment, each gene contains information
on the number of a segment and the direction of
processing. In case the beam moves from a to b, the di-
rection is coded as zero, and if the direction is reversed,
then as one. The sequence of the genes in a chromo-
some defines the sequence of the beam processing of
each of the segments, thus, a chromosome codes in a
definite way the trajectory of the laser processing of a
product.

Additionally, a crossover should be used for all the
genes in a chromosome. If this condition is not ob-
served, a certain part of the segments subject to process-
ing will not be processed, while some of them will be
processed twice. This type of a crossover was studied
and applied for solving the traveling salesman problem
with the use of genetic algorithms. The elementary form
of the operator of a crossover is presented in fig. 5. An
operator of a mutation can work with a direction of
processing of a segment and with a change of places of
separate segments (fig. 6). Such a crossover will be close
to the one used for solving the traveling salesman prob-
lem [23, 24], except for the addition of a direction of
the passage of a segment.

Since the genetic algorithms proved their efficiency
for solving the traveling salesman problem, this allows
us to assume the efficiency of application of the strategy
for solving the problem of optimization of a movement
trajectory during processing by radiation [25—27]. In
order to increase the efficiency of the algorithm, it is
possible to apply the heuristics consisting of changing
the orientation of the neighboring segment in such a
way that the distance between the segment’s ends and
the way of an auxiliary course will be minimal.
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Application of the heuristic method is also possible
for a consecutive improvement of the prototype [28] in-
tegrated with the method of a global adaptive casual
search suggested in [29], which is used in the following
way. At first, a set of solutions is generated in a random
way, from which the final set (#) of the best solutions
is selected. Furthermore, these solutions are modified
by application of shifts. From the received solutions,
again n of the best ones is selected. Subsequently, from
iteration to iteration, the range (Hamming distance) is
reduced. After a set number of iterations for each of the
solutions, the process of perfection of the prototype is
started. The results of modeling of the approach are
presented in fig. 7.

Conclusion

Approaches to the construction of the optimal tra-
jectory for the actuating mechanism of a machine tool
were considered. Time was used as the main criterion
for the optimization of the processing. Two basic ap-
proaches were offered: an increase of the speed of
processing due to a smooth aliasing of the acceleration-
deceleration curves and a reduction of the number of
the auxiliary steps. Experiments demonstrated that it
was possible to reduce the time for the processing when
the CNC controller carried out acceleration and decel-
eration along the sites following one after another,
which had been preliminary selected and kept in the
buffer.

For a reduction of the number of the auxiliary steps,
a genetic algorithm was developed with the modified
heuristics and based on the algorithm for solving the
travelling salesman problem. The methods proposed for
optimization of the trajectory of the actuating mecha-
nism during processing by radiation can reduce the
ways of the processing and raise the efficiency of the
technological equipment. An experimental installation
and a universal program library incorporating the de-
scribed algorithms was established allowing us to cal-
culate the optimization parameters.

On the test example, the efficiency of the installa-
tion working via the trajectory, received by means of the
proposed method, was 81.8 % of the optimal version.
For comparison, for the same test data, the efficiency
of the trajectory, received by means of a program with-
out the optimization was only 9.95 %. It is possible to
expect that in the conditions of industrial production
the approach will ensure an increase of the efficiency
from 25 to 30 %.
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NMbE3OYYBCTBUTEABHOCTb U ®AKTOPbI AHU3OTPOINU
BECCBUMHLUOBOIO 1—0—3-KOMITO3UTA
HA OCHOBE KPUCTAAAA (K, Na)(Nb, Ta)O;,
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Ilpu uccnedoéanuu Hooeo 1—0—3-komnozuma "kpucmana (K, Na)(Nb, Ta) O3 — kpucmann Li,B40, — noausmunen” no-
Kasana éaxcnas ponb mampuyst "kpucmann LizB,0, — noausmusen” ¢ gopmupoeanuu 6biCOKO0L Nbe304y6CMEUMenbHOCIU KOM-
nosuma (g4; ~ (0,1...1) B-m/H, h'; ~ 10" B/m), Goavwoii anusomponuu nvesomooyneii (diy/|dy; | = &53/1€5 1> 1) u ko-
a(duyuenmoe snexmpomexaruueckoii cesnzu (kzz/|ks | > 1, ki /|k, | > 1 npu k33 ~ k; ~0,7...0,8). Yemanoenero odnospe-
MEHHOe GbINOAHEHUe Mmpex YCA08ULl O0AbUWOLU GHU30MPONUU 6 ONPeOeNeHHbIX KOHUEHMPAUUOHHbIX uHmepeasax. Komnosum
npedcmasasiem unmepec KaK aKmMueHblll IneMeHm nbe3onpeodpazoeamenceii, CeHCOPO8 U UGPOAKYCMU4ecKux YCmpoucmas.

Karoueevie caosa: 6ecceunyo6viii KOMNO3UM, CE2HEMOINEKMPUHECKUL KPUCMANL, Nbe3091eKMPUUECKUL KPUCMAAL, NoAUMeED,
nbe30K0a(hpuyuenmol, KodpGUyUeHmbl I1eKMpoOMeXaHU4ecKol ce:a3uU, Nbe304Y8CMEUmenbHOCMb, (aKmopsl AHU30MPONUU

BBenenune

B nocneanee necstuierve 60JblI0e BHUMAHUE yae-
JIeTCS TIONCKY M MCCIICIOBAaHUSIM OECCBUHIIOBBIX Cer-
HeToaneKTpudecKux (CH) U Mbe3031eKTPUIECKIX Ma-
TepuaioB [1—4], cBolicTBa M OTHE/NbHbIE MapaMeTpPbl
KOTOPBIX MOTYT OBITH JIyYIlle, YeM Yy CBHHEIICOMEPKa-
IIUX MaTepuasioB [5], TaKMX Kak KepaMUKU Ha OCHOBE
Pb(Zr; _ (Ti,)O3, kpuctawsl (1 —x)Pb(A; sNb, 3)03 —
— xPbTiO5; (A= Mg; Zn) n ap. Hecmotps Ha Gosbliioe
YUCI0 MyOauKaluii Mo 6ecCBUHIIOBBIM CO U Mbe303-
JIeKTpuKaM (CM., HarpuMep, JaHHbIe B 0030pe [4]), B
JMTeparype oapoOHO He ObLIM PaCCMOTPEHBI CBOMCT-
Ba IbE30KOMIIO3UTOB Ha OCHOBE OeccBUMHIIOBBbIX CO
KPHUCTAJJIOB, a TAKKe HE MPOBOIUIICS 1IeJIeHATIPABICH-
HBII OTOOP MOTEHIIMABHBIX KOMITOHEHTOB. Llenn Ha-
crosield paboThl — MPOAHATU3UPOBATh MbE303JEKT-
pHUUYecKre CBOMCTBAa KOMITO3UTOB, X aHU3OTPOITHIO
W POICTBEHHBIE TapaMeTphl HOBOTO OECCBMHIIOBOTO
KOMITIO3UTAa C ABYMSI KPUCTALIMYECKUMU KOMITOHEH-

TaMHM, a TaKXK€ IToKa3aTb IIPEUMYLIECCTBA 3TOIO0 KOMIIO-
3UTa Mo CpaBHCHUIO C N3BECTHBIMUN CH MaTt€puajaiamMu.

CTpyKTypa KOMIO3UTA
H ero 3 deKTUBHbIE MapaMeTPbI

B wuccrenyemoMm kommosuTe HpoTsKeHHbIe CO
KPUCTAJUTMYECKHE CTEPXKHU OKPYKEHBI MAaTPULIEHi "TIbe-
309JIEKTPUYECKUI KpuUCTal — Tmojaumep” (puc. 1).
LeHTpbl cMUMMETpUH KBaApPaTHBIX OCHOBAHUM CTePK-

Hell HaXoIsTCS B BepIMHAX KBaIpaToOB, JieXKallluX B
mnockoctu (X 0X,). Kpucramnorpapuyeckue ocu X M,

YW, 7D kaxnoro crepHS OpUEHTHPOBAHBI TAK, YTO

X(1)||OX1, Y(1)||0X2, Z(l)||OX3, a CIIOHTaHHasl TOJIsI-
pM3aLUs KaXIO0Tro CTEPXKHS Pgl) ™ 0X;. Marpuua
KOMIIO3MTa MPEACTABISAET CO00il cuctemy chepon-
JaJbHBIX KPUCTAIMYECKUX BKJIIOUEHUI BHYTPH IMO-

JuMepa (CM. BCTaBKY Ha puc. 1) M XapaKTepusyeTcs
cBsI3HOCTBIO 0—3 1o TepMuUHOIOrMK padoTsl [6]. [Ipu
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Puc. 1. CxemaTnyeckoe uzodpaxenne 1—0—3-komnosura ¢ nByms
KPHCTAJIMYECKHMA KOMNOHeHTamMu. (X{X,X3) — npsaAmMoyrosibHas

cucTeMa KOOpAMHAT, m u 1 — m — 00beMHble KOHIEHTPALUA KPHC-
TAJUIMYECKHX CTEPXKHeil M OKpYXaiouieil MaTpUIbl COOTBETCTBEHHO.
Ha BcraBke cnpasa nokasan ¢parment 0—3-mMaTpuupl "KpucTamn —
noaumep”, rae m; — 00beMHAasd KOHUEHTPAUMA KPUCTANIMYECKHX

ceponnanbHbIX BKIOYeHHi u 1 — m; — o0beMHAasA KOHIEHTpauus
nojmmepa B 0—3-maTpune, a; ¥ a3 — AJIMHbI NOJdyoceii cheponnan-
HOTO BKJIIOYEHHS

Fig. 1. Schematic of the 1—0—23 composite with two single-crystal
components. (X;X;X3) is the rectangular coordinate system, m and 1~

m are volume fractions of the crystal rods and surrounding matrix,
respectively. The insert presents a fragment of the 0—3 "single crystal —
polymer"” matrix, where m; is the volume fraction of the single-crystal

spheroidal inclusions, 1 — my; is the volume fraction of polymer in the
0—23 matrix, and a; and a3 are lengths of the semiaxes of the spheroidal
inclusion

3TOM ay, 4y = ay, Gz — IJIVHbI NIOJIyOCEN BKIIOYEHUS,

p;= a,/a; — aCIeKTHOE OTHOLIEHUE, a JJTMHA HAUOOJIb-
LIEH MOYOCH @) 3HAYUTENBHO MEHBILE JJTMHBI CTOPOHbBI
KBaJpaTa B OCHOBAaHUM CTepxXHsI. OpUeHTalusl KpUC-
Tajutorpagpuyeckux oceil X (2), Y (2), 7@ pxmoueHns
3aaeTcsl yCJIOBUSIMU X(2)||0X1, Y(2)||OX2, Z(2)||0X3, a
LIEHTPbl CUMMETPMU BKJIIOYEHUI HAXOIsSTCS B BEp-

IIMHAX MPSIMOYTOJbHBIX Iapajuieienunenon. [lpu-
cyrcTBue ongHoro CH KoMmnoHeHTa (T.e. CTepXHEM ¢

Pgl) ™ OX;) obGneryaer MONSIPU3ALMIO KOMITO3MTA

B10oJib ocu OX3, a IPUCYTCTBUE MbE303IEKTPUYECKOTO

KOMIIOHEHTA B MaTpUlIe yay4lllaeT 3JIeKTpoMeXaHUUeC-
KYIO CBSI3b B CMCTEME "CTep:KHM — MaTpuua" U BIUSIET

Ha TapaMeTpbl KoMmIio3uTa. MccaenyemMblii KOMIIO3UT

(cMm. puc. 1) onuceiBaeTcs CBsI3HOCTbIO 1—0—3.
DrexrpoMexaHuyeckue cBoiictBa 0—3-MaTpULIbI

H(0'3)(mi, p;) OTIPENENAIOTCA B paMKax MeTona 3G dex-

TUBHOTO TIOJISI [6] ¥ yYUTHIBAIOTCS MpH pacueTe 3¢-
(beKTUBHBIX CBOWCTB KoMmosura I1°(m, m;, p;) ¢ 1no-

MOII[BI0 MaTpUYHOTro MeTonaa [6]. Jaiiee B paboTe MbI
HCITIOJIb3yeM 3Be3M0uKy (*) myst o603HaueHus 3 dek-
TUBHBIX CBOMCTB U MapameTpoB 1—0—3-kKommo3ura.
B 060ux ymOMSHYTBHIX BBIIIIE METOAAX YIUTHIBACTCS
9JIEKTPOMEXaHUYECKOE B3aUMOJEHCTBHUE MEXIY KOM-
noHeHTaMu. D(hGEKTUBHBIE CBOMCTBA KOMIO3UTA
MPEICTABIISIOTCS TOJHBIM HAaOOPOM YIPYTUMX MOJaT-

. xFE
JIMBOCTEN S,, TpPU BIEKTpUYeCKoM mnoye E = const,
MThe30MOYJIEIA df*l W IUDJEKTPUYECKIX TTPOHULIAEMOC-

Teil €, MPU MEXaHUYECKOM HAIPSDKEHUU ¢ = const.
C nomo1ubio popMyJ1, MpUBeAeHHBIX B paboTax [6, 7],
MOXKHO HAWTH Mbe30KOIDOULUCHTSI &y, €;; U hyy,
Ko puumeHTH 3ieKTpoMexanndeckoi cpsa3u (KOC)
ky, = d3;/(e35 s7,E )12 (npomonbHas u monepeyHast
MoJibl KojiebaHuii ipu [ = 3 u / = 1 COOTBETCTBEHHO),

ki = e33 /(c’g? s%)l/2 (ToNmMHHAg Moda Koseba-
. _ E , *E E\11/2
nuit), k, = k3 (2577 /(s)) + sy )1'/2 (nnanapuas

Moja KoJjiebaHuii), a TakxKe (aKTOpbl aHU30TPONUU
KOMIIO3UTa

% % * * % FE E
C o= dy/dy G = Ky /Ky = (st /855
Gy = ki/k,, (1
rie cgé) — MOIYJb YIPYrOCTH INPHU 3JIEKTPUUYECKOM

cMeteHnn D = const; 8§§ — IMBJIeKTpUYECKasl Mpo-

HUIIAaeMOCTh TIpY nedopMalnu & = const.

B kauecTBe G€CCBMHIIOBBIX KOMIIOHEHTOB, TMpEI-
CTaBIIAIONINX MHTEepec, MBI paccMaTpuBaeM CD Kpuc-
Tann (Ko s63Nag 438) (Nbg 768T2) 232)O03 (KNN-T) [2],
MOJISIPU30BaHHbINA BHoJb HampaieHus [001] mepoBc-
KWUTOBOM sYeiiku (CM. KOHCTaHTHI B Taba. 1), mbe3o-

Tabnuua 1
Table 1

DKcnepuMeHTAJIbHbIE 3HAYEHUS YIPYTHX MOJATIMBOCTEI saEb (B 10712 Ha_l), nbe30Moyiei dij (8 nKn/H) n nuanekTpuyeckux

npoHHMIaeMocTeil ¢,

nosspu3oBanHoro BoJb [001] kpucramaa KNN-T (cumvmerpust 4mm) [2] npu KOMHATHOi TemmeparType

Experimental values of the elastic compliances sf,, (in 10712 pg~! ), piezomoduli d[j (in pC/N)

and dielectric permittivities SZp of the KNN-T crystal poled along [001] (4mm symmetry) [2] at the room temperature

E
S12

E
S13

E
8§33

E

S S4g

E
S66

d3 ds3 dys &11 /g £33 /¢

11,9 —4,30 —5,60 15,5 12,0

10,7

—77,0 162 45,0 291 267
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anexTpudeckuii kpucrawt Li,B,O; (LBO) [8] 1 nonu-

sTiiteH [6, 9] (cM. KoHCTaHTH B Ta6u. 2). Kpucramn
LBO nemMoHCTpupyeT YHUKAJIbHYIO YIIPYTYI0O aHU30TPO-

MMIO TIPY HU3KOI MbEe30aKTUBHOCTU, M €TI0 MOIYJIM YII-
pyrocTu CE; b) CBsI3aHbl OTHOILIEHUSIMU c(lzl) E/ C(z) E_

=378, &V E/d ) =404 u AP F ) = 2,38
(cMm. ,[laHHbIe B Ta6J1. 2). Huxe MBI paccMmaTpuBaem
OCOOEHHOCTHU IMbe303JIEKTpUUEeCKOro oTkinka, KOC
u ¢akropsel anuzorponuu (1) 1—0—3-kommosura
"kpuctami KNN-T — kpucrann LBO — moaustu-
seH". B 3TOM KOMITO3UTe MThe303JIeKTPUUECKIAE CTEPK-
Hu n3 Kpuctamna KNN-T okpyxkeHbl 0—3-MaTpulieit,
MThE303JIEKTPUIECKIE CBOMCTBA KOTOPO OOYCIIOBIIE-

HbI OJHOHAINPABIEHHBIMU BKIIOYEHUSIMH U3 KPUCTATI-
aa LBO.

(2) E, (2).E

IIbe309yBCTBUTENBHOCTD
H (aKTOpbI AHU3OTPONMHM KOMIIO3UTA

B HacTosllleM wMCCAEIOBAaHUU AHATU3UPYIOTCS
o dexTuBHbIE CBOMCTBA IT*(m, m;, p;) U POACTBEH-
Hble TapaMeTpbl KOMIo3uTa B MHTepBayiax 0 < m < 1,
0,05<m;<0,30m 0,01 <p;<100. ITpy OTHOCUTETHHO
He6om,mnx OOBEMHBIX KOHLIEHTPALUAX M U mM; KPUC-
TAJIJIMYECKUX KOMIOHEHTOB (CM. puc. 1) 1jisi KoMIo-
3UTa BBIMOJHSIOTCS YCIOBUSI OOJIbLIONH aHU30TPONUU

()

roe j = 1; 2; 3 (puc. 2, a—c). OQHOBpeMeHHOE BbI-
MOJIHEHUE TpeX ycioBuii (2) obecrieunBaeT OQHOMO-

1> 1,

JOBBIIA PeXUM, CBSI3aHHBINA ¢ MpomoJbHON (= 1; 2)

WM TOJIIMHOM (j = 3) Momoii KonebaHUil Mbe303ie-
MeHTa [7]. JlobaBUM, YTO BCJIEACTBUE TeTparoHajlb-
HO# CUMMETPpUM 4mm KPUCTAULINYECKUX KOMITOHEH-

ToB [2, 8] dakTop aHM30TpONUU Q’f u3 (1) MoxHO

* * *
NPEACTaBUTh KaK (| = g33/g&3;. bonbiune 3nauenns

CTUTalOTCA IIpU OTHOCHUTECJIBbHO HU3KOM JUBJICKTPU-

4ECKOii TNPOHULIAEMOCTH €33 , HAa 3HAYCHUE KOTOPOIi

(0—3),0 2),c
CYLIECTBEHHO BJIUAIOT 833 MaTpulbl " 833

kpucraia LBO B ee coctaBe. bonbliuve 3HaYeHUS g33

npu |§’{| > 1 cieayeT ydydTHIBAaTb IPU OIpeneaeHUun

TUAPOCTATHIECKUX TThe30K0A(PPUIIMEHTOB U Tapa-
METPOB IpHeMa, KOTOPble WTPAIOT BaXXHYIO POJIb B
ruapooHax U TUAPOAKYCTHMUECKUX cucteMax |[6].

3uauenust KOC k33 ~ 0,8 (kpusast 2 Ha puc. 2, a, b)

u k; ~0,7...0,8 (puc. 2, d) TOCTUTAIOTCSI TIPH yMEPEH-
HoM 111 CD MaTepuasoB [5] 3HaYEHUM Mbe30MOIYJS

d_%) kpuctamaa KNN-T [2]. B obnactu J10KanbHOro

maxk;= (puc. 2, d) cripaBeIJIMBO yCIOBHE k: ~ k§3 , 4TO
CBOMCTBEHHO KOoMITo3uTaM Tuma 1—3 [6].

N3 puc. 2, a, b, cnenyer, uto yciaoBus (2) omHOBpe-
MEHHO BBIIIOJHAOTCA B OCHOBHOM IIpH p; > 1, T.e. B

cllyyae CUJIbHO CILTIOIIEHHBIX BKIIOUEHUI KpUCTaia
LBO. Cucrema TakKux BKIIOYECHUI B TOIUITAIICHE (-
(beKTUBHO BIUSIET HAa AaHU3OTPOMUIO YIIPYTUX CBOIICTB
0—3-marpuisl (puc. 3) maxe IIpyu OTHOCUTEIHHO MaJIbIX
00BbEMHBIX KOHLEHTpauusax kpucrauia LBO m;. ITlpu
5TOM JU3JIEKTpUUecKas mpoHuliaeMoctb 0—3-Marpu-

(0-3),c (0-3).0

(2),0
bl €33 MOIYMHSAETCS YCIIOBUIO £33 <eyy .

Yenosua (2) npu p; = 100 (puc. 2, ¢) BBIIOIHAIOTC,

HapuMep, I KOMIIO3UTa, IPOMOJIBHBINA ITbe303(-
(bexT B KOTOpOM XapaKTepusyeTcsl CICAYIOLIMMU I1a-

= 146 nKn/H, g}; = 0,611 B~ m/H,
k33 ~ k; ~0,80 (ipur m = 0,10 u m;=0,05) i d3; =
= 153 nKa/H, gy = 0,326 B-m/H, K3 ~ Kk = 0,82

(mpu m = 0,20 u m; = 0,05). YMeHblueHue g§3 00yc-

%
pameTpamu: di;

JIOBJICHO YBEJIMUYEHUEM €33 MPH YBETMUCHUH M, U 9Ta

g’g3 ~ (0,1...1) B m/H (xpuBas [ Ha puc. 2, a, b) no- TEHJEHLIMA ITPOCIIEKUBAETCS B LLUPOKOM UHTEPBAJIE p;
Tabnuua 2
Table 2
DKcnepuMeHTAIbHbIE 3HAYEHUSI MOAYJIeil YypyrocTn cab (B 1010 I1a), nbe30k03¢dunnenTon e; (B KJI/MZ)
H JAW3JIEKTPHYECKHUX NPOHUNIAEMOCTEl & f;p Mannqﬂmx KOMIIOHEHTOB TIPH KOMHATHOIi TeMnepartype
Experimental values of the elastic modull ca p (in 1 010 Pa), piezoelectric coefficients e (in C/mz)
and dielectric permittivitities ap » Of the matrix components at the room temperature
KommnoneHT E E E E E E § g
Component ‘1 ‘12 ‘13 €33 Ca4 Ce6 €31 €33 ers | &7, /5| €33 /50
Kpucramn LBO (cummerpust 4mm) [8] 13,5 0,357 3,35 5,68 5,85 4,67 0,290 | 0,928 | 0,472 8,90 8,07
LBO single crystal (4mm symmetry) [§]
Homuatuien [6, 9] 0,0778] 0,0195| 0,0195| 0,0778 | 0,0292| 0,0292 0 0 0 2,3 2,3
Polyethylene [6, 9]
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Puc. 2. Dddekrusubie napamerpsl 1—0—3-komnosura "kpuctamn KNN-T — kpucramn LBO — noaustuaen”: a, b — dakTopbl aHU30TPONUU
Qj’f , Ibe3oKoadduuueHt g3; (8 B+ M/H), KBC k33 mpu m = m; = 0,10 (a) u m = 0,15, m; = 0,10 (b); ¢ — daKTOpBI aHU30TPONIUH C}‘ npu

p; = 100 u m; = const; d — KOC k; B obmactu Makcumyma npu m; = 0,10

Fig. 2. Effective parameters of the 1—0—3 "KNN-T single crystal — LBO single crystal — polyethylene” composite: a, b — anisotropy factors C; ,
piezoelectric coefficient g5 (in V+m/N), ECF kj; at m =m; = 0.10 (a) and m = 0.15, m; = 0.10 (b); ¢ — anisotropy factors Q}‘ at p; = 100

and m; = const; d — ECF kj in the vicinity of maximum at m; = 0.10

(cp. kpuBbie I Ha puc. 2, a u b). CyluecTBeHHBIE U3-

MEHEHUS QJ"-‘ HaOJII0A0TCS IPU OOBEMHONM KOHLIEHT-

pauuu kpuctauia KNN-T m < 0,20 (puc. 2, ¢), T.e.
MPU 3HAYUTETHLHOM BIUSIHUM 0—3-MaTpUIBI HAa 3JI1EK-
TpoMeXaHU4ecKylo cBsi3b B 1—0—3-kommosure. 13-
MEHEeHHE B3aMMHOIO PacIOJOXEHMUSI KpUBBIX 3—5 Ha
puc. 2, b, o CpaBHEHMIO C pUC. 2, a, CBSI3aHO C YCU-
nenveM BausiHusg kpuctauia KNN-T (mpu yBenuue-
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HUU m) Ha C}‘ u3 (1). bonbiiast pazHOCTb sgg_”’E—
—s(l(;_”’E U OTHOILEHHE sg%_S)’ E/ls(lg_3)’ E| > 1

(puc. 3) nipu p; > 1 NpUBOIAT K 3aMETHOMY OcCJ1abJie-
HUIO 3JIEKTPOMEXAaHUYECKOM CBSI3U BIOJIb oceil OX| u
OX, (cM. puc. 1) u BIud0T Ha (HaKTOPLl AaHU30TPOITUU

komrosuta (1). JlokanbHbBII maxk;‘ ~ 0,84 (cm. puc. 2, d)




Puc. 3. Ynpyrue noaaTimBocTu sﬁ,‘},—“ £ (B 10712 Ha_l) 0—3-mart-
punpl "kpuctamn LBO — nommatunen” npu p; = 100. dparment
0—3-MaTpubl CXeMaTHYECKH H300paXkeH HAa BCTaBKe puc. 1

Fig. 3. Elastic compliances si,ob_3)’ E (in 10712 Pa_]) of the 0—3 "LBO
single crystal — polyethylene” matrix at p; = 100. A fragment of the
0—3 matrix is schematically shown in the insert of fig. 1

Haxoautca Bom3n m = 0,70 u p; = 1, 1.e. Koraa 3Ha-

yutesbHO BausiHMe kpuctaia KNN-T Ha anekrpo-
MEXaHMYECKYIO CBSI3b B KOMIIO3UTE U MEHEe CYILECT-
BeHHa yrpyras aHu3oTponus 0—3-marpuinsl. B 06-

JIaCTU JIOKAJIbLHOTO maxk’tk (puc. 2, d) mocturamTcs

3Ha4YeHUs (paKkTopa aHU3OTPOITUU Q§ ~ —6...—5.

XapaKTepHoﬁ 0COOEHHOCTBIO  MCCJIEIOBAHHOIO
KOMITIO3UTA ABJIACTCA HAJIMYUE PA3MbBITOTO JIOKAJIbHO-

ro maxh§3 =~ 1,54 - 1010 B/M, Habmonatonierocst BOJIM-
3u m = 0,9 B mpokoM uHTEpBane p; u m;. I'papuk

*
Nbe30K03(PGULIMEHTa h33 NIPU m; = const U pasiny-
HBIX 3HAaYEHUAX p; UMEET BUJ, AaHAJIOTUYHBII TpaduKy

KBC k;‘ Ha puc. 2, d. YuutsiBasi (popMyJibl, IIpUBe-
JIeHHbIe B paboTax [6, 7], MOXHO 1OKa3aTh, 4TO h§3 u

k; CBSI3aHBI COOTHOLICHHEM

Wy /k; = (¢35 /€35)'2. 3

W3 aHanu3a 3aBUCUMOCTEN MOIYJISl YIIPYTOCTH c’§3D

U AUBJIEKTPUUECKOU MPOHUIIAEeMOCTH s§§ OT 00BEM-

HOM KOHUEHTpAlUU KPUCTALTMYECKUX CTEepXKHEU m
D

CJIeyeT, 4To c§3 u s§§ MOHOTOHHO BO3pacTaloT B

IIUPOKOM MHTepBaje m. BeieacTBre BHIMOTHEHUS YC-

JioBuUs (3) JIOKaJIbHBIN maxh’§3 CMEIIAETCS IO OCU M

OTHOCHUTEJIbHO JIOKaJIbHOTO maxk, mpu m; = const u
p; = const.

ITprMedaTenbHO, YTO Mbe30K0AIDOUIIMEHTHI h§3 u

e’§3 IpoXonAT yepe3 MakcuMyMsbl ripu 0,85 < m < 0,95,
p; = const U m; = const, T.e. IpU CIaOOM BIUAHUU
0—3-Marpuubl Ha Nbe30YYBCTBUTEJbHOCTh KOMIIO3U-
Ta. JaHHble TabJ. 3 CBUAETEILCTBYIOT O CYILECTBEH-
HOM Pa3MbITUN maxh’§3 , a TaKXe 0 0OJIbIIOK aHU30T-

pormuu §y = hy3/h3, BOMM3M JOKalIbHBIX Maxhjys.

Bosblitast aHU30TpOIHUs /i3, 1 e3; CBOWCTBEHHA KOM-
mo3uTaMm tuma 1—3 [6] 1 cBsg3aHa ¢ 3JIEKTPOMEXaHU-
YECKMM B3aMMOICHCTBUEM CTEPKHEW BHYTPU MaTpH-
bl (cM. puc. 1).

HccnemoBaHHblll 6eccBUHLOBBIN 1—0—3-KoMIIO-
3UT UMEET TPEeUMYIIEeCTBA 10 CPaBHEHUIO C aHU30T-
ponHbiMu CO kepamukamu tuna PbTiOj [5], Tekcery-
PUPOBaHHBIMU MaTepuanamMu Ha ocHose PbTiO; [10]

u apyrumu matepuanamu [11—15]. Hanpumep, kepa-
Muka MmoguduuuposanHoro PbTiO5; xapakrepusyercs

OTHOWIEHUIMU d33/| d3y | = 8,2 1 k33/| k31 | = 8,0 ipn
dy3 = 56 nKn/H, k33 = 0,48 u k,= 0,43 [5], a nna
1—0—3-koMno3uTa omnpenenaeHsl 0ojiee BbICOKUE 3HA-
uenns ds; ~ 10° nKn/H, ki3 u & (puc. 2, a, b, d). [ina
TEKCTYpUPOBaHHOro  MoxuduuuposaHHoro  PbTiO;
HaliieHbl HanbonbluMe 3HaYeHus gz3 = 0,115 B-m/H

¥ g33/| &1 | = 11 [10]. B To e Bpemsi 3HauYCHUSI g3

KoMITIO3UTa (CM. puC. 2, a, b) B HECKOJIBKO pa3 IpeBbI-
LIAIOT g33 TEKCTYPUPOBAHHOIO MOAU(MULIMPOBAHHOIO

Tabauua 3
Table 3
Hurepsansi 00bemubix Konnentpauuii kpucramia KNN-T [my; m,],

B KOTOPBIX BbINOJHAETCA ycaosue 1,53 « 1010 B/Mm< h3; <

< 1,55+ 10'° B/m 1-0-3-kommosura "kpucramn KNN-T —
kpuctami LBO — nommatunen” npu m; = 0,10,
u 3na9eHus (akTopa aHM3OTPONMH (; B MHTEpBANAX [my; m,]
JIJIS 3TOr0 KOMIIO3HTA)

Ranges of the volume fraction of KNN-T crystal [m; m,], in which
the condition 1,53 - 100 V/m < hi; < 1,55+ 10" V/m is valid for the
1—0—23 composite "KNN-T single crystal — LBO single crystal —
polyethylene” at m; = 0,10, and values of the anisotropy factor (}

in the [m; my| ranges for this composite)

Pi [my; my) [C4(my); Cg(my)]
0,1 [0,872; 0,977] [—40,9; —8,40]
0,5 [0,703; 0,955] [—90,7; —14,9]
1 [0,696; 0,953] [—89,6; —15,0]
2 [0,692; 0,974] [—85,2; —8,42]
5 [0,696; 0,969] [—72,0; —8,56]
10 [0,708; 0,961] [—56,6; —8,74]
20 [0,735; 0,944] [—38,7; —9,26]
Note: C} increases monotonously in the [m; m,] ranges
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PbTiO3, a hakTop aHU3OTPOIUH (), CBSI3AHHBIIA C g3,

KOMIIO3UTa, YIOBJIeTBOpsieT ycaosuio |G| ~ 20 (cm.
KpUByI0 4 Ha puc. 2, ¢).

beccBuHIIOBBIN 1—3-KOMMO3UT Ha ocHOBe CH Ke-
pamuku (Na, K)NbO; xapakrepusyercs maxg§3 ~
~ 0,24 B-M/Hu maxk;“ ~ 0,5 [11], omHaKo 3TH 3Ha-
YEHNSI MEHBILE COOTBETCTBEHHO g3; U k, KOMIIO3MTA
(cM. puc. 2, a, b, d). 3HaueHus h§3 ~ 1,5 1010 B/m
(cM. Tabn. 3) CyLIECTBEHHO IIPEBBIIIAIOT 3HAYECHUS
maxh’:;3 ~ 10° B/M 1—3-KOoMMOo3UTOB "KpUCTaJLI
(1 — x)Pb(Mg; 3Nb,3)03 — xPbTiO3 — momumep”
[12] mpu MOJAPHBIX KOHLEHTpaUMSIX X M3 00JIaCTU
MOpGhOTpOIHOTo nepexona. Moaynu (pakTopoB aHU-
30Tponuu (puc. 2, ¢) B psile CaydyaeB MPeBbIIAIOT aHa-

JiornyHbie nmapameTpbl 1—0—3-KOMITO3UTOB Ha OCHO-
Be cBuHeucoaepxaimnx CHO kepamuk [13]. TIbe30ko0-

s¢pduumenr g3z = 0,220 B - m/H CBO kepamuku Ha oc-

nose (K, sNag s)NbO; [14] meHbule 3HaueHMi g33

KoMno3uTa (cM. puc. 2, a, b), a pakTop aHU3OTPOITUU
833/831 = —21,2 s10i1 )€ Kepamuku [14] couzmepum ¢

Q’{ 1—0—3-komMno3ura (cMm. puc. 2, ¢). Jas 1—3-kom-
nosuta Ha ocHoBe kpuctawia 0,70Pb(Mg; /3Nb2 /3)03—
0,30PbTiO5, monsAprU30BaHHOIO BAOJb HANPABIECHU

[001], HaitmeHBI 3HAYECHUS maxkf ~ 0,80 (skcnepu-

MeHT), maxgy; = 0,440 B-m/H (pacuer) u g3,
= (0,080...0,120) B-m/H (skcnepument) [15]. Hc-
clienoBaHHbI HaMu 1—0—3-KOMIIO3UT XapaKTepusy-

eTcsl 3HaYCHUSIMU k’; ~ 0,80 u Gonee BHICOKMMM 3HA-

YEeHUSIMU &35 (CM. pHC. 2, a, b).

3akmouenue

B pabore uccienoBaHbl IMbe304YBCTBUTEIbHOCTh
U dakTopsl aHu3zoTponuu (1) HOBoro 6eCCBUHIIOBOTO
komnosura Ttuna 1—3. CoueraHue KPUCTALIMYECKUX
nbe30aKTUBHEIX KOMITOHEHTOB (KNN-T 1 LBO) u nibe-
30IMaCCUBHOTO MOJIMMEPA PUBOIUT K BBIMOIHEHUIO yC-
JIOBUi (2) U K BBICOKOI MPOJAOIbHOI Mbe30YyBCTBU-
TE€JIbHOCTU 3TOr0 KOMIIO3UTa (g§3 ~(0,1...1) B-M/H
u h§3 ~ 1010 B/M). Bosbliyto pojib B HEM UTpaeT dJ1eK-
TPOMEXaHMYECKOE B3aMMOIEUCTBUE MEXIY KpHCTall-
JuyeckumMu CD CTepXXHSIMU U FeTepOreHHOM MaTpu-
e MpUA 3HAYUTEIBHON YIIPYrO aHU3OTPOIUU MaT-
puubl. UccnengoBanHble Nbe3okodh¢uuneHTs, KOC
U ¢akTopbl aHu3oTponuu (1), ynoBaeTBOpsIOILIUE YC-
JoBUsIM (2), OGIaronpusITCTBYIOT NpUMEHEHUsIM Oec-
CBMHIIOBOTO KOMIO3UTa B KaueCcTBE aKTUBHOTO 3Jie-
MEHTa MbEe303JIEKTPUIECKNX CEHCOPOB, TIpeodpa3ona-
TeJell U TMAPOAKyCTUYECKUX YCTPONCTB.
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Asmoput 61a200apHbL 0-py mexH. Hayk., npogh. Tlanu-
yy A. E., 0-py mexn. nayk., npogh. Hecmeposy A. A. u
xano. mexu. nayx lone B. K. (FO®Y, 2. Pocmos-na-Jlo-
HY) 3a 604bWOL UHMeEpeC K meMamuKe Uccae008aHull Ho-
ebix CD u nvezoaneKkmpuuecKux Mamepuanos.

Hccnedosanus nposedenvt npu guraucoeoli noddep-
acke Munucmepcemea obpazoeanus u Hayku P® e pam-
Kax peaauzayuu KomnaekcHozo npoekma "Paspabomka u
co30anue 8bICOKOMEXHOA0UUHO20 NPOU3B0OCMBA MOOUNL-
H020 2UdpoaKycmu4ecKkoe0 KOMNAEKCA 0CEeueHuUs: 00-
CMAHOBKU 6 pasiu4Hbix akeamopusx Mupoeoeo okeana
HA OCHOGE COBPEMEHHBIX Nbe303NeKMPUYECKUX cpeocme
Hoeoeo nokoaenus" (loeosop Ne 03.G25.31.0276 om
29.05.2017) ¢ ucnoavzosanuem obopyoosanus LIKIT "Boi-
cokue mexnonoeuu" IODY.
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At the study of the novel 1—0—3 (K, Na)(Nb, Ta)O; single crystal / Li,B,0 single crystal /polyethylene composite demon-
strated an important role of the Li,B,0; single crystal / polyethylene matrix in the formation of a high piezoelectric sensitivity of
the composite (g5; ~ (0.1...1) V-m/N, h3; ~ 10"° V/m), large anisotropy of the piezoelectric moduli ( d53/\d5 | = &53/185, 1> D
and electromechanical coupling factors (k33/\k’;| > 1 and k; /\k, | > 1 at k33 ~ k; ~0.7...0.8). It also demonstrated that three
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Introduction

Much attention is devoted to the research in the
field of lead-free ferroelectric (FE) and piezoelectric
materials [1—4], the properties and certain parameters
of which can be better than those of the lead-containing
materials [5], such as Pb(Zr, _ ,Ti,)O3-based ceram-
ics, (1 —x)Pb(A 3Nb,3)O03 — xPbTiO5 single crystals,
etc., where A = Mg; Zn. Notwithstanding a big number
of publications concerning the lead-free FE and piezo-
electric materials (see the data in the review [4]), in the
literature there is no detailed description of the prop-
erties of the piezoelectric composites based on the lead-
free FE single crystals, and no purposeful selection of
the potential components. The aim of the present work
is to analyze the piezoelectric properties, their anisot-
ropy and the related parameters of the novel lead-free
composite with two single-crystal components, and al-
so to show advantages of this composite in comparison
to the known FE materials.

Structure of the composite
and its effective parameters

In the investigated composite the lengthy FE single-
crystal rods are surrounded by "the piezoelectric single
crystal— polymer" matrix (fig. 1). The centers of sym-
metry of the square bases of the rods are in the apices
of the squares located in the plane (X; OX,). The crys-

tallographic axes X M yM 7z of each rod are ori-
entated so, that X'V|0X,, Y| 0X,, ZD|0X;, while the

spontaneous polarization of each rod is Pgl) ™ 0X;.

The composite matrix is a system of the spheroidal
single-crystal inclusions in polymer (insert in fig. 1)
and is characterized by 0—3 connectivity in terms of
work [6]. At that, a;, a, = a|, ay are the lengths of the

semiaxes of the inclusion; p; = a;/ajy is its aspect ratio,
and the length of the largest semiaxis gy, is considerably
less than the length of a side of the square in the rod
basis. Orientation of the crystallographic axes X (2),
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Y(z), 7@ of the inclusions is set by conditions of
X(2)||0X1, Y(2)||0X2, Z(2)||OX3, and the centers of sym-

metry of the inclusions are in the apices of the rectan-
gular parallelepipeds. The presence of one FE compo-

nent (rods with Pgl) ™M 0X;) facilitates polarization of

the composite along the OXj axis, while the presence of

the piezoelectric component in the matrix improves the
electromechanical coupling in the "rods —matrix" sys-
tem and influences the composite parameters. The
studied composite (fig. 1) is described by 1—0—3 con-
nectivity.

The electromechanical properties of the 0—3 matrix
(P(0'3)(m,~, p;) in the general form) are determined
within the framework of the effective field method [6],
and they are considered in calculation of the effective
properties of the composite P*(m, m;, p;) by means of
the matrix method [6]. Hereafter we will use an asterisk
(*) for designation of the effective properties and pa-
rameters of the 1—0—3 composite. In both the above-
mentioned methods the electromechanical interaction
between the components is taken into consideration.
The effective properties of the composite are repre-

sented by a full set of elastic compliances st at electric

field £ = const, piezoelectric moduli a’;l and dielectric

permittivities a’;;’ at mechanical stress ¢ = const. By

means of the formulas presented in works [6, 7], it
is possible to find piezoelectric coefficients gz,, 321

and hzl, electromechanical coupling factors (ECFs)

ky = dy;/(e53 s;‘,E)l/2 (longitudinal and cross-section
oscillation modes at / = 3 and / = 1, respectively),

k; = e3, /(c§3D 8;§)1/2 (thickness oscillation mode),

k; = k§1[2s’{f/(slf + s’{f)]l/2 (planar oscillation

mode), and also anisotropy factors of the composite
* _ gk x * g%k *  _ ox o xE , xE\1.2.
C1 = d33/dy; Gy = ky3/kyp = Gy (spp /s33) 7%

G = k/k,, (1

where c’gé) is the elastic modulus at the electric dis-
placement D = const, and s}‘% is dielectric permittivity
at strain § = const.

Among the lead-free components, which are of
interest, we consider the FE
(Ko,562Na9,438)(Nbg 763Ta 23)03 (KNN-T) single
crystal [2] poled along the [001] direction of a per-
ovskite cell (constants in table 1), piezoelectric Li,B,O4
(LBO) single crystal [8] and polyethylene [6, 9] (con-
stants in table 2). LBO single crystal demonstrates a
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unique elastic anisotropy at a low level of piezo-activ-

ity, and its elastic moduli cElzb)’E are linked by ratios
ESDE = 378, D/ E = 404 and
c(lzl)’ E / c(323)’ E =938 (table 2). Below we consider the

specific features of the piezoelectric response, ECFs
and anisotropy factors (1) of the 1—0—3 "KNN-T sin-
gle crystal — LBO single crystal — polyethylene" com-
posite. In this composite the piezoelectric KNN-T sin-
gle crystal rods are surrounded by the 0—3 matrix, the
piezoelectric properties of which are determined by the
unidirectional LBO single-crystal inclusions.

Piezoelectric sensitivity and factors of anisotropy
of the composite

The present research analyzes the effective proper-
ties of P*(m, m;, p;) and related parameters of the com-
posite in the ranges of 0 < m <1, 0.05 < m; < 0.30 and
0.01 < p,; < 100. At rather small volume concentrations
of m and m; of the single-crystal components (fig. 1) for
the composite the conditions of the large anisotropy

1> 1, 2

are satisfied, where j = 1; 2; 3 (fig. 2, a—c). Simulta-
neous validity of the three conditions (2) ensures a sin-
gle-mode operation concerned with the longitudinal
(j = 1; 2) or thickness (j = 3) oscillation modes of a
piezoelectric element [7]. We should add, that owing
to the tetragonal symmetry 4mm of the single-crystal

components [2, 8], the anisotropy factor (;’f from (1)
can be presented as (] = g33/83 . Large values of
g§3 ~ (0.1...1) V-m/N (curve [ in fig. 2, a, b) are
achieved at a rather low level of dielectric permittivity
sgg, the value of which is considerably influenced by

8(3%_3)’ ° of the matrix and 8(323)’ ° of the LBO single-crys-

tal in its composition. Large values of g3; at |{]| > 1

should be taken into account at evaluations of the hy-
drostatic piezoelectric coefficients and figures of merit,
which play an important role in the hydrophones and

hydroacoustic systems [6]. The ECF values k§3 ~ 0.8

(curve 2in fig. 2, a, b) and k; ~0.7...0.8 (fig. 2, d) are
achieved at a moderate for FE materials [5] value of the

piezomodulus d%) of the KNN-T single-crystal [2]. In
the vicinity of the local maxk;‘ (fig. 2, d) the condition

of k? ~ k§3 is true, which is typical of the 1—3 type
composites [6].




From fig. 2, a, b it follows, that conditions (2) are
simultaneously valid mainly at p; > 1, i.e. in a case of

the heavily oblate inclusions of the LBO single crystal.
The system of such inclusions in polyethylene influenc-
es effectively the anisotropy of the elastic properties of
the 0—3 matrix (fig. 3) even at rather small volume frac-
tions of the LBO single crystal m;. At that, the dielectric

(0—3

permeability of the 0—3 matrix €33 )o obeys the con-

dition €53 >"° << £$3"°. Conditions (2) at p; = 100
(fig. 2, ¢) are valid, for example, for the composite, the
longitudinal piezoelectric effect in which is character-

ized by the following parameters: d§3 = 146 pC/N,
g33 =0.611V-m/N, k33 ~ k; ~0.80 (at m = 0.10 and
m; = 0.05) or d3; = 153 pC/N, g3; = 0.326 V- m/N,
ky; ~ ki ~ 0.82 (at m = 0.20 and m; = 0.05). The de-

crease of g3; is due to the increase of £33 at the in-
crease of m, and this trend is observed in a wide p, range

(curves 1 in fig. 2, a and b). Considerable changes of C]’-‘

are observed at the volume fraction of the KNN-T single
crystal m < 0.20 (fig. 2, ¢), i.e. at a considerable influence
of the 0—3 matrix on the electromechanical coupling in
the 1—0—3 composite. The change of the mutual ar-
rangement of curves 3—5 in fig. 2, b in comparison with
fig. 2, a is connected with strengthening of the influence

of the KNN-T single crystal (at an increase of m) on Z;;

(0—3), E

from (1). The large difference s33 _5(1?_3)’ E and

0—3),E , (0—3),E

correlation s(33 /|s(13 | > 1 (see fig. 3) at p; > 1

result in an appreciable easing of the electromechan-
ical coupling along the OX; and OX, axes (see fig. 1)
and influence the anisotropy factors (1) of the compos-
ite. Local maxk;‘ ~ 0.84 (see fig. 2, d) is located close
to m = 0.70 and p; = 1, when the influence of the

KNN-T single crystal on the electromechanical cou-
pling in the composite is considerable and the elastic
anisotropy of the 0—3 matrix is less pronounced. In the

vicinity of the local max k;‘ (fig. 2, d) the values of the
anisotropy factors of C§ ~ —6...—5 are achieved.

A prominent feature of the studied composite is the
presence of a fuzzy local maxh’§3 ~1.54- 1010 V/m,

observed close to m = 0.9 in a wide range of p; and m;.

The behaviour of the piezoelectric coefficient h’§3 at
m; = const and various values of p; looks like the be-

haviour of the ECF k’; in fig. 2, d. Considering the for-

mulas from [6, 7], it is possible to show that h§3 and

k’; are linked by the following relation:

hy3/ki = (&5 /e35)"2 3)

From the dependencies of the elastic modulus of

c’§§) and dielectric permittivity g’é% on the volume frac-

tion of the single-crystal rods m it follows that c’gé) and

s§§ increase monotonously in the wide m range. Due
to validity of the condition (3) the local max h§3 is dis-
placed along the axis m in relation to the local maxk?
at m; = const and p; = const.

Interesting, that piezoelectric coefficients h§3
and e3; go through their maxima at 0.85 < m < 0.95,

p; = const and m; = const, that is, at a small influence

of the 0—3 matrix on the piezoelectric sensitivity of the
composite. The data in table 3 testify to a considerable

diffusion of maxh§3 , and also to a large anisotropy of
Gy = h33/h3, near the local maxhs;. The large ani-

sotropy of h3; and ej3, is typical of the 1—3 type com-

posites [6] and is concerned with the electromechanical
interaction of the rods inside the matrix (fig. 1).

The studied lead-free 1—0—3 composite has advan-
tages in comparison to the anisotropic PbTiO3-type FE

ceramics [5] textured by materials based on PbTiO5 [10]

and other materials [11—135]. For example, the modified
PbTiO3 ceramic is characterized by ds3/|d3| = 8.2

k; = 0.43 [5], while for the 1—0—3 composite higher

values of di3 ~ 10> pC/N, k%5 and &} (fig. 2, a, b, d)
are determined. For the textured modified PbTiO; the
largest values were found to be g3 = 0.115 V'm/N and

233/1 8311 = 11 [10]. At the same time, the values of g3,
of the composite (fig. 2, a, b) surpass g3 of the textured
modified PbTiO5 several times, while the anisotropy

factor of ¢}, concerned with g3, of the composite, sat-

isfies the condition of |Q’{| ~ 20 (curve 4 in fig. 2, ¢). The
lead-free 1—3 composite based on FE (Na, K)NbOj5 ce-

ramics is characterized by maxg§3 ~ 0.24 V-m/N and
maxk;= ~ 0.5 [11], however, these values are less than
those of g§3 and k;‘ of the composite (see fig. 2, a, b, d).
The values of h§3 ~ 1.5-10'0 V/m (table 3) surpass

considerably maxh§3 ~ 10° V/m of 1—3 composites
"(1 —x)Pb(Mg, ,3Nb, /3)03 — xPbTiOj single crystal —
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polymer"” [12] at the molar concentrations x from the
area of the morphotropic phase transition. In a number
of cases the moduli of the anisotropy factors (fig. 2, ¢)
exceed the similar parameters of 1—0—3 composites
based on the lead-containing ceramics [13]. The pie-
zoelectric coefficient g33 = 0.220 V- m/N of FE ce-

ramics based on (Kg sNaj 5)NbO5 [14] is less than the

g§3 values of the composite (fig. 2, a, b), while the an-
isotropy factor gs33/g3; = —21.2 of the same ceramics

[14] is commensurable with Q’; of 1—0—3 composite

(fig. 2, ¢). For the 1—3 composite based on the
0.70Pb(Mg; 3Nb, 3)O3—0.30PbTiO5 single crystal poled

along the [001] direction, the values of maxk;“ ~ 0.80
(experiment), maxg§3 = 0.440 V-m/N (calculation)

and g"3‘3 = (0.080...0.120) V-m/N (experiment) were
found [15]. The 1—0—3 composite studied by the au-
thors is characterized by values of k’; ~ 0.80 and higher

values of g3; (fig. 2, a, b).

Conclusion

In the work the authors studied the piezoelectric
sensitivity and anisotropy factors (1) of a novel lead-
free 1—3-type composite. A combination of the single-
crystal piezo-active components (KNN-T and LBO)
and of a piezo-passive polymer results in validity of the
conditions (2) and high longitudinal piezoelectric sen-

sitivity of this composite (g’§3 ~(0.1...1) V-m/N and

h§3 ~ 1010 V/m). A leading role in it is played by the
electromechanical interaction between the single-crys-
tal FE rods and the heterogeneous matrix at a consid-
erable elastic anisotropy of the matrix. The studied pi-
ezoelectric coefficients, ECFs and anisotropy factors
(1), satisfying the conditions (2), are favorable for ap-
plication of the lead-free composite as an active ele-
ment of piezoelectric sensors, transducers and hydroa-
coustic devices.
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IAEKTPOMEXAHUYECKUE NMPEOBPA3OBATEAN HA OCHOBE
MOHHbIX MOAUMEP-TTOAUMEPHbBIX KOMIMO3UTOB

Ilocmynuna 6 pedaxyuio 14.08.2017

Honnvie nosumep-nosumepnoie komnosumeol (UIIITK) npedcmaeasirom coboll HOBbLI KAACC OPeAHUUECKUX INeKMPOAKMUBHBIX
NnoAUMEPOB, KOMOPble MO2YM UCHOABb306AMbCA 0451 CO30AHUS INEKMPOMEXAHUHECKUX npeobpazoeamene (aKmioamopos u cenco-
pos). Ilo cymu onu npedcmasasiom cobou "pazeumue” UOHHbIX NoAUMep-Memaniuieckux komnosumos (UIIMK), é komopuix me-
manauieckue 31eKmpoobl 3aMeHeHbl IAeKMpooamu U3 0peaHu4ecKux npogoosauux noiumepos Ha ochoge PEDOT:PSS.

Yemanoeneno, umo UIIIIK-cencopsr xapakmepu3zyomces AUHEUHbIM OMKAUKOM HA MeXaHu4eckoe 6030yicoeHue 6 0uana3oHe
deghopmayuii uzeuba 0,1...1 cm. Ipu eozdeticmeusix wacmomamu 0, 1...20 Ty amnaumyoa 6bix00H020 CUSHAAQ NPAKMUHECKU He-
usmenna. dyecmeumenvrnocms HIIIIK-cerncopos, nponumaHnHsix 3muieHeAuKoiem, 0KA3AAach eviule, 4em 4yE8CmeUmenbHOCHb

HIIMK-cencopos.

B kauecmee axkmrwoamopog uccaedyemwvie UIITTK-npeobpazosamenu nokazanu 00a20e 8pems peazuposanusi, Ymo C8sa3aHo C Uc-
NONb30BAHUCM IMUNCHAUKOAS U UOHHOU HCUOKOCMU 6 Kauecmee pacmeopumencei.

Karoueevie caosa: uonnsie nosumep-noaumepHote komnosumst, UITIIK-cencopor, UITTIK-axmrwoamopst, Nafion, PEDOT:PSS

BBenenune

B mocneaHue ronpl BeAyTCsl UHTEHCUBHBIE UCCTIe-
JIOBaHWSI MWHHOBALIMOHHBIX MaTepuaoB s THOKMX
9JIEKTPOMEXaHUUYECKUX Tpeodpa3oBaTeseil (akToaTo-
POB U CEHCOPOB), MpHUUEeM OCOOBINI MHTEPEC BbI3bIBa-
10T 2JIEKTPOAKTUBHBIE MTOJTMMEPhl BBUIY MX I'MOKOCTU
u Jerkoctu [1].

OmHUM U3 BUIOB TaKWX IMOJUMEPOB SIBJISIIOTCST MOH-
Hble MojuMep-MeTamnueckue komno3utel (MITMK),
MpeACTaBIsALIMe cO00 MOHOOOMEHHYI0O MeMOpaHy,
Ha KOTOPYIO C 00eHUX CTOPOH HAHECEHbI MJIATUHOBBIC
WIN 30J0Thle 3JeKTpoabl [2]. Takue mpeobOpa3oBa-
TeJU XapakKTepu3YlOTCs HU3KUM YIPaBJSIOIIMM Ha-
MPSKEHUEM U BBICOKMM 3HaYeHueM aehopMaliiu u3-
ruba, HO MMEIOT XapakTepHble HegocTaTkKu. bymyuu
MpeaBapuTEIbHO BbIIEP>KaHbl B BOIHOM 3JIEKTPOJIUTE,
OHM IIpU paboTe Ha BO3AYXE BHICHIXAIOT U TEPSIIOT pa-
6orocniocoOHOCTh. [Ipr MHOrOKpaTHOM W3rMOaAHUM
npeobpa3oBaTesid Ha 2JIEKTPOAaX MOSBISIIOTCS Tpe-
IIUHBI, Yepe3 KOTOPbIe MPOMCXOIUT yTeuKa dJEKTPO-

quta. KpoMe Toro, 3jaekTpoabl U3 0J1aropomHbIX Me-
TaJUIOB JOPOTU U TPEOYIOT CIOXHBIX METOIOB (hop-
MupoBaHud [3].

OpHUM M3 TyTell pelIeHUs MPOOJIEMbI SIBISIETCS
NnpuMeHeHue 0oJjiee MJIACTUYHBIX 2JIEKTpoaoB. B ka-
YeCcTBE MaTEPUAJIOB TAKUX JIEKTPOAOB MePCIEKTUBHbI
MPOBOISIINAE TTOJMMEPDI, KOTOPBIE YXKe HOCTYITHBI U
XapaKTepU3YIOTCSl BICOKOI MPOBOAUMOCTbHI0. OCOObIit
UHTEpeC MPEICTABISIOT 3JEKTPOIbl U3 OPraHUYECKUX
MMOJIUMEPOB, KOTOPhIe MOXXHO HAHOCUTh M3 PACTBOPOB
110 OTHOCHUTEIBHO JEIIEBBIM TEXHOJOTUSIM (LIEHTPU-
(byrupoBaHue, MOJUB, MOTPYKEHUE WU MEYaTHbIC TeX-
HoJiorun). Takue CTpYKTYphl Ha3bIBAIOT UOHHBIMU T10-
Jumep-tioaruMmepHbiMu koMmnodutamu (UTITTK) — mo
anajgoruu ¢ UTIMK [4].

Lensimu naHHON pabOTHI SBISLUIMCH pa3paboTka u
uccaeaoBanue snekrpoMexaHndeckux MITTIK-mpeo6-
pa3zoBaTesieili Ha OCHOBE MOHOOOMEHHOM MeMOpaHbI
"Nafion 117" ¢ anekTpogamu U3 noju(3,4-3TUIEHINOK -
cutnogeH)-nonucrtupoicyibpanara (PEDOT:PSS).
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Hanecenne 3xekTponos n3 PEDOT:PSS

B xadecTBe MCXOMHOTO MaTepuaja ISl N3TOTOBIIE-
HUS TOJIMMEPHBIX 3JIEKTPOIOB MCIOIb30BAIM BOTHYIO
cycrieHsuto PEDOT:PSS (puc. 1). OcobeHHOCTIMU
3TOr0 MPOBOMSIIET0 KOMITO3UTa, XOPOIIO PACTBOPH-
MOIro B BOJE, SIBJSIIOTCS BbICOKasi NMPOBOAMMOCTb U
TEXHOJIOTUYHOCTD.

MemOpaHbl Npeodpa3oBaTesieii, MPONMUTaHHbIE BOI-
HBIMH PacTBOpPaMM BJIEKTPOJIUTOB, B IIpoliecce paboThl
Mpu HanpskeHusix Beilne 1,3 B tepsior Bomy Bcieac-
TBUE PE3UCTUBHOIO HAarpeBa 1 3JIEKTPoJIn3a. DT Mpo-
0sieMbl MOXHO TPEeOoJ0JIeTh NMPU MCIOJIb30BAaHUMU He-
BOIHBIX PACTBOPUTEJICH, HANPUMEp STUICHIJIMKOJS
(BIN), KoTOpBIii ABISIETCS MOJSIPHBIM BELLIECTBOM, WU
1-amnun-3-metunumMmuaazonus xiaopuaa (AMUX), saB-
JISIOIIErocsl MOHHOM XUAKOCThIO (puc. 2) [4, 5].

Honnbsimu xuakoctsamu (M2K) HaspIBamOT cOJIH,
uMmewlIre temrepatypy miapiaeHus Huxe 100 °C u
cocTosIe U3 OOBEMHBIX OPTaHWYECKUX KAaTHMOHOB
(uMugazonuit, MUPPOJUIANHUN, TUPUINHUN U Op.) U
OpTaHMYEeCKUX WM HEOPTaHWMYECKUX aHWOHOB (TeTpa-
¢ropbopar, rekcadpropdocdar, 6pomun). MK snexr-
POXUMHWYECKN CTAaOWMJIBHBI HaXke IIpH HaIPSLKEHUSX
6onee 4 B u tepmuueckn ycroitumel 1o 400 °C [6].
Kpowme toro, nu B3I, m 12K nMe1oT BEICOKYIO MOHHYIO
IMPOBOIUMOCTb, KOTOpasl SIBISETCS OXHUM M3 BaX-

Puc. 1. Crpykrypnas dpopmyna PEDOT:PSS
Fig. 1. Structural formula of PEDOT:PSS

Puc. 2. Crpykrypusie ¢popmynst OI' (a) 1 AMUX (b)
Fig. 2. Structural formulas of EG (a) and Amim-CI (b)
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HEMIIMX CBOMCTB, HEOOXOAMMBIX IS BO3OYKIEHUS

UIITIK-npeobpa3oBarteneii.

M3BecTHO, YTO TPOBOAUMOCTE TTPOBOISIIINX IO -
MEpOB MOXHO YBEJIMYUTH N00ABIEHWEM B MX COCTaB
MHOTOAaTOMHEBIX CITUPTOB (3TUJICHTIIMKOJIS, TIINIICPUHA)
WY BBICOKOKUIISIIIUX PACTBOpUTENEN (IUMETHIICYITb-
dokcupa, numetuagopmamMuaa, TeTparuapadypaHa).
B cBsI3M ¢ 3TUM MOXHO OXWIaTh, YTO IIPUMEHEHUE B
HIIIIK BmecTo Boansl DI’ 1 MK OyneT moBhIIATH IPO-
BonuMocTh TuieHoK PEDOT:PSS [7].

Texnonorusa usrorosnenust MIIIK BkiaoyaeT cie-
JIyIOLIKMEe OCHOBHBIE CTaJuU:

e 00paboTka moBepxHOCTH MeMOpaHbl "Nafion 117"
HaXIayHON Oymaroil mis yayylleHUs aare3uu
OCaXXIaeMbIX TUIEHOK;

e yIaJeHWe OCTATOYHON BJIarM U3 MeMOpaHBI Tepen
HaHEeCEHUEM BJISKTPOJIOB MyTeM BbIIEPXXKM CHava-
Jia B cymuiabHoOM 1ikady (24 4 mpu 100 °C), a 3aTeM
B BakyyMHo Kamepe (3 4 mpu 25 °C);

e TIpomnuTKa MeMOpaH pactBoputesieM (OI unu cme-
ceio OI' + MK (1:1)) B Teuenue 3 4 mpu 60 °C (BI)
unu 140 °C (cmech BI' + NXK);

e TIpeABapuTeibHbIN HarpeB cycrieH3un PEDOT:PSS
g0 150 °C pna obecrieyeHUsT HY>KHOM KOHCUCTEH-
LINN;

e HaHeCeHUEe Ha TTOBEPXHOCTh BHIMOUEHHOI B pacT-
Boputesne meMopaHsl cycrieHsun PEDOT:PSS me-
TOJIOM MOJIMBA C TIOCJIEYIONIEN CYIIIKOU HA BO3IyXE
(111 HaHeceHHUsI BJEKTpoAa Ha BTOPYIO CTOPOHY
MeMOpaHbI 00pa3elr] HEOOXOAMMO 3aKPEIMUTh TAKUM
00pa3oM, 4YTOOBI MEPBBIN 2JIEKTPOJ HE COIpHKa-
caJicsi C TOBEPXHOCTHIO).

ITo Takoii TeXHOJOrMM OBLIM IIOJIyY€HBI IIpeodpa-
3oBatenu ¢ anekrpogamu u3 PEDOT:PSS, nponuran-
Hele DI u cmechio BI' + M2K. OOpa3ziubl, BeIOEp:KaH-
Heie B DI, obiaaganu conporusBieHueM 5 KOM, a BbI-
nepxaHHble B cMecu DI + MK — 15 xOwm.

IMonyuennrsie MITTTK-cTpyKTyphl ObLIM pa3pe3aHbl
Ha mojiocku 2 X 0,5 U uccieaoBaHbl B KaUeCTBE CEH-
COPOB M aKTIOATOPOB.

Hccaenosanne UITIIK-cencopos

Biok-cxeMa yCTaHOBKU IS MI3MEPEHUsI TTapaMeT-
poB UIIIIK-ceHcopoB mpeacraBieHa Ha puc. 3 (cMm.
TpeThio cTopoHy o0moxku). Mccnemyembrin UITTTK-
CEHCOp, KOTOPBII UCIOIb30BAIM B KAYECTBE YYBCTBU-
TEJIbHOTO 3JIeMeHTa, 3aKperuisuin 1rynamMu KenbBuHa.
BHemHuii BUA LEHTPaAbHON YaCTU U3MEPUTEIBHOIO
CTeH/a TpeJcTaBlieH Ha puc. 4 (CM. TPETbIO CTOPOHY
00JIOXKM).

AuHaMMK, TOAKJTIOYEHHBIN K TeHepaTopy CUTHaJla
"Agilent 33500B", obGecrieunBan pa3IMuHbIe TTO aMIUIU-
TyZle ¥ 4aCcTOTe CUHYCOMAAIbHbBIE KOJIeOaHUs UCCIIemy-
emoro oopasmna. Jlepopmanym n3rnda perucTpupoBaIv
C TIOMOIIBIO JIA3€PHOTO M3MEPUTENST TepeMeIleHUI
"L-GAGE". Illyner KensBuHa IJIST perucTpaiy CUT-




Puc. 6. 3aBucUMOCTb BBIXOAHOTO CHTHAJA OT Aedopmanuu u3ruda
UIIIIK-cencopos

Fig. 6. Dependence of the output signal on the bending deformation of
the 1P2C sensors
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Fig. 7. Dependences of the output voltage of the [P2C sensors on
frequency

Hana WUIITTK-ceHcopa ObUIM COeAUHEHBI C MYJIbTU-
MeTpoM "Agilent 34410A", yepe3 KOTOpPHIi MHGpOPMa-
uus noctymnana Ha [TK.

ITocKoMbKY TIONMMMEP COAEPKUT 3aKpeIICHHBIC
KHMCJIOTHBIE OCTaTKH SO3_ , Ha ero moBEpPXHOCTH MOC-
Jie MPOMUTHIBAHUSI pacTBOpUTEIeM 0Opa3yeTcsl JBOM-
HOM 3JEKTPUYECKUI CIOM U B BJIEKTPOJUTE BHYTPU
MeMOpaHbI Ipeob1aaaoT CBOOOAHBIE MOJOXUTEIbHbIC
WOHBI, TIO3TOMY IBMXXCHHE MOHOB B MeMOpaHe oI
JNEWCTBUEM JIEKTPUUYECKOTO TMOJIs SIBISIETCS OMHOCTO-
poHHUM. [1py BHEIITHEM M3THOAIOIIEM MeXaHMIeCKOM
BO3MIEMCTBMU Ha 3JIEKTPOAAX CEHCOpa BO3HUKAET pa3-
HOCTb JaBJICHWIA, YTO TIPUBOIUT K JABVKEHUIO TTOTOKA
3apsIKEHHOM KUIKOCTH B MeMOpaHe OT OTHOTO BJIeK-
Tpola K IApyromy. D10, B CBOIO OYepe/b, MPUBOIUT K

BO3HUKHOBEHUIO Ha 3JIEKTPOJAX Pa3HOCTH TOTEHIIMA-
JIoB [8].

Bbrun ncciaemoBaHbl 3aBUCMMOCTH BBIXOJHOTO CHT-
HaJla OT YacTOTbl M aMIUIMTYAbl MEXaHWYECKHX BO3-
NIEUCTBAN HA CEHCOP.

Ha puc. 5 (cM. TpeTblo CTOPOHY OOJIOXKH) Mpea-
CTaBJIEHO CEMENWCTBO 3aBUCUMOCTEN aMIUIUTYAbl CUT-
HaJla OT BPEMEHM JUISl PA3TMYHBIX aMILTUTY TiepemMe-
1eHui npu nocrosiHHou yactote (10 I') as ceHco-
POB, BblIepXaHHBIX B OI'. 3aBUCMMOCTU aMILIMTYIbI
CUTHajla OT BPEMEHU ISl CEHCOPOB, BbIAEPXKAHHBIX B
cmecu OI' + MK, nmenn aHAJIOTMYHBIN BUIL.

ITo oMM maHHBIM ObLIM MOCTPOEHBI 3aBUCUMOCTHU
aAMIUTMTYIBI BEIXOMHOTO CUTHaMA OT meopMallni 13-
ruba (puc. 6).

U3 puc. 6 BunHo, uto UIIIIK-ceHcophl ¢ 371€KT-
ponamu u3 PEDOT:PSS xapakrepu3ytoTcst TMHEMHbIM
OTKJIMKOM B MCCJIelyeMOM IUara3oHe aMIUIUTYI Me-
XaHUYecKux mnepemelneHuii. KoagpuumeHTs 4yBCT-
BUTEJIbHOCTH, ONpeeeHHbIe 10 3TUM 3aBUCUMOCTSIM,
coctaBwiu 0,2 MB/MM 1151 ceHcopa, BBIAEPKAHHOTO
B 9T, u 0,04 MmB/MM nist ceHcopa, BbIIEPXKAaHHOTO B
cmecu BI' + XK.

Hanee Obu1a MccaeaoBaHa YacTOTHAsI 3aBUCMMOCTD
aAMIUTUTYIbl BBIXOJHOTO CHTHaja IIPHM ITOCTOSTHHOM
HanpstbkeHuu 10 B. MuHuManbHast yactoTa, Mpu Ko-
TOPOIl HaOMOAANCS CUTHAI OT CEHCOpa, COCTaBIISIET
0,1 I'.

3aBUCUMOCTH aMIUIMTYIBI BBIXOTHOTO CUTHAja OT
YacTOThI IPU MOCTOSHHOM cMelleHuu 0,5 MM mpuBe-
JeHbl Ha puc. 7. BugHo, uro B auanazone 0,1...20 T’
aMIUIMTYA BBIXOZHOTO CHUTHAJIA MPAKTUYECKU HEU3-
MEHHA, MPU 3TOM 3aBUCUMOCTb BBIXOJAHOIO CUIHaja
OT BpeMEHHM MMeeT CUHYCOMIAIBHEIN XapakTep (CM.
puc. 5). DTOT AMAlla30H U SIBAsIETCS pabouyuM auarna-
30HOM 4acToT ucciaemxyemoro UIIIIK-cencopa.

YysctButeabHocTh UITTIK-ceHcopoB, mponuTaH-
HBIX DI, oKaszamach BBHIIIE, YeM UYyBCTBUTECIHHOCTH
MIIMK-cencopoB [8]. Bpems HemnpepblBHOI pabo-
Tel UITTIK-ceHcOpoB Takke oKaszajloCh BhILIE, YEM
MIIMK-ceHCcOpoB, BCIENCTBME MUCIOJb30BAaHUS HeE-
BOJHBIX pacTBopuTeseii (Taba. 1).

Ta6auua 1

Table 1
CpaBHHUTEJbHAS XaPAKTEPUCTHKA CEHCOPOB
Comparison of characteristics of the sensors

Bun cencopa
Kinds of sensors
[lapamerp WMNMK | MIINK | WOOK
Parameters (®0) (3T + UX)
IPMC | [p’C IP’C
(EG) (EG + IL)
KoadbduimeHT 4yBCTBU- 0,07 0,2 0,04
TeJIbHOCTU, MB/MM
Sensitivity coefficient, mV/mm
Bpemst paboThl 1...2 cyr.| >2 Hen. >2 Heq.
Time of work 1...2 days| >2 weeks >2 weeks
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HUccaenosanue UIIIIK-akTioaTopos

Ha puc. 8 nmokazaHa 0J10K-cxeMa CTeHaa ISl ucclie-
noanust MITIIK -akTioaTopoB. Ha nccnenyemslii oopa-
3er] yepe3 Iynbl KenbBrHA TTOmaeTcsl HaIMpsoKEHWe OT
reHepaTopa curHajioB "Aligent 33500B". C nmomolipio
JtazepHoro usMmeputest nepemeineHust "L-GAGE" uz-
MepsieTcsl aedopmalius m3ruba aktioatopa. M3obpa-
>KeHME BBIBOJIUTCS Ha MOJICOEAMHEHHBIN K 1a3epHOMY
U3MEpUTENII0 MepeMelleHus ocuwuiorpad "Agilent
DSOX3014A".

IMpunuun padotsr MUIITTK-akTi0aTOpOB OCHOBaH
Ha JBMXEHWU 3apsSKEHHOW XUAKOCTU B MeMOpaHe
MoJ JeMCTBUEM 3JIeKTpuuyeckoro rmoJjisi. Bo3Hukaro-
LUK 3JIEKTPOOCMOTUYECKUM ITOTOK CO3MaeT U30BITOU-
HOE aBJIeHUE XXKUIKOCTH Y OJTHOTO U3 BJIEKTPOAOB, UTO
BBI3BIBAE€T M3rub akToaTopa [2].

Ha puc. 9 npencraBieHbl 3aBUCUMOCTH AedhopMa-
mn m3ruda MIIIIK-akTioaTopa OT ympaBIISIIOLLIETO
HanpsoKeHUsI. BBIIo yCTaHOBJIEHO, YTO aKTIOATOP, BbI-
nepxaHHbIl B cMecu DI + MK, HaunHaeT aedpopmu-
poBatbcs mpu HanpsokeHusx oT 0,4 B, a BeimepxkaH-
Heiii B OI' — nipu 0,7 B.

PaGouunit auama3soH HanpsDKeHWA COCTaBIIsIeT
1...10 B (ripu OoJjiee BHICOKMX HaNpsDKEHUSIX HAOMIIO-
JlaeTcsl Mpo0oii akToaTopa).

HIITIK-akT0aTopbl,  MPOMMTAHHBIE  CMECHIO
BI' + UK, nokasbiBalOT 6oJbline aedopMaluu 13-
ruba, yem HMIITIK-akTioaTtopsl, nponutaHHble DI,
HO 3HauMTeabHO MeHbiue, yem MITMK-akTioaTophl
(tabn. 2). dedopmauuss UITTTIK-akTioaTropoB npouc-
XOOUT MenjieHHee, yem nedopmaunst MTTMK-akrioa-
TOPOB, BbIIEPKAHHBIX B BOAHBIX 3JEKTPOJIUTAX.

N3 puc. 10 BugHo, yro UITITK-akTi0aTop, BeIAEP-
XaHHbI B cmecu DI + MK, o ckopocTtu aegopma-
LIMKA U3rHba MPEeBOCXOAUT AKTIATOP, BbIAEPKAHHbIM
B OI.

Bpewms HenpepriBHOM padotel MITTIK-akTi0aTopoB
Takke okasajioch Beie, yeM y MITMK-akTroatopos,
BCJIEICTBUE MCMOJb30BAaHUS HEBOIHbBIX PACTBOPUTEJIEH.

Tabauua 2
Table 2
CpaBHeHHe XapaKTEPUCTHK aKTIOATOPOB
Comparison of characteristics of the actuators

Bua akTioaropa
Kinds of actuators
[TapameTp
HUIIMK | UIIIIK HIITIK
Parameter (3N | (T + UX)
IPMC | jp2C IP°C
(EG) (EG + IL)
Jedopmalus caBura, MM 20 0,9 0,79
Bending deformation, mm
BpeMst paGoThbl 10 MmunH | >1 cyT. >1 cyr.
Time of work 10 min | >1 day >1 day
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Puc. 8. Cxema crenna nns ucciaenosanus UIIIK-akTioaTopos: / —
mynbsl KenbBuHa; 2 — obpaselr; 3 — Ja3epHbIi U3MEPUTENb Iepe-
MelleHusT; 4 — ocuwuiorpad; 5 — MUCTOYHUK MUTAaHMS; 6 — TeHe-
paTop curHaia

Fig. 8 Scheme of the stand for research of the IP2C actuators: 1 —
Calvin rods; 2 —sample; 3 — laser instrument for measuring of
displacements; 4 — oscillograph; 5 — power supply; 6 — signal generator
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Puc. 9. 3asucumoctu nedopmanuu n3ruda UIIITK-akrioaTopos ot
N0/IaBAEMOr0 HANPSIKEHUSA

Fig. 9. Dependences of the bending deformation of the IP°C actuators
on the applied voltage
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Puc. 10. 3aBucumoctn nedopmanun u3rn6a UIIIIK-akTioaTopos ot
BpeMEHH NpPH NOCTOSAHHOM Hanpsukenun 10 B

Fig. 10. Dependences of the bending deformation of the 1P2C actuators
on time at the continuous voltage of 10 V




3akioueHune

Pa3zpaboraHa TeXHOJIOTMSI M3TOTOBJIEHUS! MOHHBIX
noaumep-rnoauMepHbix Komno3utoB (MUIIIIK), npen-
CTaBJISIOIIMX COOOM HOBBIN KJIACC OPraHUYECKUX DJIEKT-
POAKTHBHBIX TTOJIMMEPOB, KOTOPBIE MOKXHO MCITOIb30-
BaTh JJI CO3MaHUs 3JIEKTpOMEXaHUYeCKUX Mpeodpa-
30BaTeNieil (akTIaTOpOB M CeHCopoB). PaspaboraHa
MeToauKa wu3MepeHust udyBcTBuTenabHocTu WIIIIK-
npeobpaszoBateneii ¢ anekrpogamu n3 PEDOT:PSS.

Ycranosneno, yro MIIIIK-ceHCcOphl XapakTepusy-
IOTCST TMHEMHBIM OTKJIMKOM Ha MEXaHMYeCKOe BO30YXK-
JeHue B auanaszoHe medopmaumit u3ruda 0,1...1 mm.
ITpu Bo3neiicTBusix yacroramu 0,1...20 ' amnuTyna
BBIXOJHOI'O CUTHAJIA MPaKTUYeCKN Hen3MeHHa. YyBcT-
putesbHOCT, WIIIIK-ceHcopoB, mponuTtaHHbix DI,
okazajach BbIlle, yeM 4yBcTBUTeJNbHOCTH MITMK-
CEHCOPOB.

B kauectBe WMIIIIK-akTI0aTOpOB MCCIIEIyEeMbIE
npeoOpa3oBareiv MoKas3ajiv J0Jroe BpeMs pearupona-
HUS, 4TO cBSI3aHO ¢ ucnoab3oBanueMm DI u MK B ka-
YECTBE PACTBOPUTEJIEH.

Hccnedosanue evinoaneno 6 pamkax epawma PHD
(npoexm Ne 16-19-00107).
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lonic polymer-polymer composites (. IP? C) represent a new class of organic electroactive polymers that can be used to create elec-
tromechanical transducers (actuators and sensors). In fact, they represent "development” ionic polymer-metal composites (IPMC)
where metal electrodes are replaced by electrodes with organic conductive polymers based on PEDOT:PSS.

It was determined that IP>C-sensors were characterized by a linear response to mechanical excitation in the range of bending
deformations of 0.1 to 1 cm. Under the influence of frequencies of 0.1...20 Hz the amplitude of the output signal was almost un-
changed. The sensitivity of IP?C-sensors impregnated with AG was higher than the sensitivity of IPMC sensors.

As actuators of the studied 1P C-transducers showed a long response time that is associated with the use of ethylene glycol and

ionic liquid as solvents.
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Introduction

Nowadays, we witness an intensive research in the
field of innovative materials for the flexible electrome-
chanical transducers (actuators and sensors), at that,
special interest is attracted to the electroactive polymers
due to their flexibility and light weight [1].

Among such polymers are the ionic polymer-metal
composites (IPMC) representing an ionic membrane,
with platinum or gold electrodes deposited on its both
sides [2]. Such transducers are characterized by a low
control voltage and high value of the bending deforma-
tion, but they have typical drawbacks. Being prelimi-
nary kept in a water electrolyte, they dry up and lose
their operability when operated in the air. A repeated
bending of a transducer causes cracks on the electrodes
and leaks of the electrolyte through them. Besides, the
electrodes from precious metals are expensive and de-
mand complex methods for their formation [3].

One of the ways to solve the problem is application
of more plastic electrodes. In this capacity the conduc-
tive polymers, which are already available and charac-
terized by a high conductivity, are promising. Of special
interest are the electrodes from the organic polymers,
which can be deposited from solutions with employ-
ment of rather cheap technologies (centrifugation, wa-
tering, immersion or printing technologies). Such
structures are called ionic polymer-polymer composites
(IPQC) — by analogy with IPMC [4].

The aim of the work was research and development
of the electromechanical IP2C transducers on the basis
of Nafion 117 ion-exchanging membrane with the elec-
trodes from poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate (PEDOT:PSS).

Deposition of electrodes from PEDOT:PSS

As the initial material for manufacturing of the pol-
ymeric electrodes a water suspension of PEDOT:PSS
was used (fig. 1). The specific features of this conduc-
tive composite, very soluble in water, are high conduc-
tivity and manufacturability.

The membranes of the transducers, impregnated
with the water solutions of the electrolytes, during op-
eration at voltages over 1.3 V lose the water because of
the resistive heating and electrolysis. These problems
can be overcome due to the use of the nonaqueous sol-
vents, ethylene glycol (EG), for example, which is a po-
lar substance, or 1-Allyl-3-methylimidazolium chloride
(Amim-Cl), which is an ionic liquid (fig. 2) [4, 5].

Ionic liquids (IL) are the salts with the temperature
of melting below 100 °C and consisting of the volume
organic cations (imidazolinium, pyrrolidinium, pyrid-
inium, etc.) and organic or inorganic anions (tetra-
fluoroborate, hexafluorophosphate, bromide). IL are
electrochemically stable even at voltages over 4 V and
are thermally stable at temperatures up to 400 °C [6].
Besides, EG and IL have high ionic conductivity,
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which is one of the major properties necessary for ex-

citation of the IP2C transducers.

As is known, the conductivity of the conductive
polymers can be increased by adding to their structure
of polyatomic spirits (ethylene glycol, glycerine) or
high-boiling solvents (dimethyl sulfoxide, dimethyl
formamide, tetrahydrofuran). In this connection it is
possible to expect, that application of EG and IL in
IP2C instead of water will raise the conductivity of
PEDOT:PSS films [7].

The technology for manufacturing of IP2C includes
the following basic stages:

e processing of the surface of Nafion 117 membrane
by an emery paper for improvement of adhesion of
the deposited films;

e removal of the residual moisture from the mem-
brane before deposition of the electrodes by using a
drying box (24 h at 100 °C) and then a vacuum
chamber (3 h at 25 °C);

e impregnation of the membranes by a solvent (EG or
a mix of EG + IL (1:1)) during 3 h at 60 °C (EG)
or 140 °C (mix of EG + IL);

e preliminary heating of the PEDOT:PSS suspension
up to 150 °C for obtaining of the necessary consist-
ence;

e deposition of the PEDOT:PSS suspension on the
surface of the membrane soaked in a solvent by the
method of watering and subsequent drying of it in the
air (for deposition of an electrode on the second side
of the membrane, a sample should be fixed, so that
the first electrode would not contact the surface).
Due to such a technology the transducers with the

electrodes from PEDOT:PSS impregnated with EG

and a mix of EG + IL were received. The samples kept
in EG had resistance of 5 kQ, while the ones kept in the

mix of EG + IL — 15 kQ.

The received IP2C structures were cut in strips of
2 % 0.5 and investigated as sensors and actuators.

Research of IP2C Sensors

A block diagram of an installation for measurement
of the parameters of [P2C sensors is presented in fig. 3
(see the 3-rd side of cover). The investigated IP2C sen-
sor, which was used as a sensitive element, was fixed by
Calvin rods. Appearance of the central part of the
measuring stand is presented in fig. 4 (see the 3-rd side
of cover).

A loudspeaker, connected to Agilent 33500B signal
generator, ensured various by amplitude and frequen-
cy sinusoidal fluctuations of the investigated sample.
The bending deformations were recorded by means of
L-GAGE, a laser instrument for measuring of displace-
ments. The Calvin rods for recording of the IP2C sensor
signals were connected to Agilent 34410A multimeter,
through which information was transferred to a person-
al computer.




Since the polymer contains fixed acid residuals of
SO3_, after its impregnation by a solvent a double elec-
tric layer is formed on its surface, while in the electro-
Iyte, inside the membrane, free positive ions predomi-
nate, therefore, the movement of the ions in the mem-
brane under the influence of the electric field is unilat-
eral. Due to an external bending mechanical influence
on the sensor electrodes a pressure difference appears,
which moves a flow of the charged liquid in the mem-
brane from one electrode to another. This, in turn,
leads to occurrence of a potential difference on the
electrodes [8].

The dependences of the output signal on the fre-
quency and the amplitude of the mechanical influences
on the sensor were investigated.

Fig. 5 (see the 3-rd side of cover) presents a number
of the dependences of the amplitude of a signal on
time for various applied voltages at a constant frequen-
cy (10 Hz) for the sensors kept in EG. The depend-
ences of the amplitude of a signal on time for the sen-
sors kept in a mix of EG + IL looked similar.

On the basis of these data the dependences of the
amplitude of the output signal on the bending defor-
mation were constructed (fig. 6). It is visible that IP2C
sensors with their electrodes from PEDOT:PSS are
characterized by a linear response in the investigated
range of the amplitudes of the mechanical displace-
ments. The sensitivity coefficients defined by these de-
pendences were equal to 0.2 mV/mm for the sensor
kept in EG, and to 0.04 mV/mm for the sensor kept in
the mix of EG + IL.

Then the frequency dependence of the amplitude of
the output signal was investigated at the continuous
voltage of 10 V. The minimal frequency, at which a sig-
nal from the sensor was observed, equaled to 0.1 Hz.

The dependences of the amplitude of the output
signal on frequency at the constant displacement of
0.5 mm are presented in fig. 7. It is visible, that in the
range of 0.1...20 Hz the amplitude of the output signal is
practically invariable, at that, the dependence of the out-
put signal on time has a sinusoidal character (see fig. 5).
This range is also the working range of the frequencies
of the investigated IP2C sensor.

The sensitivity of the IP2C sensors impregnated
with EG appeared to be higher than the sensitivity of
the IPMC sensors [8]. The time of the continuous work
of the IP2C sensors also appeared to be longer than that
of the IPMC sensors due to the use of the nonaqueous
solvents (table 1).

Research of the IP2C actuators

Fig. 8 presents a block diagram of the stand for re-
search of the IP2C actuators. From Aligent 33500B sig-
nal generator voltage is applied to the investigated sam-
ple through the Calvin rods. By means of L-GAGE la-
ser instrument for measuring of displacements the

bending deformation of the actuator is measured. The
image is presented by Agilent DSOX3014A oscillograph
connected to the laser instrument for measuring of dis-
placements.

The principle of operation of the IP2C actuators is
based on the movement of the charged liquid in the
membrane under the influence of the electric field. The
arising electroosmotic flow creates a superfluous liquid
pressure at one of the electrodes, which causes a bend
of the actuator [2].

Fig. 9 presents the dependences of the bending de-
formation of the IP2C actuator on the control voltage.
It was observed that a deformation of the actuator, kept
in the mix of EG + IL, started at the voltages from
0.4 V, while that of the actuator kept in EG — at 0.7 V.

The working range of the voltages was 1...10 V (at a
higher voltage a breakdown of the actuator was ob-
served).

The IP2C actuators impregnated with the mix of
EG + IL demonstrate bigger bending deformations
than the IP2C actuators, impregnated with EG, but
considerably smaller deformations, than the IPMC ac-
tuators (table 2). Deformation of the IP2C actuators
occurs more slowly, than the deformation of the IPMC
actuators kept in the water electrolytes.

From fig. 10 it is visible, that the IP2C actuator kept
in the mix of EG + IL surpasses the actuator kept in
EG by the speed of the bending deformation. The time
of continuous work of the IP2C actuators also appeared
to be longer than that of IPMC actuators, owing to the
use of the nonaqueous solvents.

Conclusion

A technology was developed for manufacturing of
the ionic polymer-polymeric composites (IP2C), repre-
senting a new class of the organic electroactive polymers,
which could be used for development of the electrome-
chanical transducers (actuators and sensors). A tech-
nique for measurement of the sensitivity of the IP2C
transducers with their electrodes from PEDOT:PSS
was also developed.

It was established, that the IP2C sensors were char-
acterized by the linear response to the mechanical
excitations in the range of the bending deformations
of 0.1... mm. When influenced by frequencies of
0.1...20 Hz, the amplitude of the output signal was
practically invariable. The sensitivity of the IP2C sen-
sors impregnated with EG appeared to be higher than
the sensitivity of the IPMC sensors.

In the capacity of the IP2C actuators the investigat-
ed transducers demonstrated a long response time,
which is connected with the use of EG and IL as the
solvents.

The research was supported by RSF (project No 16-
19-00107).
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YupexneHue oopazoBaHus "benopycckuil TocymapCcTBEHHBIN YHUBEPCUTET UH(GOPMATUKU

7 paaro3NIeKTpoHUKH", MuHck, Berapych

MCCAEAOBAHUE XAPAKTEPUCTUK AATUHUKA XOAAA
C PASAMMHOM TEOMETPUEN AKTUBHOM OBAACTU

Ilocmynuna 6 pedaxyuio 12.09.2017

BpaMKax npuéopﬂo—mexﬂwloeu!tecxoeo MO@e/lupO@aHuﬂ Uccnedoeano eaUsHue ceomempu4vecKux napamempoe aKmueHou 00-
aacmu 0amuyuxka XO./l/la, Uuzeomaeaueaemoco ¢ UChoab3oeanuem cmaHaapmﬂoeo MexXHO0/102U4eCcK020 KMOﬂ—npouecca, Ha eeco 3KC-
nayamayuoHHbsle XapaKkmepucmuKu.: 4yecmeumenbHocns, HanpAaicerue XO/Z/ZLZ, pacceueaemyro MOUHOCMb U OCMAamo4Hoe Hanpsi-
JHCEeHue. Hpea./lOcheHbl nooxodvl K onmumusayuu UCCcAe008aHHbBIX KOHCMPYKMUBHbIX hapamempoe damuuka XO/l/la, a makace ea-
PUAHmM NOCMPOEHUA 9KBUBANCHMHOU CXeMbl 015 Moae/lHPOBaHllﬂ cxXemomexnu4ecKkux pemeﬂuﬁ Ha 6aze damuuka Xoaa.

Karoueenie caosa: damuux Xoana, eeomempuueckull RONPago4Hbll KOdpuyuenm, MacHumo4yecmeumenvtblil 1emMenm, 4yec-

meumenbHoCcmo, npu60pH0—m€XHO/l02Ll‘1€CKO€ Moae/lupoeaﬁue

BBenenune

B coBpemMeHHOII 3J€KTPOHHOI TEXHMKE HalllJIu
LIMPOKOE TMPUMEHEHME AATYMKKA MArHUTHOIO TIOJS,
KCIIOJIb3YyEMbIE TSI U3BMEPEHUST MHAYKLIMU MAarHUTHO-
ro moJisi, 6eCKOHTAKTHOTO OMpeAeIeHUs] MeXaHuJec-
KMX M 3JIEKTPUYECKUX BO3ACHCTBMIA. [laTymku Mar-
HUTHOTO TIOJISI MPUMEHSIIOT B aBTOMOOUJIbBHOI TIpO-
MBIIIUIEHHOCTH, MOOWJIbHBIX U MOTPEOUTENBCKUX CET-
MEHTax, MeIUlMHEe, adPOKOCMUYECKOH M MOPCKOM
0OTpacJsiX, IJHEPTeTUKE — B KAaYECTBE JaTYUKOB KaMep
U IUCIUIEEB, 3JIEKTPOHHBIX KoMmImacoB [1—7].

OpHuM U3 Haubosiee pacHpOCTPaHEHHBIX TUIIOB
MarHUTOYYBCTBUTEJIbHBIX 3JIEMEHTOB SIBJISIIOTCSI 1aT-
YMKM, TPUHLMIT I€HUCTBUS KOTOPBIX OCHOBaH Ha 3(-
¢ekre Xosuia — BOZBHUKHOBEHUM MOMEPEYHOMN pa3HO-
CTU MOTEHIMAJIOB MpPY MPOTEKAHUU TOKA IO MPOBOJI-
HUKY, HaxoJs1IeMycCsl B TTONEPEYHOM MarHUTHOM ITO-
Jie. B a/eKTpoHMKE M pa3IMYHbIX O0JIACTSIX JNATYUMKU
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Xomna (JIX) uMcnoiab3yioT OISl KOHTPOJIS IBVKEHMS,
TMOJIOXKEHUsI, CKOPOCTH, HallpaBJIeHUS, TOKA, YPOBHS U
JIPYIUX MapameTpoB.

Baxneiinieir 3amadeii, Kkoropas TpebOyeT 3ddex-
TUBHOTO pELIeHUsI B paMKaX yKa3aHHbIX HayyHbIX U
MPUKJIAJAHBIX HAIMpaBJEHUI, SIBJSIETCS] YCOBEPILIEHCT-
BOBaHUE KOHCTPYKTUBHBIX MapaMeTpPOB MarHUTOUYB-
CTBUTEJIbHBIX CEHCOPOB B LIEJSIX YAYUYILIEHUS] UX IKC-
TUTyaTallMOHHBIX XapaKTepUCTUK, BKIOYasi pa3paborT-
Ky COOTBETCTBYIOILIMX METOAOB MPUOOPHO-TEXHOJO-
TMYECKOro M CXeMOTEXHUUYECKOTO MOAEJIUPOBaHUS U
ONTMMM3AINA B Cpele COBPEMEHHBIX IMPOTPAMMHBIX
CpEeICTB.

B pabote mpencraBiaeHBI pe3yabTaThl UCCACOOBA-
HUS BIMSIHUS TEOMETPUUECKMX ITapaMeTPOB aKTUBHOM
ob6mactu (popmbl, oTHOLIeHUS L/ W, reoMeTpruuecKo-
ro MonpaBoYHOTro Ko3gduuueHta G U Ap.) Ha dKC-
MJlyaTallMOHHbIE XapaKTePUCTUKW OaTyhka XoJija.
OCHOBHBIE Pe3yIbTaThl MOJYyYEHbI C UCIOJb30BAHUEM




COOTBETCTBYIOIIVX MOJYJIEH IMPOrPaMMHOTO KOMITJIEK-
ca xomnaHuu Silvaco [8].

KoHcTpyKTHBHBIE pelieHHs TaTYNKOB X0J11a
W NPUHIAN HX PadoTh

OmHuM 13 Hambollee 3HAYMMBIX KOHCTPYKTUBHBIX
MapaMeTpoB CEHCOPHBIX YCTPONCTB, HE3aBUCUMO OT
MX Ha3HAuYeHMUs, SIBJISIETCS reoMeTpusi aKkTUBHOU 00-
Jactd. [ MarHUTOYYBCTBUTEIbHBIX CEHCOPOB THUIIA
AX naHHBIN TapameTp SBJISETCS KPUTUYECKM BaX-
HbIM. B pabGotax [3, 4] ¢ uUCIIOJb30BaHUEM TpexXMep-
HOTO MOJEJIMPOBAaHUS UCCIEA0BAHO BIMSIHUE FeOMET-
pun, GOpPMBI, pa3MEPOB U CTETICHM JISTUPOBAHUS Pa3-
JIMYHBIX obJlacTeid Ha xapakTtepucTuku X, BKIOYas
HarnpsikeHue XoJljla, YyBCTBUTEIbHOCTb, OCTaTOYHOE
HaIpsDKeHUe M TeMIlepaTypHbI KoadduiuueHT ocra-
TOYHOTO HaMpsSKEeHUsI.

B pa6ore [9] onuckiBaeTcs X ¢ 1ubpoBbIM
UHTepdeicoM U UYYyBCTBUTEJIBLHOCTBIO MO TOKY J0
310 B/(A - Tm), cocrosiuuii 13 KpecTooOpa3Hol Triac-
TUHBI U (popMUpOBATEsISI CUTHAIOB, U3TOTOBJIEHHBIN C
ucrioiab3oBadueM 0,18 MxkM BeicoKoBonbTHOM KMOITI-
TEXHOJIOTUH.

B pab6ote [10] uccienyroTcss KOHCTPYKLIMS U cXema
00paboTku curHajioB X, paboTalolliero B pexxume 13-
MepeHus Toka. J1J1s1 KoMIleHcalMu OCTaTOUHOro Hampsi-
XKeHus B cTpykType X Mcronab3yeTcss MeTo Bpalllao-
merocst Toka. [IpuMeHeHre ManolIyMsILLero cradum-
3UPOBAHHOTO OTIEPAlIMOHHOTO YCWIIUTENSI 00ecIeunBa-
€T BBICOKYIO UyBCTBUTETHLHOCTD (10 1660 B/(A - MTi))
U 3¢ deKTUBHYI0 00pabOTKy CHUrHajla AJisi MajblX pa-
60ounx TOKOB (He Gosee 12 MKA).

B pabGote [11] onucaH MHTErpUpOBaHHBIN JTUHEH-
HbIl gaTyuk Xosuia, BbITOJTHEHHbIH Mo 0,8 MKM BbI-
cokoBoJbTHONM KMOII-TexHomMornM, COCTOSIIUI U3
BBICOKOUYBCTBUTEJILHOTO CE€Hcopa U (OpMHUpOBaTeIs
cUrHazia, (QYHKIMOHUPYIOLIEro Ha OCHOBE TEXHOJIO-
TMYU TUHAMMYECKON KOMIIEHCAIlMM OCTaTOYHOI'O Ha-
npstkeHust. MoayasaTop Bpalllalollerocss Toka ctadu-
JIM3UPYET BBIXOAHOE HAIPSDKeHUE U YIIy4IaeT HamexX-
HOCTb (popMUpOBaTesisl CUTHAA.

B pabGote [12] uccienoBaHo BIUSIHWE KOHLIEHTpa-
LMY TIPUMECU p-TUMa B aKTUBHOU 00JacTH, JJIMHBI L,
IMpUHBI W u oTHoleHus L/W Ha XapaKTepUCTUKU
KpecToobpasHoro /IX, a ”MEHHO YyBCTBUTEJILHOCTD 1
OCTaTOYHOE HAIpsDKeHWE IS Pa3IMYHBIX KOHCTPYK-
uuit. IlpeacTaBieHa aKBUBaJIEHTHAsI cxeMa Mpuodopa,
o0ecreunBarollasi MOBbILIEHHYIO TOYHOCTD OIpeese-
HHUS OCTATOYHOTO HAMPSIKEHMSI.

B paborte [13] onucaHbl pe3yabTaTbl TPEXMEPHOIO
MOJIEIMPOBAHUS TEXHOJIOTMYECKOTO Mpoliecca U JieK-
TPUYECKUX XapaKTepPUCTUK KPecToOOpa3HOTO BEPTH-
kanpHoro JIX, a takke MAGFET (anrn. Magnetic
Field Effect Transistor), mpemyioskeH Momxon K pa3pa-
0OTKEe D2JIEKTPUYECKOM MOJeIM, pealu30BaHHOM Ha
s3pike SPICE.

PaznuyHble moaxoasl K pealu3aluyd reoMeTprM aK-
TUBHOM 00JacTy gartymka Xojijla IpeAcTaBiIeHBI Ha
puc. 1. Ilpennonaraercsi, YTO HaJau4ue rajbBaHOMar-
HUTHOTO 3(dekTa Xosuia 00yca0BIMBAET 3KBUBAJICH-
THOCThb (OJIM30CTh) XapaKTEPUCTUK (PYHKLMOHUPYIO-
LIMX HAa €T0 OCHOBE CEHCOPHBIX CTPYKTYP, HE3aBUCUMO
OT T€OMETPUU AKTMBHOU 00JIaCTU. YUUTHIBAs JOIOJ-
HUTEJIbHbIE CBOMCTBA U TPeOOBaHMS, TIPEAbSIBISIEMbIC

Puc. 1. IToaxoapl K peajn3aniy reoOMETPHH AKTHBHOM 00JacTH gaTuMka Xojuia: ¢ — mpsiMoyrojibHast opma; b — cdopma tuma "mMocrt"; ¢ —
KpectoobpasHas (opma; d — BochMHMyroJibHas ¢opMma; e — Kpyrosasi opma; f — KBanpaTHas ¢dopma; L — mmuHa, W — mmpuna, S1...54 —
BbIXOAHbIe KOHTaKThl, C1, C2 — BXOAHbIE KOHTAKThI

Fig. 1. Approaches to realization of the geometry of the active area of the Hall sensor: a —rectangular form; b — form of a "bridge" type; ¢ — cruciform;
d — octagonal form; e — circular form; f — square form; L — length, W — width, S1...54 — output contacts, C1, C2 — input contacts
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Puc. 2. 3aBaCMMOCTD MONPABOYHOTO reOMETPUIECKOro Ko3Gdumm-
€HTa OT oTHomeHus L/ W nnis pasandHbIX 3HaueHuil yraa Xogaa 0y

Fig. 2. Dependence of the geometrical correction coefficient on L/W ratio
Jor various values of the Hall angle 0y

K KOHCTPYKTUBHBIM (MCITOJIb3yeMble MaTepHaibl U
3aHMMaeMasl Ha IIJJacTMHE IUIOIIaAb) U TEXHOJOTM-
YeCKUM (IIPOCTOTa M3TOTOBJIEHMUS, COBMECTUMOCTD C
HCIIOJIb3YEMBIM TEXHOJOTMYECKMM IIPOLIECCOM) TIa-
paMeTpaM JaT4nKa, Ha MPAKTUKE YacTO MPUMEHSIOT
OTJINYHBIE OT TPATWULIMOHHBIX KOHMDUTYpalIU aKTUB-
Hoii o6nactu. I1pu 3TOM BaxkHO OLIEHUTh JOCTOMHCTBA
1 HeIOCTAaTKM KaXKIOTO M3 TpejiaraéMbIX PeIIeHMUIA.

[TnactuHa nipsiMoyroibHOU ¢opMmbl (puc. 1, a) sB-
JISIETCS YIIPOIIEHHBIM OIMMCAaHWEM JICHTOYHOM KOHCT-
pykuuu JIX. OnHako a1t TOCTHKEHUST BBICOKOTO 3Ha-
YEeHUST TEOMETPUYECKOTO TMONPABOYHOTO KO3 GUIIN-
€HTa JOJIKHBI OBITh CeJaHbl OYeHb MaJleHbKUE KOH-
TakThl S1...52. KoHcrpykuus tuna "Moct” (puc. 1, b)
SIBJISIETCS peaju3alneil 6eCKOHEYHO IJIMHHOTO XOJI-
JjoBckoro aaryvka. Hanpstbxkenue Xosia uamepsiercst
MEX]y OOHOM WJIU APYTOW Mapoi CEHCOPHBIX KOHTAaK-
ToB 4epe3 MocT (ST — 52). JIBa TOUeUHbIX KOHTAKTa
BIOJb MocTa (S1 — S3) UCTOIB3YIOTCS /11 TOUHOTO U3-
MepeHUs MaaeHUs] HampskKeHUsT BAoJb obpasia. Ye-
TBIPEXKOHTaKTHbIe KOHCTpPYKUMU (puc. 1, c—f) obec-
MEYMBAIOT BBICOKMM ITOIPABOYHbBINA T€OMETPUYECKUN
Koa(pdutmeHT G, 0Ka3bIBaOIINIT OCHOBHOE BIVSHHE
Ha HampsbxeHue XoJa.

Ha puc. 2 npeacrapieHa 3aBUCMMOCTb MOMPaBOY-
HOI'0 IeOMETPUYECKOro KoadduimeHTa OoT OTHOILIe-
Hua L/W nns pasnnyHbX 3HaueHMi yriaa XoJsuia 0y,
paccuuTaHHas 1o gopmyse

_nL _zL 02
G=1-— lgezw( —ge 2Wj( ——32(].
T

AHaM3 3aBUCUMOCTH, TIpeICTaBJICHHON Ha puc. 2,
mokazai, uro mist 0 < L/ W < 3 reoMeTpruyecKuii mom-
pPaBOYHBINM KO3GPUIINEHT UMeeT MaKCUMaIbHOE 3Ha-
yenue 0,96, cOOTBeTCTBYMOILIEe OTHOLIeHUIO L/ W = 3.
Hns 3 < L/W < 5 makcumym G, paBHbiit 0,99, noctu-
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raercs TMpv MaKCUMAalbHOM OTHolleHuu L/W = 5.
Cnenyer otMeTuTb, uto Tipu 3 < L/W < 5 BepxHuii
npenen G HaumMHaeT ObIcTpo Bo3pacTath ot 0,96 1o 0,99.
Takum o6pa3zom, TornpaBKa Ha KOHEUHYIO JUIMHY JaT-
YrKa OTHOCUTEJIbHO MaJia, T0O3TOMY HE MMEEeT CMbICa
yBeJIMYMBATh 3TO OTHOIeHUe. Ha mpakTuke oObIYHO
oepercsa L/ W ot 2 no 3.

OpHuUM 13 HenocTaTKoB JIX sBJsIeTCcsl HaJIM4re OC-
TaTOYHOT'O HAIPSKEHUSI, KOTOPOE BO3ZHUKAET IPU OT-
CYTCTBMUA MATHUTHOTO TOJISI MPU BKJIIOYEHHOM Ha-
MIPSIKEHUY MMUTAHUS U CBSI3aHO C HECOBEPIIIEHCTBOM
U OTKJIOHEHUSIMU TEXHOJIOTMYECKOIo Mpoliecca U3ro-
TOBJICHUSI U HEOJHOPOAHOCTHIO (PHU3UUECKUX CBOMCTB
MaTepuana aKTUBHOU objacTu. MeTonbl yuyeTta U MU-
HUMMU3ALUMM OCTaTOYHOIO HAMpPSKeHUs TOAPOOHO
ornucaHbl B paborax [1, 2]. OcraTrouHOe HampsKeHUe
3aBUCHUT OT TaKUX MapaMeTpOB, KaK TEXHOJIOTUS U3T0-
TOBJICHUSI, TeMIepaTypa U MEXaHMYeCKOoe HaIlpsiKe-
Hue. JlaHHas XxapakKTepUCTHMKAa OrpaHMYMBACT MUHMU-
MaJIbHO U3MepsieMOe MarHUTHOE ToJIe.

CraHpapTHasi KOHCTPYKLUMS JaTuvKa XoJjula — Tak
Ha3bIBa€MbIl TPEYECKUM KPECT, KOTOPLI (hopMUpy-
eTcsd CUMMETPUYHO M WHBApUAaHTEH OTHOCHUTEIHHO
BpaieHus Ha yroi 90°. DTo Mo3BoJIsIeT UCITOIb30BaTh
METOJI Bpalllalollerocs Toka JUisi MUHUMU3aluK1 OCTa-
TOUYHBIX HanpskeHW. TpagulMOHHbBIN CIOCO0 YMEHb-
LIEHNUS OCTATOYHOI'O HAIpSIKEHUsI COCTOUT B COEAU-
HEHUHM IBYX WM Y€THIPeX OMMHAKOBBIX BPAIIAOIIMXCST
OX [3]. B pabote [4] mpoaHaJIM3MpOBaHBI CXEMBI, U3-
roroBiieHHBIe 0 KMOII-TexHomorumu, ocHOBaHHEIE
Ha MeToJIe Bpalllalllerocsl Toka (rmepuoaudeckue me-
pPECTaHOBKM TUTAHUS W BHIXOIZHBIX KOHTAKTOB) IJIST
MOBBILLICHUS] YYBCTBUTEIBHOCTY JATUMKA.

Hccaenyembie KOHCTPYKIAN
H METOAUKA MOJACIUPOBAHUA

Hccaemyemast B paboTe KOHCTPYKIIMS AaTYMKa XOJI-
J1a chopMHpoBaHa Ha KPEeMHHUEBOM TOMJIOXKE p-THUTIA
(KoHILIEHTpalust 6bopa 101 CM_3) TOJIIIMHOU 5,0 MKM
C aKTUBHOI1 00J1aCcThIO #-TUTIA TOMIMHON 1,0 MKM, JIe-
TMPOBAHHOI MBILIBSIKOM ¢ KOHLeHTpawueit 1017 cm .

I'eoMeTpuyeckue u 35eKTpoU3nYeCcKUe rmapaMeT-
pbl Uil paccMaTpuBaeMbIX B pabote cTpyKtyp X
npuBeneHsl B Tabdy. 1. IIIuprHa KOHTAaKTOB COCTaB-
nstet 0,7 MKM, pacCTOSTHME OT KOHTAKTOB J0 TPaHUIIEI
n-tuna — 0,35 MKM 111 KpecTooOpa3HbIX 00pa3LoB 1
3,5 MKM TSI MPSIMOYTOJIbHBIX. [103111MST KOHTAKTOB IO
OTHOIIIEHMIO K TpaHWIIaM BaxkHa IIPM aHAJIN3e OCTa-
TOYHOI'O HAaMpSIKEHMSI, MOCKOJIbKY OIIMOKU KOHTYpa
MOTYT MPUBECTH K €T0 YBEIIMUECHUIO.

ITpoueccel nepeHoca HocuTesel 3apsiaa OnrcChiBa-
10TCSl (PyHIAMEHTAIbHON CUCTeMOiIl ypaBHEHUI U Tud-
(hy3moHHO-IpeithOBBIMI MOAEIIIMU, KOTOPhIe BKITIO-
YalOT ypaBHEHMST HEMPEPBIBHOCTU UISI DJIEKTPOHOB U
IBIpOK W ypaBHeHmsT [lyaccoHa Tipm BO3IEHCTBUM
BJIEKTPUUYECKUX U MAarHUTHBIX moneu [3, 14, 15]. Yuer
MarHUTHOTO TOJISI, BO3MEHUCTBYIOLIEIO HAa AKTUBHYIO
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Geometrical and electrophysical parameters of the investigated design solutions of the Hall sensor

Tabauua 1

Table 1

Homep KoHCTpyK1Mu 1
Number of Design

['eomeTpust akTUBHOM 00sacTH
Geometry of the active area

L, MxMm
L, um
W, MKkMm
W, pm
Lw

S, MKM
s, um

G 0,981
Ry, xOm, mpu 7= 300 K, B=0Tn 3,04
Ry k2, atT=300K, V=0T
AGCOTIOTHAST 9yBCTBUTEIBHOCTD S, MB/ T
opu I =1 MA

Absolute sensitivity S, mV/T at I = 1 mA
TemmnepaTypHblit KOIDOULIMEHT
MarHUTHOU YyBCTBUTEIbHOCTH, MK [J1/°C
Temperature coefficient of the magnetic sen-
sitivity, meT/°C

59,5
21,0

2,83
20,3

133,0

0,2

2

455

15,75

2,88
15,05

0,983
2,92

132,0

0,37

3

29,75
10,5

2,83
9,8

0,981
2,23

104,0

0,45

595
21,0

2,83
1,4

El

0,981
3,35

133,0

0,40

Homep KOHCTpyKIMu 5
Number of Design

l'eoMeTpust akTUBHOI 001acTH
Geometry of the active area

L, MKM
L, um
W, MKkM
W, um
L/w

S, MKM
s, um

G 0,981
Ry, XOm, mpu 7= 300 K, B=0Tn 6,27
Ry k2, at T=300K, V=0T

S, MB/Tn, ipu [ =1 MA

S, mV/T at I =1 mA

TemnepaTypHblii KO3 dULIMEHT
MarHUTHOW YyBCTBUTEIbHOCTH, MK [J1/°C
Temperature coefficient of the magnetic sen-
sitivity, uT/°C

59,5
21,0

2,83
20,3

280,0
0,13

59,5
59,5

5,6

0,725
1,31

65,5
1,3

[

59,5
21,0

2,83
2,8

0,981
2,68

86,0
1,6

00J1acTh TpUOOPHOI CTPYKTYphI JIX U pUBOASILLETro K
BO3HMKHOBEHUIO HATpsLKeHUs XOoJula, OCYIIECTBIISI-
Csl HA OCHOBE MOJIE/IM TaJbBaHMYECKOro MepeHoca.

AJleKBaTHBIE PEe3yJbTaThl MOJEIMPOBAHUS MOTYT
OBITh MOJYYEHBI TOJHKO IIPM MNPAaBWIBHOM 3aJaHUM
MaTeMaTUUeCKUX Mojeneil onucaHus ¢GU3NIECKUX
MPOLIECCOB, MIPOUCXOASIINX B CTPYKTYPE MOy POBOI-
HUKOBBIX ITPUOOPOB: MOJIEJIei TTOABVXKHOCTH, PEKOM-
OMHaLMM, CTaTUCTUKU HOCUTeel 3apsaa. st onu-
CaHMSI CTAaTUCTUKM HOCUTENIeil 3apsiia B KOMILIEKCe
Silvaco wucnonbs3oBaiacb Moaenb boabiMaHa, mist

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 20, Ne 3, 2018

ydeTa 3aBUCUMOCTH MOIBVMXKHOCTU HOCUTEJIEH 3apsiaa
OT KOHLIEHTpAallMd — MOJEIb YIapHOW MOHU3ALUU
KoHkaHHOHA M JJjI1 OMUCAHUS MPOIECCOB PEKOMOU-
Haumu — Mmopnenb lortku — Puma — Xosra [15].

Tabnuua 2
Table 2
Hanpsokenne XoJuia g Bcex KoHCTpyKumia mpu B = 0,5 T
Hall voltage for all designs at V =0,5T

Ne 1 2 3 4 5 6 7 8
Vy. mV| 66,0 | 655 52,0 | 68,0 | 165,0{ 34,0 | 68,0 | 43,0
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Pe3yabTaThl H MX 00CyXKIEHHE

s vccnenoBaHusl 3KCIUTyaTallMOHHBIX XapakTe-
PUCTHK M TIOMCKA ONITUMAJIbHBIX KOHCTPYKTUBHBIX pe-
meHuit JIX BBHIIIOJHEHA Cepusl pacyeToB 10 MpHOOp-
HO-TEXHOJIOTMYECKOMY MOJICJIMPOBAHUIO TEXHOJIOTU-
YECKOro mpolecca U3roTOBICHUS, SJEKTPUUECKUX U
JIPYTUX XapaKTepPUCTUK MPUOOPHOM CTPYKTYPhI C Te0-
METPUYECKUMU KOH(MUTYPALUSIMU AKTUBHOK 00JIaCTH,
MpeACTaBJIeHHBIMU B Ta0I. 1.

Hccaedosanue 6azosvix xapaxmepucmux /JX. Ha
puc. 3 mpeacTaBieHbl BOJbT-aMIEpHbIE XapaKTepuc-
TUKM JaTIMKa XOJIIa Il UCCIAeAyeMbIX KOHCTPYKIIMA
aKTUMBHOM 00J1aCTU, MOJyYEeHHbIE UISI MHAYKIUM Mar-
"HutHoro nojis B = 0,5 Tin. HennHeiHOCTh BOJIBT-aM-
nepHoi xapakTepucTuku X oObsICHSIETCS TpeMs OC-
HOBHBIMU MEXaHM3MaMU: HEJIMHEHHOCTbIO XapakTe-
PUCTUK MaTepurajia, TeOMETPUYECKON HEJIMHEWNHOCTBIO
U HEJIMHEWHOCTBIO ToJieBOro 3gdexkra p-n-nepexoaa.
HenuneiiHoCcTh XapaKTepUCTUK MaTepualia aKTUBHOM
00JlacTU M TeoMeTpuyeckas HEJMHEHHOCTb UMEIOT
KBaJIpaTUIHYIO 3aBUCUMOCTh OT 3HAYCHUST WHIYKIIUN
MarHMTHOM IOJISI U TIPY MHTErpalvuy JaTYMKoB XoJuia
MOTYT KOMIIEHCUPOBATh APYT Apyra.

3aBUCUMOCTHM HanpskeHus Xoyuia Vy oT Toka nu-
TaHus [ Ipy 3HAYEHUU MHIYKUMKA MAarHUTHOTO IOJIsI
B = 0,5 Tn npencraBneHsl Ha puc. 4. Cienyer oTMme-
TUTb, YTO KPEeCTOOOpa3HbIe KOHCTPYKLIMU UMEIOT OAU-
HaKOBOEe OTHolleHne L/W 1 oTIM4aloTcs TOJIBKO KO-
s PueHTOM MaciuTabMpoOBaHUS.

B T1abn. 2 mpencraBieHbl 3HAYEHMST HAIPSDKEHUS
Xonna Vy ucciaenyemMblX KOHCTPYKUMMA, pacCYUTaH-
Hele ;i1 B = 0,5 Ti. Iloka3zaHo, 4TO MaKCUMaJIbHOE
HanpsbkeHue XoJla obecrneynBaeTcsl JUisl KOHCTPYK-
LIMM 5 ¢ HU3KKUM YPOBHEM JIETMPOBaHUSI aKTUBHOM 00-
naactu Vy = 165,0 mB.

Puc. 3. Boasr-amnepubie xapakrepuctuku JIX
Fig. 3. Volt-ampere characteristics of HS
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Vy, mV

Puc. 4. 3aBucuMocTH HanpsokeHus X0J1a OT TOKA MHUTAHUS
Fig. 4. Dependences of the Hall voltage on supply current

Puc. 5. 3aBucuMocTH a0CONIOTHON YYBCTBUTEJILHOCTH S OT TOKA NH-
Tanusa [

Fig. 5. Dependences of the absolute sensitivity S on the value of supply
current |

Ha puc. 5—7 mpencraBiieHbl 3aBUCUMOCTH YYBC-
TBUTEJIBHOCTH JaTynKa XoJjiia OT ToKa IMUTaHus I pu
3HAUYEHUU MHAYKUUU MarHuTHoro moast B = 0,5 Tn.

INokazaHo, YTO YYBCTBUTEIBLHOCTD 1O TOKY YBEJI-
YUBAEeTCS C POCTOM TOKa IMUTAHUS, a YYBCTBHUTEIb-
HOCTB TT0 HaIpsDKeHUIo yMeHbImaeTcs. OObsICHeHUEM
MOCJIEIHETO MEXaHMU3Ma ABJsAETCA (aKT, YTO S) MOX-
HO TIPEICTAaBUTh KaK OTHOIICHHWE YYyBCTBUTEIHLHOCTU
0 TOKY K BXOITHOMY COTIPOTHBIIEHWIO R, a 3HaMe-
HaTeJlb R yBenuuuBaeTcs ObICTpee, 4YeM S, C POCTOM
ToKa nutaHusi. Hanbosblive 3HaueHUsT aOCOTIOTHOM
yyBcTBUTENbHOCTU S = 140 MB/Tn u uyBcTBUTEB-
HocTu 110 TOKy S; = 280 B/(A - Ti) xapakTepHbl 11
KOHCTPYKLIMM C HM3KOM KOHLIEHTpALUMEW MpuUMeceid
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Puc. 6. 3aBucMMOCTH YYBCTBHTEJNBLHOCTH 1O TOKY S; OT TOKa NH-
Tanns 1
Fig. 6. Dependences of sensitivity by current Sy on supply current I

5,0 1016 CM_3; MIpY 3TOM IIPSIMOYTOJbHasE KOHCTPYK-
LMST 00JTaIaeT JyJIIeil YyBCTBUTEIILHOCTRIO TT0 HATIPSI-
xenuto Sy = 0,048 B/(B - Tur). Cienyer oTMETUTD, UTO
pe3yJbTaThl MOJEIUPOBAHUS HaNpsKeHUs1 Xojiia U
YyBCTBUTEJIbHOCTU X HaxodsiTCa B XOpolleM corjia-
CHHU C 3KCIEPUMEHTAIIbHBIMUA JaHHBIMU [3].

Anaauz nompebasemoii mouwpocmu. Ilpouecc BbIOO-
pa ONTUMAJIBHOM KOHCTpYyKUMU JIX OCHOBaH Ha aHa-
JI3¢ TIOBEIEHUST HECKOJNBKMX XapaKTepUCTHK, TaKUX
KaK YyBCTBUTEILHOCTh, OCTATOYHOE HANpPSLKEHHE U
paccerBaeMasi MOLIIHOCTbD. JIJ1s1 yMEHbIIIEHUSI OCTAaTOY -
HOTO HANPSKEHUST TIPUMEHSIOT METOJ, BpaIlafoIeToCs
TOKa, a 11 obecrieueHUsI BLICOKOH YyBCTBUTEIbHOC-
TM YMEHbBIIAIT KOHILEHTPAlMIO HOCUTEJIEN 3apsiia B
akTuBHOM objnactu [1, 2, 8, 9]. Takum obpa3oM, oc-
HOBHBEIM YCJIOBUEM ONITUMHU3ALINH SIBJIIETCS obecIieue-
HU€ MaKCHUMaJbHOM 4yBCcTBUTeAbHOCTH X mpu Mu-
HUMAJIbHBIX 3HAYEHMSIX OCTATOYHOTO HATPSTKEHUS U
paccernBaeMOU MOIIHOCTHU.

M3meHeHne 4yBCTBUTEIBHOCTU 11O MOLIHOCTH Sp B
3aBUCHUMOCTU OT pacceuBaeMOii MOIIHOCTA P mpen-
CTaBJIeHO B Ta0J. 3.

YcraHoOBIEHO, YTO KpecTOOOpa3Hbie KOHCTPYKIIUHI
UMEIOT HAaUOOJIbIIYI0 YYBCTBUTEIBHOCTb IO MOLIHOC-
TH, OMHAKO IJIT JaHHOTO KOHKPETHOTO JTOCTOMHCTBA
reoMeTpusi MMeeT MeHbllee 3HaueHue. HecnoxHo
MPEeIONOXUTD, UYTO camasl HU3Kasl paccerBaemasi Molll -
HOCTb 00€eCITeunBaeTCs IMPU HU3KOM TOKE, OTHAKO 3TO
MIPUBOIUT K CJIUIIKOM HU3KOMY OTHOIICHHIO CHTHAJIA
K 1IyMY.

Ananuz ocmamounoeo nanpaxcenus. OCTaTOYHOE Ha-
TIpsDKeHNE SIBJISIeTCS MapasuTHBIM 3(PdeKToM, KOTO-
pblii BHOCUT BKJIaJ B O0lliee HaIlpsDKeHUe XoJla, CHU-
JKasl YyBCTBUTEJIbHOCTh AaTyuKa. OcTaToOuHOE Hampsi-

45 o 1
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40_M —— 4 |

Sy, mV-(V-T)"!

35 — —38

30

v

Puc. 7. 3aBMCHMOCTH YYBCTBUTEILHOCTH N0 HANPSIKEHHIO S, OT TOKA
nutanus [
Fig. 7. Dependences of sensitivity by voltage S\ on supply current I

KEHHE M3MEePSIIOCh B OTCYTCTBME MarHUTHOTO MOJIs
(B = 0 Tn). OHO BO3HMKAET BCJEACTBUE HECOBEP-
1LIEHCTBA MPOIIECCOB U3TOTOBICHUSI, aCUMMETPUU (He-
COOCHOCTHM) KOHTaKTOB, HEOJHOPOJHOCTHU YAEJIbHOIO
COITPOTUBJICHMS U TOJMIIMHBI MaTepuaa, a TakKKe Me-
XaHUYECKUX HAIpsiKeHUIl B coyeTaHUuU ¢ 3(DHeKToM
MbE30CONPOTUBICHUS. AHAJIM3 OCTATOYHOTO Harps-
>K€HUSI TI03BOJISIET OLICHUTD CTENEeHb BIUSHUS HECOOC-
HOCTM KOHTAaKTOB Ha OCTaTO4YHOe HampspkeHue X,
YTO 0O0ECcIeyrMBaeT BO3MOXKHOCTb OMNpeNeIeHUsl Ireo-
MeTpuyeckoir KoHpurypauuu X ¢ HaMMeHbIIUM
3HAYEHMEM 3TOM BEJMYMHBI.

Ha puc. 8 nokazaHo, KakuM 00pa3oM BHOCHJIACh
aCUMMETPUSI JUTSI KPECTOOOPa3HbIX NaTYMKOB XOJja, B
MepBYIO ouepeib Ha cMmelatolieM KoHtakte /= 0,7 MKM.

Hanee mpeacTaBieHbl pe3yJbTaThl KCCIEI0BAHMS
OCTaTOYHOTO HAIPSKeHUsI, BBI3BAHHOTO aCUMMETPH-
el cMemaroUx (@ U ¢) U YyBCTBUTEIbHBIX (b U d)
KoHTakTOB JI X.

Ha puc. 9 npeacraBieHbl 3aBUCUMOCTU OCTaTOUHO-
TO HanpspKeHUst V,, OT TOKa NUTaHus /. YCTaHOBIICHO,

Tabnuua 3
Table 3
MOoHOCTh ¥ YYBCTBUTEILHOCTb MO MOIIHOCTH
mpu B=0,5Tnu I=1,0 MA
Power and sensitivity by power at V. = 0,5 T and I = 1,0 mA

Homep 1 2 3 4 5 6 7 8
KOHCTPYKIIUU
Number

of the design

P, MBt 3,08 2,95| 2,25 3,38 6,30 1,35| 3,30 2,70
P, mW
Sp, B/Br-Tn | 43,0 44,1| 45,3| 38,5 43,1 48,1| 39,7| 31,3
Sp V/W-T
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Puc. 8. AcummeTpusi (HECOOCHOCTH) KOHTAKTOB KpecToodpasHoro 11X
Fig. 8 Asymmetry (misalignment) of the contacts of the cruciform HS
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Puc. 9. 3aBucHMOCTH 0CTATOMHOrO HANPSUKEHUs! V)5 OT TOKA MUTAHMSI

Fig. 9. Dependences of the residual voltage Vg on the supply current

248 273 298 323 348 373 398

I A I
I I
I L2 — I
I I
I I
I 1,0 — I
: o1
| 0,8 — -2
(] ——5 |
= I
IS 06— I
I Q C I
I I
I 0.4 —| I
I I
I I
I I
I 0,2 I
I I
I 0 I
: [ [ [ [ [ [ :
I I
I I

Puc. 10. 3aBHCHMOCTH OCTATOYHOrO MATHHTHOTO NONs B, s OT TeM-
nepaTypsl
Fig. 10. Dependences of the residual magnetic field By on temperature
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YTO TSI KOHCTPYKIIMY 1 HECOOCHOCTh KOHTAKTOB OKa-
3bIBa€T HAUMEHbIIIee BAMSHUE Ha OCTAaTOYHOE Hampsi-
KeHue, 3HaueHre KOToporo coctaBuio 2,8 MkB. YBe-
JIMYEHUE Pa3MepPOB KOHCTPYKLUU TO3BOJISIET YMEHb-
LIUTh OLIMOKM Ha rpaHUIax U, CJleJ0BaTeIbHO, MU-
HUMU3UPOBaTh ocTaToOuHOe HampsikeHue. Ha puc. 10
MpeacTaBlIeHbl 3aBUCMMOCTU OCTATOYHOTO MarHUTHO-
o MoJIs Boﬁc ot reMmneparypsl 7. KoHCTpyKius 5, ume-
Iolllasi HU3KYI0 KOHLEHTPALMIO B aKTMBHOM 00JacTH,
MMeeT HauMeHbIIIee 3HaUYeHNEe OCTaTOYHOTO MarHMuT-
Horo noast B,r= 0,19 MTin u B, = 0,38 MTa npu
T=1248 Ku T'= 398 K coorBeTcTBeHHO [3—4].

DKBHUBaJeHTHas cxema JIX nisg peanm3anuu
JJIEKTPHYECKO Moaeu

7151 mpakTUyecKuX MPUMEHEHUN YyBCTBUTEIbHBIN
aJIeMeHT (maTtyuMk XoJjuia) OOBIYHO pa3MellaeTcsl Co
CXeMOil 00pabOTKM CUTHAJIOB HAa OOHOM KpHCTaslle.
OnHako KOHCTPYKTHMBHAS peain3alust TaKOi CUCTEMbI
ocTaeTcsl TpoO0JIeMOii, TTOCKOJIbKY MOIEIN DAaTYUKOB
HE BKJIIOYEHbI B OMOJIMOTEKY MPOCKTUPOBAHUS, Ipe-
JIOCTaBJISIEMyIO0 M3ToToBUTeNeM uuma. CraHmapTHBIE
MOJIEJIM OIIMCAaHMSI DIEKTPUUECKUX XapaKTepucTuK JIX
CJIMIIKOM CJI0XHBI [ 13] nim nneamm3uponansl [ 18—20].
2D- wnu 3D-¢pusnyeckue Momelu, OMUCHIBacMbIe
FEM-cumynsitopamu, 11 MHTErpalluy ¢ IIporpaMmma-
MM CXeMOTEXHUYECKOTO MOIEIMPOBAHMS TPeOYIOT 3Ha-
YUTEJIbHBIX BbIUMCAUTEIbHBIX 3aTpat [13], HO mones-
HBI JUTS aHAIM3a BIMSHUS TEOMETPUYECKHMX TapaMeT-
pPOB Ha IMOBeJeHMUE AaTYUKA.

st moBblieHUsT 3¢ (GEeKTUBHOCTA HPOEKTUPOBA-
HUSI, YIyJllIeHUs] TIPOU3BOIUTEIbHOCTU CUCTEMBI He-
obxongumo uMeTh anekTpuueckyo (SPICE) monens,
aJIcKBaTHO OIMMCHIBAIOLIYIO XapaKTePUCTUKU YYBCTBU-
TeJIBLHOTO 3JieMeHTa. Takas MoIelb OIMMCHIBAET TTOBE-
JeHUe JaTyvKa C MCIOJb30BaHHEeM Habopa ypaBHe-
HUM, TTOJYYEHHOTO C TTIOMOIIIbIO aeKBaTHBIX TTPEAIo-
JIOXXEHUI U YIIPOILICHUMA.

Ha puc. 11 npexncraBieHa 3KBUBaJIEHTHAs cxema
JUIST omycaHus 3ekTpudeckor moaenu I X. s uae-
aJTbHOU KOHCTPYKIIMHU (OTCYTCTBHE TEXHOJIOTMIECKOTO
paccorjacoBaHusl M MEXaHWYECKOIO HampsiKeHUS B
CUCTEME) TIPU HU3MEPEHUN ITOBEPXHOCTHOTO COIIPO-
TUBJIEHUA CJ10s1 Rg ucronb3yercs meton BaH aep Ilay
(van der Pauw). ITockoabKy yCTpOMCTBO CUMMETPUY-
HO, HEOOXOIMMO ONpPENeIUTh 3HAYEHUS IBYX COIPO-
TUBJIEHUI MEXIYy KOHTakTaMu: Rp) JJIsl CONPOTUBIIE-
HUS MEXIY IBYMS IIPOTUBOIOJIOXKHBIMU U Ry — MexX-
Iy IByMsI COCeIHMMM KoHTakTaMmu [16]. 1o cpaBHe-
HUIO C CYILIECTBYIOIIMMM pelleHusMu [2] maHHas
cxema obecrieurMBaeT BO3MOXKHOCTh yyeTa TajlbBaHO-
MarHUTHOTO U TeMIIepaTypHOro 3¢p¢GeKToB.

ITpennaraemasi 5KBUBaJIEHTHAsI CXeMa UMEET YeThl-
pe 2IIEKTPUIECKNX BBIBOJA M ONWH BHEUTHUN MCTOY-
HUK B KauyecTBe Bxoja (B) M BKIIOYAET CJEAyIOLIUe
KOMIIOHEHTBI: BOCEMb HEJTMHEMHBIX PE3UCTOPOB, TTpel-
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Puc. 11. DkBuBanenTnas cxema JIX g peanu3zanuu 3JeKTpHIECKOil
Mojend Ha a3bike Verilog-A

Fig. 11. Equivalent circuit of HS for the electric model in Verilog-A
language

Ha3HAYEeHHBIX IJI ONMUCAHUS 3aBUCUMOCTEM XapakTe-
puctuK JIX OT MarHUTHOTO TMOJISI U TeMIEePaTyphl; ye-
ThIPE MCTOYHMKA HAIpPSDKEHUS, YIPaBIsIEeMbIX TOKOM
(CCVS — Current controlled voltage source), KoTopbie
MO3BOJISIIOT OLUEHUTh BKJIAAbl B HampsbkeHUe XoJuia
TOKOB, IPOTEKAIOIINX Yepe3 HeJTMHEIHBIE COMPOTUB-
JIEHUSI; YeThIpe MHTepPeCHbIX OJI0Ka IS MOIAEIUPO-
BaHUsI MOCJIEA0BATEIbHBIX COMPOTUBICHUI.

Ans mpakTUYecKol pealusaluu 3JIeKTPUYECcKOn
(KOMITaKTHOW) MOJENN JaTYMKa BO3MOXKHO UCTOJIb30-

BaHME $3blKa OIMNMCAHMSI aHAJIOTOBOM ammapaTypbl
Verilog-A [17].

3akmoueHne

e B pamkax mpuOGOpHO-TEXHOJOIMYECKOIO MOACIM-
pPOBaHMSI MCCJIENOBAHO BJUSIHAE I€OMETPUUYECKUX
rnapaMeTpoB aKTUBHOM 00JlacTu gaTyrka XoJjja Ha
€ro 3KCIUTyaTallMOHHbBIC XapaKTepUCTUKMU.

e IlokazaHo, 4TO AJIs1 OTHOLUEHUS JJIMHBI L K IIUpU-
He W aktuBHOl objactu oT 0 10 3 reomeTpuyec-
KA TMONMpaBOYHBIA KO3(MDEOUIIMEHT MMEET MaKCH-
ManbHOe 3Hauenue 0,96 ipu L/ W = 3; g oTHO-
meHus ot 3 1o 5 makcumym G cocrasisieT 0,99 ipu
L/W=5.

e YCTaHOBJIEHO, YTO YyBCTBUTEIBLHOCTD 110 TOKY YBE-
JIMYUBAETCS C POCTOM TOKAa MUTAHMS, a YyBCTBU-
TEJbHOCTh IO HaNpsLKEHUIO yMeHblnaeTrcd. Ha-
MOOJbIIME 3HAYEeHUs aOCONIOTHON 4YyBCTBUTEIb-
HocTu § = 140 MB/Tn 1 4yBCTBUTEIHHOCTH MO TOKY
S;= 280 B/(A - Ti) XapakTepHbI U1 KOHCprKuMM C
HU3KOM KOHIeHTpaueir mpumeceit 5,0 + 1016 3,
MIPY 3TOM IIPSIMOYTOJIbHAsI KOHCTPYKIIMS 06J1az[aeT

JIy4dllleil 4YyBCTBUTEIBLHOCTBIO II0 HAIPSIXKEHUIO
Sy = 0,048 B/(B - Tn).

o [lokazaHo, 4yTo camasi HU3Kasl paccerBaeMasi MOIIl-
HOCTb 00ecTieunBaeTCs TPy HU3KOM TOKe, HO TP
5TOM OTHOIIIEHUE CUTHAJIA K IIIYMY UMEET CIIMIIKOM
HU3KOe 3HaUYeHUE.

e YCTaHOBJIEHO, YTO IJIs1 KpeCTOOOPa3HOM KOHCTPYK-
LIMY BIMSTHUE HECOOCHOCTH KOHTAKTOB Ha OCTATOY-
HO€ HampskKeHWe MMeeT HauMeHblliee 3HayeHMe,
KoTopoe coctaBmwio 2,8 MKB. YBennueHue reomer-
pudyeckux pasmepoB X IO3BOJISIET YMEHLIIUTH
OIMOKM Ha TpaHWIIAX ¥ MWHUMH3MPOBATh OCTa-
TOYHOe HampskeHue. KOHCTpyKIns ¢ HU3KOi KOH-
LIeHTpallMel B aKkTUBHOI 00J1acTU UMeeT HaMEHb-
IIMe 3HAYeHHMS OCTAaTOYHOTO MATHUTHOTO TIOJISI
0,19 1 0,38 MTx npu Temnepatypax 248 u 398 K co-
OTBETCTBEHHO.

o [lpemroxeH BapUaHT MMOCTPOCHNUS SKBUBAJICHTHOM
CXEeMBl JUISI MOMAEIMPOBAHUS CXEMOTEXHUIECKUX
pelieHuit Ha O6a3e matyuka XoJa.
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Introduction

Magnetic field sensors find wide application in the
electronic technologies. They are used for measurement
of the induction of the magnetic field and contactless de-
termination of the mechanical and electric influences.
The magnetic field sensors are applied in the motor in-
dustry, mobile and consumer sectors, medicine, space
and sea branches, and power engineering as the sensors of
chambers and displays, and electronic compasses [1—7].

The most widespread magnetosensitive elements are
the sensors, operation of which is based on the Hall ef-
fect — occurrence of a cross-section potential difference,
when current goes via a conductor, which is in a cross
magnetic field. In electronics and various areas the Hall
sensors (HS) are used for control of movement, position,
speed, direction, current, level and other parameters.

The major problem, which demands an effective so-
lution within the framework of the scientific and ap-
plied directions, is improvement of the design param-
eters of the magnetosensitive sensors, of their opera-
tional characteristics, including development of meth-
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ods of instrument-technological and circuit simulation,
and optimization in the software environment.

The work presents the results of a research of the
influence of the geometrical parameters of the active
area (forms, L/W ratio, geometrical correction coef-
ficient G, etc.) on the operational characteristics of the
Hall sensors. The basic results were received with the
use of the corresponding modules of the software com-
plex from Silvaco Company [8].

DEsign solutions for the Hall sensors
and their principle of operation

One of the most significant design parameters of the
sensors, irrespective of their purpose, is the geometry of
the active area, while for the magnetosensitive sensors the
given parameter is crucial. In [3, 4] with the use of a
three-dimensional simulation the influence of the geom-
etry, of the form, of the dimensions and of the degree of
doping of various areas on HS characteristics, including
Hall voltage, sensitivity, residual voltage and temperature
coefficient of the residual voltage, was investigated.




In [9] HS is described with the digital interface and
sensitivity by current up to 310 V/(A - T), consisting of
a cruciform plate and signal shaper made with the use
of 0.18 um CMOS technology.

In [10] the design and the circuit for signal HS
processing working in the mode of current measure-
ment are investigated. For compensation of the residual
voltage in HS structure the method of the rotating cur-
rent is used. Application of a low-noise stabilized op-
erational amplifier ensures a high sensitivity (up to
1660 V/(A - mT)) and an effective signal processing for
the small working currents (not more than 12 pA).

In [11] an integrated linear Hall sensor is described
made by 0.8 um high-voltage CMOS technology, and
consisting of a high-sensitivity sensor and signal shaper
functioning on the basis of the technology of the dynamic
compensation for the residual voltage. A modulator of
the rotating current stabilizes the output voltage and im-
proves reliability of the signal shaper.

In [12] the influence is investigated of the concen-
tration of the impurity of p-type in the active area,
length L, width Wand L/W ratio on the characteristics
of cruciform HS, namely, on the sensitivity and the re-
sidual voltage for various designs. An equivalent circuit-
ry of the instrument ensuring higher accuracy of defi-
nition of the residual voltage is presented.

In [13] the results are described of the three-dimen-
sional simulation of the technological process and elec-
tric characteristics of a cruciform vertical HS, and also
MAGFET (Magnetic Field Effect Transistor), an ap-
proach is offered to development of an electric model
realized in SPICE language.

Various approaches to realization of the geometry of
the active area of the Hall sensor are presented in fig. 1.
It is assumed, that the presence of the galvanomagnetic
Hall effect determines equivalence (affinity) of the
characteristics of the sensor structures functioning on
its basis, irrespective of the geometry of the active area.
Considering the additional properties and the require-
ments to the design parameters (applied materials and
the space occupied on a plate) and the technological
parameters (simplicity of manufacturing, compatibility
with the technological processes) of a sensor, in prac-
tice, the configurations of the active area, different
from the traditional ones, are often applied. At that, it
is important to estimate the advantages and disadvan-
tages of each of the proposed solutions.

A plate of a rectangular form (fig. 1, a) is a simplified
description of the tape design of HS. However, for
achievement of a high value of the geometrical correction
coefficient, very small contacts S1...52 should be made.
The "bridge" design (fig. 1, b) is a realization of an infi-
nitely long Hall sensor. Hall voltage is measured between
one or another pair of the sensor contacts through the
bridge (S1 — 52). Two point contacts along the bridge
(851 — 83) are used for an accurate measurement of a
voltage drop along the sample. Four-contact designs

(fig. 1, ¢c—f) ensure a high correction coefficient G,
which has a major influence on the Hall voltage.

Fig. 2 presents the dependence of the correction
geometrical coefficient on L/ W ratio for various values
of the Hall angle 6y, calculated under the following
formula:
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Analysis of the dependence (fig. 2) demonstrated
that for 0 < L/W < 3, the geometrical correction coef-
ficient has the maximal value of 0.96 corresponding to
the ratio L/ W= 3. For 3 < L/ W< 5 the maximal Gequal
to 0.99 is reached at the maximal ratio of L/W = 5. It is
necessary to point out, that at 3 < L/ W < 5 the top limit
of G begins to increase quickly from 0.96 up to 0.99.
Thus, a correction for the final length of the sensor is
rather small, therefore, there is no sense in increasing
this ratio. In practice, usually, the value of L/ W is as-
sumed from 2 up to 3.

One of the drawbacks of HS is the presence of the
residual voltage, which appears in the absence of a mag-
netic field at the supply voltage turned on and is con-
nected with imperfection and deviations of the techno-
logical manufacturing process and heterogeneity of the
physical properties of the material of the active area.
Methods for accounting and minimization of the resid-
ual voltage are described in detail in [1, 2]. The residual
voltage depends on the manufacturing technology,
temperature and mechanical stress. The given charac-
teristic limits the minimal measured magnetic field.

The standard design of a Hall sensor is the so-called
Greek cross, which is formed symmetrically and is in-
variant in relation to rotation by angle of 90°. It allows
us to use the method of the rotating current for mini-
mization of the residual voltage. The traditional way of
reduction of the residual voltage consists in connection
of two or four identical rotating HS [3]. In [4] the cir-
cuits are analyzed made by CMOS technology and
based on the method of the rotating current (periodic
rearrangements of the supply and output contacts) for
increasing of the sensitivity of a sensor.

The investigated designs
and modelling technique

The design of the Hall sensor investigated in the
work is generated on a silicon substrate of p-type (con-
centration of boron of 10 cm_3) with thickness of
5.0 um with the active area of n-type and thickness of
1.0 um, alloyed by arsenic with concentration of
107 em™

The geometrical and electrophysical parameters for
HS structures considered in the work are presented in ta-
ble 1. The width of the contacts is 0.7 um, the distance
from the contacts to n-type border is 0.35 um for the cru-
ciform samples and 3.5 um for the rectangular ones.
The position of the contacts in relation to the borders
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is important for the analysis of the residual voltage, be-
cause the contour errors can lead to its increase.

The processes of transfer of the charge carriers are
described by a fundamental system of equations and
diffusion-drift models, which include the equations of
continuity for the electrons and holes, and the Poisson
equation under the influence of the electric and mag-
netic fields [3, 14, 15]. The account of the magnetic
field, influencing the active area of the instrument
structure of HS and leading to occurrence of the Hall
voltage, was carried out on the basis of the model of the
galvanic transfer.

Adequate results of simulation can be received due
to correctly set mathematical models for description of
the processes occurring in the structure of the semi-
conductor devices: mobility models, recombinations,
and statistics of the charge carriers. For description of
the statistics of the charge carriers the Boltzmann mod-
el in Silvaco complex was used, for the account of the
dependence of the mobility of the charge carriers on the
concentration — the model of impact ionization of
Concannon, and for description of the recombination
processes — the model of Schottky—Reed—Hall [15].

Results and their discussion

For research of the operational characteristics and
search for the optimal design solutions of HS a series of
calculations were done for the instrumental-technolog-
ical simulation of the technological manufacturing
process, electric and other characteristics of the instru-
ment structure with the geometrical configurations of
the active area (table 1).

Research of the basic characteristics of HS. Fig. 3
presents the volt-ampere characteristics (VAC) of the
Hall sensor for the investigated designs of the active area,
received for the value of induction of the magnetic field
V= 0.5T. Nonlinearity of HS is explained by three mech-
anisms: nonlinearity of the characteristics of a material,
geometrical nonlinearity and nonlinearity of the field ef-
fect of the p-n-junction. Nonlinearity of the characteris-
tics of the material of the active area and the geometrical
nonlinearity have a square-law dependence on the value
of induction of the magnetic field and in case of integra-
tion of the Hall sensors can compensate for each other.

Dependences of the Hall voltage of Vyon the supply
current I at magnetic field induction V= 0.5 T (fig. 4).
It is necessary to point out, that cruciform designs have
identical L/ W ratios, and differ only in the scaling ratio.

Table 2 presents the values of Hall voltage Vy of the
investigated designs for V= 0.5 T. It is demonstrated that
the maximal Hall voltage is ensured for design 5 with a
low level of doping of the active area Vy = 165.0 mV.

Fig. 5—7 present dependencies of the sensitivity of
HS on the supply current [ at induction of the magnetic
field of V= 0.5 T. It is shown, that the sensitivity by
current increases with the growth of the supply current,
while the sensitivity by voltage decreases. The latter
mechanism is explained by the fact that S}, can be pre-
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sented as the relation of the sensitivity by current to the
input resistance R, and denominator R increases faster,
than S with the growth of the supply current. The great-
est values of the absolute sensitivity S = 140 mV/T and
the sensitivity by current S; = 280 V/(A - T) are typical
for a design with a low concentration of the impurities
of 5.0-10'° cm_3; at that, a rectangular design has a
better sensitivity by voltage S, = 0.048 V/(V-T). It is
necessary to point out that the results of simulation of
the Hall voltage and HS sensitivity agree well with the
experimental data [3].

Analysis of the power consumption. The process of se-
lection of the optimal design for HS is based on the
analysis of behavior of several characteristics, such as
sensitivity, residual voltage and dissipated power. In or-
der to reduce the residual voltage the method of a ro-
tating current is applied, and in order to ensure high
sensitivity, the concentration of the charge carriers in
the active area is reduced [1, 2, 8, 9]. Thus, the major
condition for optimization is provision of the maximal
sensitivity of HS at the minimal values of the residual
voltage and the dissipated power.

Variation of the sensitivity by power Sp depending
on the dissipated power P is presented in table 3.

It was established, that the cruciform designs have
the greatest sensitivity by power, however, for the given
concrete advantage the geometry is of a smaller value.
It would be simple to assume, that the lowest dissipated
power is ensured at a low current, however, in this case
the signal-to-noise ratio is too low.

Analysis of the residual voltage. The residual voltage
is a parasitic effect which brings a contribution to the
general Hall voltage, reducing the sensitivity of the sen-
sor. The residual voltage was measured in the absence
of the magnetic field (V' = 0). It appears owing to im-
perfection of manufacturing, asymmetry (misalign-
ment) of the contacts, heterogeneity of the specific re-
sistance and thickness of a material, and also mechan-
ical stresses in a combination with the effect of piezore-
sistance. An analysis of the residual voltage allows us to
estimate the influence of the degree of misalignment of
the contacts on the residual voltage of HS, which en-
sures a possibility for determination of a geometrical
configuration of HS of the least value.

Fig. 8 shows, how the asymmetry for the cruciform
Hall sensors was introduced, first of all on the bias con-
tact of /= 0.7 um.

Further, the results of the research of the residual
voltage caused by the asymmetry of the bias (a and c)
and sensitive (b and d) HS contacts are presented.

Fig. 9 presents the dependences of the residual volt-
age Vg on the supply current /. It was established that
for design 1 the misalignment of the contacts had the
least influence on the residual voltage, which was
2.8 uV. An increase of the sizes of a design allows us to
reduce the errors on the borders and, hence, to mini-
mize the residual voltage. Fig.10 presents the depend-
ences of the residual magnetic field Boff on tempera-




ture 7. The design 5 with its low concentration in the
active area has the lowest value of the residual magnetic
field B,s= 0.19 mT and B,;= 0.38 mT at 7= 248 K
and T = 398 K [3—4].

An equivalent circuit for realization
of the HS electric model

For practical applications the sensitive element (Hall
sensor) is usually placed with the circuit for signal
processing on one crystal. However, a realization of such
a system in a design remains a problem, because the
models of the sensors are not included in the library of
designing, provided by the manufacturer of the chip. The
standard models for description of the electric char-
acteristics of HS are too complicated [13] or idealized
[18—20]. For integration with the programs of circuit
simulation the 2D or 3D physical models described by
FEM simulators demand considerable computing costs
[13], but they are useful for an analysis of the influence
of the geometrical parameters on the behavior of a sensor.

In order to increase the efficiency of designing and
productivity of the system it is necessary to have an
electric (SPICE) model adequately describing the char-
acteristics of a sensitive element. Such a model de-
scribes the behavior of the sensor with the use of a set
of equations received by means of adequate assump-
tions and simplifications.

Fig. 11 presents an equivalent circuit for description
of the electric model of HS. For an ideal design (ab-
sence of a technological mismatch and mechanical
stress in the system) during measurement of the surface
resistance of layer Rg the method of van der Pauw is
used. Since the device is symmetric, it iS necessary to
determine the values of the two resistances between the
contacts: R, for the resistance between the two oppo-
site ones and Ry — between the two neighboring con-
tacts [16]. In comparison with the existing solutions [2]
the circuit ensures taking into account a possibility of
the galvanomagnetic and temperature effects.

The proposed equivalent circuit has four electric
outlets and one external source as an input (B) and in-
cludes the following components: eight nonlinear resis-
tors for description of the dependences of HS charac-
teristics on the magnetic field and temperature; four
sources of voltage, controlled by current (current con-
trolled voltage source — CCVS), which allow us to esti-
mate contributions to the Hall voltage of the currents
proceeding through the nonlinear resistance; and four in-
terface units for simulation of the consecutive resistances.

For a practical realization of the electric (compact)
model of the sensor, Verilog-A language, describing the
analogue equipment, can be used [17].

Conclusion

e Within the framework of the device-technological
simulation the influence of the geometrical param-
eters of the active area of the Hall sensor on its op-
erational characteristics was investigated.

o It was demonstrated, that for the ratio of length L to
width W active area from O up to 3 the geometrical
correction coefficient had the maximum value of 0.96
at L/ W= 3; for the ratio from 3 up to 5 the maximal
Gwas 0.99 at L/W = 5.

o It was established, that the sensitivity by current in-
creased with the growth of the supply current and
the sensitivity by voltage decreased. The greatest
values of the absolute sensitivity S = 140 mV/T and
of the sensitivity by current ;= 280 V/(A - T) were
characteristic for a design with a low concentration
of impurities of 5.0 - 1016 cm_3, at that, a rectan-
gular design had the best sensitivity by voltage
Sy =0.048 V/(V-T).

o It was demonstrated that the lowest dissipated power
was ensured at a low current, but, at that, the value
of the signal to noise ratio was too low.

o It was established, that for a cruciform design the in-
fluence of the misalignment of the contacts on the re-
sidual voltage had the least value, which was equal to
2.8 mcV. An increase of the geometrical sizes of HS
allowed us to reduce the errors on the borders and to
minimize the residual voltage. A design with a low
concentration in the active area had the lowest values
of the residual magnetic field of 0.19 and 0.38 mT, ac-
cordingly, at temperatures of 248 and 398 K.

¢ Aversion of a design of an equivalent circuit for sim-
ulation of the circuit solutions on the basis of the
Hall sensor was proposed.
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CPABHUTEAbHASl OLIEHKA YACTOTHbIX XAPAKTEPMCTUK AIN U LTC,
NMPUMEHSEMbBIX B KAYECTBE PE3OHATOPA B BUBPALUMOHHbIX

KOABLUEBbBIX TMPOCKOINAX

Ilocmynuna 6 pedaxyuio 22.09.2017

Lleavio OanHoli pabomul aeasemcs eApMoOHUMecKUull anaius Humpuoa antomunus (AIN) u yupxonama-mumanama ceuHya
(LITC) 025 npumenenus @ pe3oHamopax MUKpoMexanu4eckKux eUubpayuoHHbix Koavyegwvlx eupockonoe (BKI). Ha ocnose koHeuHo-
2N1EeMEHMH020 AHAAU3A NOKA3AHA AMNAUMYOHO-4ACMOMHASA XAPAKMepUCmuKa 08yx oopasyos. llpuseden npunyun pabomsl nve-

3091eKkmpuyeckozo npusooa BKI.

Karoueevie caoea: AIN, I[TC, moodeauposanue, 6uOPAUUOHHBLI KOAbUEBOU UPOCKON

BBenenue

B HacTtoseit pabote Ha OCHOBE Pa3BUTUSI MUK-
poMmexaHuueckux rupockornos (MMI') nponoskaercs
psl MCCIeIOBAaHUN MO MOJEIMPOBAHMIO CMEIIEHUIH
KOJIbLIEBBIX PE30HATOPOB IO AeHCTBUEM TTepeMEHHO-
ro SJEeKTpUYecKoro Hampspkenus [1—4]. B 0omb-
LIMHCTBE U3BECTHBIX cxeM MMI peanuzaius pexuma
nBxeHus: (PI) u pexuma uyBcTtBUTeNbHOCTU (PY)
OCYLIECTBIISAETCS C IOMOILUBIO 3JIEKTPOCTATUYECKUX
Impeobpa3oBaresieil, OMHAKO M1 CO3MaHMUS TOCTaTOY-
HBIX CWI U aMIUIMTYZ CMELIEHUN HEOOXOIUMBI Y3KUE
3a30pbl M 3HAYUTEJIbHOE TOCTOSIHHOE HampshKeHUe
cpabaTtbiBaHus. [1b€303JIEKTPUUECKUI IPUBOJ — 3TO
BeCbMa IpUBJIeKaTeIbHAsl aJlbTepHATHUBA, MTOTOMY YTO
aJIeKTpOMeXaHUYecKas CBSI3b CHUJIbHEe UM HEe TpeOyer
MOCTOSIHHOTO HaMpsiKeHUsI cpabdaThbIBaHUSI UJIN Y3KUX
3a30p0oB. OCHOBHBIMM JOCTOMHCTBAMM ITbE303JIEKT-
pPUYECKMX MaTepUaJoB B KOHCTPYKIMM PEe30HATOPOB
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BUOPALIMOHHBIX KOJIbLIeBbIX TUpocKomnoB (BKI') sinsi-
IOTCsI: OBICTPOIECTBUE, HU3KUI YPOBEHb llIyMa, Ma-
JIBIA peiid mapamMeTpoB, BbICOKasi TOUHOCTb, HU3KOE
9HEPronoTpedseHue, BbICOKAsT HAAEXKHOCTb U TUTENb-
HBII CPOK CiIyk0Obl. Hanbosee 4acTo B KayecTBE Mbe-
303JIEKTPUYECKUX MaTepuajoB B KOHCTpyKiuu BKT
HCIIONB3YIOT HUpKOHAT-TUTaHaT cBuHLa (LITC), mo-
IUGUITMTPOBAHHEBIN PAa3TUYHBEIMA KOMITOHEHTAMH, W
HuUTpua amoMuHus (AIN).

Ilenb HacTOsIIEN CTaThU 3aKII0YAETCS B TOCTAHOB-
K€ 1 HCCJIeIOBAaHMM YAaCTOTHBIX XapakKTepucTuk AIN
u HUTC pna npumenenns B BKI MeTomoM KOHEYHBIX
asieMeHTOB. ClieyeT OTMETUTh, YTO OCHOBHBIM MPEUMY-
mectBoM pe3oHaTopa BKI 1o cpaBHeHMIO ¢ Tpaauliu-
OHHBIMM TMPSIMOYTOJIbHBIMU PE30HATOPAMU SIBJISIETCS
OoJiee BBICOKAs TOYHOCThb, JOCTHTaeMasl B Ipoliecce
npousBoacTBa. Kpome Toro, BciaeacTBue CBOEH CUM-
METPUHU yIapbl U BUOpAlIMM Ha HUX CUJIBLHO HE BIUSI-




1oT. HeobxomuMo 0co00 OTMETUTb, YTO MOHOJMTHAas
KOHCTPYKIISI TaKMX PE30HATOPOB YCTpPAHSIET JIOOBIE
HebJ1aronpusITHbIE MOCIEACTBUS CKIeMBaHUs U o0ecTie-
yyBaeT 60Jjiee MPOCTO M MOBTOPSEMbIN CMOCOO M3ro-
TOBJIEHUSI BUOPALIMOHHBIX rMpocKoroB [5]. CtouT ot-
METUTD, YTO MPSIMON U OOPATHBIN MTbE303JIEKTPUIECKIE
3¢ deKTbl MOTYT OAHOBPEMEHHO KOMOMHUPOBATHCS B
BUOPALIMOHHBIX TMPOCKOTIAX U MCIOJb30BaThCsl KaK B
PO, tax u B PY [6]. HecMoTpst Ha OrpoMHOE YHCIIO
MyOJIMKALIMKA O MbE303JTEKTPUYECKUX BUOPALIMOHHBIX
TUPOCKOIIaX, Mpo0dJieMbl MUHUATIOPU3ALIUY, MTOBBILIE-
HUSI YYBCTBUTEJBLHOCTU Y HAJEXKHOCTH €l1lle OCTAI0TCs
OTKpBbITBIMU. Bormpoc, uMeroniuii 6oJibllioe MPakTU-
yeckoe 3HayeHue, KacaeTcsl aleKBaTHOTO M TOYHOTO
MOJEJIMPOBAHNS MbE30JIEKTPUUECKUX THPOCKOTIOB.

IIpuHnyn padoTsl

YyBCTBUTENBHBIN 271eMEeHT paccMatprBaemoro BKI
noApas3aesisieTcsl Ha ABa BUAA: K MEPBOMY OTHOCSTCS
KOJIBLIEBOM pe30oHaTop, BeImoaHeHHbIN 13 AIN u LITC,
mameTpoM 5 MM 1 cedeHneM 100 X 100 MkM; BTOpOIi
BUI 4yBCTBUTEIbHOrO 37eMeHTa BKI' comepXuT Kojb-
1eBoit pe3oHaTop ¢ motoxkoi Si(100) nuameTpom
5 MM u cedeHueM Tak ke 100 X 100 MKM [J1s1 TOIJIOXK-
ku 1 100 X 1 MKM [JISI TIb€303JIEKTPUYECKOTO MaTepu -
ana (puc. 1). Lleap UCIOJIb30BaHUS IMTOITOXKN COCTOUT
B TOM, YTOOBI Y3HaTh, HACKOJIBKO MTbE303JIEKTPUIECKIUIA
93(hheKT cnocodbeH CABUMHYTh KOHCTPYKIIMIO PE30HATO-
pa. [Ipu mprIoXeHNN MEPEMEHHOTO SJIEKTPUIECKOTO
HaNPSDKEHWST K IThe303JICKTPUUECKOMY MaTepuaiy B
KOJIbLIEBOM PE30HaTOpe BO30YyXKAAalTCs KoJjiebaHus,
umeroire ¢hopMy CTosiueil BOJIHBI, TyYHOCTU KOTOPOM
HaxonsTcs B paiioHax A, B, C u D (puc. 1, a). Ilpen-
CTaBJICHHBIN TUI pe30HaTOpa paboTaeT Ha OCHOBE 00-
paTHOTO Ibe303eKTpruueckoro 3¢dekra B PII, u ero
CMelIeHNEe TOCTUTaeTCsl MpU MPUIOXKEHUN 3JEKTPU-
yeckoro HampstkeHust B PY. Tlpelieccust crosiueit Boji-
Hbl BO BpalllalolEMCsl Pe30HaToOpe TMOSICHSIETCS Ha
puc. 2. KonbleBoi 4yBCTBUTENbHbBIN 2JIEMEHT KOJIeO-
JileTcs BAoJIb ocel X u Y (T.e. mepBUYHOE CMEllEHUE
Kosbla x;). B aTOM ciyyae 6e3 BpalleHHMS 4yBCTBU-
TeJBHOIO 2JIEeMEHTa MePBUYHOE KOoJiebaHue UMeeT ye-
TBIpE y3Jia, TAe CMEILIEeHUE KOJblla PaBHO HYJIO. DTU
y3JIbl PAcMoJIOKEHHI o yriioM 45° 1o ocsiMu X u Y.
IIpu BpaiieHUM pe3oHaTOpa BOKPYT ocu Z (OCh YYBCT-
BUTEJIBHOCTH), KOTOpas MepHeHANKYIsSIpHa TIOCKOC-
TU KOJIblia, IIEPBUYHOE KojiebaHue Onaronaps agpdex-
Ty Kopunomuca BbI3bIBaeT MPELECCHIO CTOSYEIT BOJHBI
OTHOCHUTEJILHO pe30HaTopa. AMIUIATYIAa BTOPUYIHBIX KO-
JIe0aHMI KOJIbLia IPONOPILMOHAIbHA U3MEPSIEMO YIJIO-
BOI CKOPOCTH Q U ompejesieTcsl BbipaxkeHueM [7]

5, =4k€ 5,0, (1)
@9

roe K~ 0,37 — MacitaOHbIi KO3(PUIIUEHT pe30Ha-
Topa; Q — AOOPOTHOCTH Pe30HATOPa; » — COOCTBEH-

IMTeesomatepuan

| \
! B Piezomaternial !
| \
| e _i —— |
! 5 mm 7 !
I A cC \
| \
I |
| . \
| D Si |
I !
| a) b) \

Puc. 1. YysctBureannsiii 3nement BKI: ¢ — o6wwumii Bua; b — pe-
30HATOP C MOMIOXKOMI

Fig. 1. Sensitive element of VRG: a — general view; b — resonator with
the substrate

Puc. 2. IIpeneccus crosueii BOJHbI BUOPUPYIOIETo pe3oHATOpa
Fig. 2. Precession of a standing wave of the vibrating resonator

Hasl 4acToTa KojeOaHUIl pe3oHaTopa; 8| — aMILIUTYa
MEePBUYHBIX KoJebaHUlt; Q — yrjaoBasi CKOPOCTb.

B pesynabrate BropuuHble KosneOaHus (x,) Oyayr
MOSIBJISITHCS B y3/1aX U MO3BOJISIT UBMEPSITh BHELIHIOIO
YIJI0BY10 CKOpOocTh Q. HecMoTpst Ha To 4TO B pe3oHa-
TOpE He CYIIECTBYET COCPEIOTOYEHHBIX Macc, C TOUKHU
3pEeHM TIEPBUYHOIO U BTOPUYHOTO CMELIEHMIA X| U X,
YpaBHEHMST OBIDKEHUsI 3aIIMCHIBAIOTCS B CIIEAYIOLIEM
Buge [8]:

X|+2Cox) + (032—522))61 = qy—2cQx;) - chQ;

2

Ky + 200k, + (00~ QD)x) = gy + 260, + Qx|
rne { — Oe3pa3MepHblii KO3GhMUIIMEHT 3aTyXaHUs
(memnpupoBaHUsI) MaTepraia pe30HaTopa; ¢ — Ko3(p-
(umeHT cBsa3u rupockorna (koaddbunueHT bpaliaHa);
g, 1 g — 2OdEKTUBHBIE YCKOPEHM O], AEHCTBUEM
BHEIIHMX CWJI BAOJIb NMEPBUYHBIX U BTOPUYHBIX CMe-
meHuit. [1py coBMmagmeHNN IEPBUYHOTO M BTOPUYHOTO
KoJiebaHUT BO3HMKAeT MaKCHMMaJbHasl YyBCTBUTEIb-
HocTb. [ToaTomy Gnarogapsi CUMMETPUYHOCTU CTPYK-
TYpbl M PaBHBIM TNEPBUYHBIM U BTOPUYHBIM KoJieba-
HUSIM Pe30HaTOphl B (hopMe KoJiblia SIBJISIIOTCS Tepce-
MeKTUBHBIMU KOH(MUTYPALIUSIMHU.

CooTHoLIeHUST MexXay Aedopmaliieir, MexaHu4ec-
KUM HamnpsiKeHUeM, DJIEKTPUYECKUM CMEIIEHUEM WU
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Tabauua 1
Table 1

Marpuia XeCTKOCTH, JUIJEKTPHYECKAs MPOHMIIAEMOCTb U Nbe3odjeKkTpuyeckas nocrosanas AIN u IITC
The stiffness, dielectric permittivity and piezoelectric coefficient matrix of the AIN and PZT

Matepuan [¢j;] TeH3op mocTosHHOI [e;;] TeH30p AMBNEKTPHUECKO lez] Hb@SOSﬂCKTpM‘{CCK;Iﬁ
Material ynpyroctu, ['Tla nponuuaemoctu, d/m ko3¢ duument, Ki/m ,
Elastic stiffness tensor, GPa Dielectric permittivity tensor, F/m Piezoelectric coefficient, ¢/m
AIN
cpcpe3 00 0 e 00 0 0 ey
cpenep 000 0 0 ep 0 0 0 ey
czcpez 000 00 &5 0 0 ey
0 0 0 cyy O 0 0 ey 0
00 0 0cy O es 00
000 0 0 M2 000
2
LTC
PZT cpepcz 00 0 g 00 0 0 0 0 e50
cpeppez 000 0 &, 0 00 0es500
c3c3c33 00 0 0 0 &3 espespe3 000
00 0cy0 0
000 0cy O
0000 052

HAaMNPSDKEHHOCThIO 3JIEKTPUYECKOr0 IIOJISI B I1bE30-
SJIEKTPUIECKNX MaTepuajiaXx OMPEHeSIIOTCs CIeIyIo-
LIMMU BbIpaXeHUsIMU [9]:

E
Sy = Sap Tﬁ + d; E}; (3)

D;=d,T, + g,T.j E; 4)
(X,ﬁzl, 25 (A} 69 i’j=1521 39

rae S, — neopMauus; s — TEH30p KOI(PHULUMEHTOB
NOAATIMBOCTH; T3 — MEXaHMYECKOe HaIpsiKeHUeE;
d;, — TEH30D MbE303NEKTPUYECKHUX TIOCTOAHHBIX; £ —
HAaIpSKEHHOCTh BJIEKTPUUECKOTO TT0JIs1; ) — BIIeKT-
pHUYecKoe CMeEIleHHE; € — TEH30p AU3JICKTPUYSCKUX
KOHCTAaHT, T — 3HAaK TPAaHCIIOHUPOBAHHOW MATPULIBL.
Marpuia XecTKOCTH, TEH30p AUBJIEKTPUUECKON Ipo-
HUILIAEMOCTH U IbE303JIEKTPUUYECKIX MOCTOSIHHBIX AIN
[10] u OTC [11] npeacraBieHsl B Tada. 1. B Taba. 2
cpaBHUMBalOTC ocHOBHbIe cBoiicTBa AIN u IITC [12].

ITocTanoBka 3ama4yu

CraBuTcs 3amavya: IPOBECTU FAPMOHUYECKUI aHa-
3 pe3oHaTopa BKI' ¢ mbe3031ekTpruecKuM IpuBO-
JIOM Ha OCHOBE KOHEYHO-3JIEMEHTHON MOIEIHN C WC-
ITOJTb30BaHMEM MHTETPUPOBAHHOTO ITPOTPAMMHOTO TIa-
keta CoventorWare®, Bepcusi-2012. Haubonee BaxxHast
YacTh MbE303JIEKTPUUECKOTO MOIEIUPOBAHUS B 3TOM
MIPOrpaMMHOM ITaKeTe — BEIOOP CBOMCTB MaTepHAaJIOB.
B tabn. 3 npencraBiaeHbl MaTepUasbl U UX CBOMCTBA,
UCIIOJIb30BaHHbIe Npu NpoekTtupoBaHuu BKI'. TTocne
BBIOOpA CBOMCTBAa MaTePUAJIOB MPOLECC U3TOTOBICHUS
HauyMHaeTCs C MPOEKTUPOBAHUS NTBYMEPHOW MOJAEIIU.
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IMporpammusiit maket "Coventor’s Designer”, oobeam-
HAIOWUN PU3nUeCKUe MOJEIN PA3IMYHbBIX YCTPOUCTB,
MO3BOJISIET Ha OCHOBe 2DD-cXeMbl aBTOMaTUYECKU CO-
37aBaThb TpPeXMEpPHbIE CTPYKTYpbl. boKoBasi MmoBepx-
HocTh AIN u II'TC ucnonb3yercs a1 BO30yXIeHUS U
JIETEKTUPOBAHUS COOTBETCTBEHHO MEXaHWYECKOTO W
BJIEKTPUYECKOTO cUrHajaoB. KoHCTpyKuMs pe3oHaTo-
pa B CAIIP CoventorWare® ocHoBaHa Ha TEXHOIOTHMH

Tabauua 2
Table 2
OcHosubie napametpsi AIN u IITC
The basic parameters of AIN and PZT
ITapameTtpsl AIN LITC
Parameters PZT
[TsezoMonyne dy3 Manenbkuit | Bonbluoi
d33 constant Low High
[Ibe3omonynb ds) Manenbkuit | Bonbluoi
d3; constant Low High
[11oTHOCTH Jlerkas Tsxenast
Density Light Heavy
Juanekrpuyeckasl MoCTOsTHHAsK Huskas OrpomMHast
Dielectric constant Low Huge
[MpenensHast yactora [T Xopotuast [Tnoxast
GHz capability Good Poor
CKOpOCTh pacrpoCTpaHEHUST 3ByKa bricTpas MenneHHast
Sound velocity High Slow
AkycTuueckasi moreps Masnenbkas Bonbias
Acoustic losses Low High
DeKTpUIeCcKoe COMPOTUBIEHUE Bonbiuoe Bosblioe
Electrical resistance High High
Comectumoctb ¢ KMOIT- [MonHas Her
TEXHOJIOTUEN Fully Not
CMOS compatibility
PanuouacrotHast morepst Manenbkas Bonbinas
RF losses Low High
CerHeT03JIeKTPUYECTBO Her Ha
Ferroelectricity No Yes




KOMITJIEMEHTApHBII ~ MeTa/UI-OKCUI-TIOJYIIPOBOTHUK
(KMOII) u noBepxHocTHOII MOBOMC-TeXHOJIOTUM.
IMosToMy Ha ciemyroleM 3Tare Il IOJydeHUs CO-
OTBETCTBYIOIIUX MPOEKTHBIX PEUICHUN MPUMEHSIETCS
nHcTpyMeHT "Process Editor™". Ilocne omnpeneneHust
objacTeil u IpaHell BCeil CTPYKTYphl 3aJaeTcsl CeTKa
IJIST BBITIOJTHEHUS TOCIEAYIOIINX OIepalniii MOIE-
poBanwmsi. Cerka "Extruded bricks" umeer dopmy ue-
ThIPEXTPAHHBIX IUIOCKOMAapaIeIbHbIX OOBEMHBIX (hu-
Typ C U3MeHsIEMOU (POPMOIl IIOBEPXHOCTH.

dpyruMu clroBaMHu, MOJIENIb pa3douBaeTcs Ha dJie-
MEHTBI B BUIC KUPITMYCH, MPUIeM UX OOKOBBIE TPaHU
MEHSIIOT CBOIO (DOPMY B COOTBETCTBUM C (hOPMOI TO-
BEPXHOCTH, a TIOCTPOCHUE CETKN UIET OT TTOBEPXHOCTH
BIJ1yOb 00ObeMa Moaeau. JJaHHBIA TUIT CETKU HaWIyd-
UM 00pa30M TTOAXOIUT IS Tell, UMEIOIINX KOJbIIE-
Bylo KoH(purypauuto. ITo ocam X, Y 3HaueHue ceTku
BoiOupaetcsa 50, 40, 30, 20 mxM u o ocu Z — 100 MKkM
(puc. 3).

Pe3ynbTaThl MaKCUMAaJIBHOTO CMEIIeHUS KOJIblIa
IO ACICTBUEM TTOCTOSTHHOTO 3JICKTPUYECKOTO HaIIpsI-
KeHust —5 u +5 B B Toukax A u C (puc. 3) npu Beibope

Tabuuua 3
Table 3
ITapameTpbl ¥ KOHCTAHTDbI, HCIOJIb3yeMbIe LISl MOJETUPOBAHUS
The parameters and constants used for modeling

Juanek- [Tbe303mmek-
TMocTosiHHAs ITnor- TpuJecKasi TPUYECKUIA
Mare- YIIPYroCTH, HOCTb, MocTOsTHHAsL | Koadhduim-
Mate- [Tla o/ | x1071, @M | enr, Ki/v?
vial Elastic stiffness, | Density, Dielectric Piezoelectric
a g/m permittivity coefficient,
GP 3 L fici
x1071, B/m C/m?
Si(100) | £= 30 2,3 12 0
AIN Cll = C22 = 345 3,255 g1 T &€= 8 e31 = _0,58
C33 =395 €33 = 9,5 €33 = 1,58
C12 =125 5= _0,48
Cyy= Cs5=118
C66 =110
UTC | Gy = 126 7,55 | &)1 =gy = 1700 e5; = =27
C13 =84 €15 = 7,84
Cyg= G =23
Tab6numa 4
Table 4

MakcumMajbHoe cMenieHne 00pa3ioB ¢ PasHbIMA CETKAMH
Maximum displacement of samples with the different meshes

Pe3oHarop 6e3 MomIoxXKu
Matepua Resonator without substrate
Material | Cerya 50 | Cerka 40 | Cerxa 30 | Cerxa 20
mesh 50 mesh 40 mesh 30 mesh 20
AIN 22 pm 7 pm 11 pm 67 pm
LITC (PZT) 6 nm 1,9 nm 9,9 nm 4,9 nm
Pesonatop ¢ Si-nomnoxkoi
Resonator with Si-substrate
AIN 0,18 pm 0,24 pm 0,73 pm 0,53 pm
LUTC (PZT)| 2,03 pm 6,2 pm 7,3 pm 4,35 pm
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X, Y=50 pm
Z=100 pm

X, Y=20 pm
Z=100 pm

Puc. 3. Koneuno-anementHas monenb pezonaropa BKI' ¢ cerkoii
"Extruded bricks"

Fig. 3. Finite element model of the VRG resonator with "Extruded Bricks"
mesh

pa3HBIX CETOK IIpelcTaBlieHbl B Ta0. 4. CiiemyeT mom-
YEepPKHYTh, YTO OoJiee MEJIKNE CETKM Majo BIMSIIOT HA
pe3yJIbTaThl MOJETUPOBAHMSI.

Momynb "Analyzer™" sgBisieTcsl OCHOBHON MHTETpHU-
POBAHHOM CpedoOl MOIAEIMPOBAHUS, KOTOpPasi BKJIIO-
YyaeT pasINyHbIe BEIYUCIUTEIbHBIC TTPOTPAaMMEI, OTTN-
CBHIBAIOIIIME DJIEKTPUYECKHUE, MEXaHUUECKHUE U IpyTue
cBoiicTBa. B aTOoM Mopayne 3amaloTcsl MpeiebHble U
HavyaJbHBIC YCJIOBUS, HACTpaMBaAETCsI IIporpaMMa pac-
YETOB, a TAKXKE BBIMOJIHSIOTCS pacyeThl U MOJy4aroTCs
pe3ynbTathl. [ moydeHus 4acTOTHBIX 3HAYECHWH U
cMmenleHus pe3doHaropa BKI aHanu3 BbeIMOJIHSICA C
TMOMOIIBIO MbE303JEKTPUUECKOTO MHCTpyMeHTa. s
CO3IaHUsI OMHOPOTHOTO BJIEKTPUYECKOTO TOJIS TThE30-
BIICKTPUYCCKHI TIPUBOI MHIYIIMPYETCS IMyTeM TIPUIIO-
JKEHHUS TIEPEMEHHOIO 3JIEKTPUUYECKOTO HaIpsLKeHUs
Mexay obaactamMu A u C (puc. 3). CHauana npukJia-
npiBaercs 10 B, a morom ¢ marom 20 B HanpsoxeHue
yBeaunuuBaercs g0 70 B. INonyuyuBiiumiicsa pesyabTaT
JUI. 4eThlpeX o0pa3loB IMoka3zaH Ha puc. 4 (cM. uet-
BEPTYI0 CTOPOHY 00J0KKM). CpaBHEHUE YaCTOTHBIX
XapakTepuctuk (puc. 4, a, u puc. 4, b) roxasbIBaeT,
yto npu npumeHennn LITC cmelneHune pe3oHaTopa
MOYTH Ha TpU Topsaka (OT HAHOMETPOBOIO 10 MUK-
POMETPOBOTO AMAIa30Ha) YBEJIMUUBACTCS.

3akiouyeHue

C nomotiplo nporpaMmmHoro rmakera Coventor-
Ware® 6buin MoaenupoBaHbl pe3oHaTopbl BKI ¢ mbe-
303JIEKTPUYECKUM TTpUBOAOM. MICX0as1 U3 MOJy4YEeHHBIX
pe3yJIbTaTOB YaCTOTHOIO aHAIM3a U KOHEYHO-3JIEMEHT-
HOT'O MOJIeJIMPOBaHMsI, MOXHO cuuTaTh, yTo LITC saB-
JISIeTCs 1eJIeCOO0pa3HbIM M MOAXOASIIAM Mbe303JIeK-
Tpu4ecKMM MaTepuaiaoM pe3oHaTopa BKI'. CpaBHeHue
AIN n ITC noka3pIBaeT OYEBUIHBIC IPEUMYIIECTBA
HTC u, takum odpaszomM, LITC no3possieT HECKOJIBbKO
pacliMpuTh AUaIa3oH CMEIIEeHUN KOJblIEBOIrO I'Mpo-
cKoIa.

Paboma evinoanena npu noddepicke Munucmepcmea
obpaszoeanus u Hayku (eocydapcmeerHoe 3adanue, K00
npoexkma 8.5098.2017/649) u Ilpe3uduyma PAH (paszden
"DynoamenmanvHble UCCACO0BAHUSL).
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Introduction

The present work based on the development of mi-
cromechanical gyroscope (MMG), continues a series
studies on displacement simulations of the ring resona-
tors under alternating electric voltage [1—4]. In most
MMG circuits, the drive mode (DM) and sense mode
(SM) are realized by electrostatic transducers however,
creation of the sufficient forces and displacement am-
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plitude require narrow gaps and considerable triggering
voltage. A piezoelectric actuation is a rather attractive
alternative, because the electromechanical coupling is
stronger and does not require continuous triggering
voltage or narrow gaps. The basic advantages of the pi-
ezoelectric materials in the vibrating ring gyroscopes
(VRG) resonator structures are high speed, low noise
level, small drift of parameters, high accuracy, low en-




ergy consumption, high reliability and long service life.
The most often used piezoelectric materials in the VRG
constructions are lead zirconate titanate (PZT), modified
by various components and aluminum nitride (AIN).

The aim of the article is presentation and research of
the frequency characteristics of AIN and PZT for ap-
plication in VRG by finite elements method. It is nec-
essary to point out, that the basic advantage of VRG
resonator in comparison with the traditional rectangu-
lar resonators is a higher accuracy achieved in the man-
ufacturing process. Moreover, because of its symmetry,
the shocks and vibrations do not have a strong influence
on it. It should be emphasized that, monolithic design
of the resonators eliminates any adverse consequences
of pasting and ensures a simpler and repeatable way of
manufacturing of the vibrating gyroscopes [5]. We
should also point out, that the direct and reverse pie-
zoelectric effects can simultaneously be combined in
the vibrating gyroscopes and be used both in DM and
in SM [6]. Despite the huge number of publications
about the piezoelectric vibrating gyroscopes, the prob-
lems of miniaturization, sensitivity and higher reliabili-
ty still remain unsolved. A question which has great
practical value is the adequate and accurate modeling of
the piezoelectric gyroscopes.

Principle of Operation

The sensitive element of the considered VRG can be
divided into two types: the first is the ring resonator
made from AIN and PZT, with 5 mm diameter and sec-
tion of 100 X 100 um. The second one is the ring res-
onator with the Si (100) substrate, 5 mm diameter and
section of 100 X 100 um of the substrate of 100 X 1 pm
of the piezoelectric material (fig. 1). The purpose of us-
ing substrate is to find out, how the piezoelectric effect
can shift the resonator structure. When alternating elec-
tric voltage is applied to the piezoelectric material, os-
cillations will be excited in the ring resonator in the
standing wave form, the antinodes of which are in areas
A, B, Cand D (fig. 1, a). The presented type of the res-
onator works based on reverse piezoelectric effect in
DM and its displacement is reached, when electric
voltage is applied in SM. The precession of the standing
wave in the rotating resonator is explained in fig. 2. The
ring sensitive element oscillates along Xand Yaxes (i. e.
primary displacement of the ring x;). In this case with-
out a rotation of the sensitive element the primary os-
cillation has four nodes, where the ring displacement is
equal to zero. These nodes are located at the 45° angle
along X and Y axes. During resonator rotation along Z
axis (sensitive axis), which is perpendicular to the
planes of the ring, the primary oscillation, due to the
Coriolis effect, makes a precession of the standing wave
in relation to the resonator. The amplitude of the seco-
ndary oscillation of the ring is proportional to the meas-

ured velocity of rotation Q and is defined by the fol-
lowing expression [7]:

5, = 4k€ 5,0, 1)
@9

where K~ (.37 — scale coefficient of the resonator; Q —
quality factor of the resonator; » — natural frequency
of the oscillations in the resonator; ; — amplitude of
the primary flexural mode; QQ — angular velocity.

As a result, the secondary oscillation (x,) will appear
in the nodes and allow us to measure the external an-
gular velocity Q. In spite of the fact that in the resonator
there are no lumped masses, from the primary and sec-
ondary displacements of x; and x, point of view, the mo-
tion equations are recorded in the following form [8]:

()

Xy + 200X, + (032 - Qz)xz gy +2cQx| + chl ,

where { — dimensionless attenuation (damping) coef-
ficient of the resonator material; ¢ — coupling coefficient
of gyroscope (Brain coefficient); g; and ¢, — effective
accelerations with an external forces along the primary
and secondary displacements. When the primary and
secondary oscillations coincide, the maximum sensitivity
appears. Therefore, due to symmetry of the structure and
equal primary and secondary oscillations, resonators in
the ring form are promising configurations.

The relationship between the deformation, mechan-
ical stress, electric displacement and electric field in-
tensity in the piezoelectric materials is defined by the
following expression [9]:

E
So = Sup Ty + dio Ej (3)
D, =d,T, + gj.j E; 4)
a, B = la 2a R 63 la.]= la 25 35

where .S, — deformation; s — compliance tensor coeffi-
cient; Tﬁ — mechanical stress; d;, — piezoelectric con-
stant tensor; £ — electric field intensity; D — electric dis-
placement; ¢ — dielectric constant tensor; 7'— transpose
matrix index. The matrix of stiffness, dielectric permit-
tivity tensor and piezoelectric constants of AIN [10] and
PZT [11] are presented in table 1. In table 2 the basic
properties of AIN and PZT [12] are compared.

Problem statement

The task carried out a harmonic analysis of the VRG
resonator with a piezoelectric actuation based on the fi-
nite-element model by using of "CoventorWare®" in-
tegrated software package, version of 2012. The most
important part of the piezoelectric modeling in this
software package is the select material properties. Ta-
ble 3 presents materials and their properties used during
designing of the VRG. After selection of the material
properties, the manufacturing process begins with de-
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signing of a two-dimensional model. "Coventor’s De-
signer” software package, integrating with the physical
models of various devices, allows us to create automat-
ically three-dimensional structures on the basis of a 2D.
The lateral surface of AIN and PZT is used for actua-
tion and detection of accordingly mechanical and elec-
trical signals. The resonator design in CAD is based on
the technology of the complementary metal-oxide-
semiconductor (CMOS) and surface MEMS technol-
ogy. Therefore, in the next step, the "Process Editor®"
tool is applied for obtaining the corresponding design
solutions. After determining of areas and faces of the
whole structure, mesh is set for the implementation of
the subsequent operations of modeling. The "Extruded
Bricks" mesh has the quadrilateral plane-parallel vol-
ume form with a variable surface shape.

In other words, the model is divided into elements
with the bricks form, so their lateral faces change their
shapes in accordance with the surface forms, while the
mesh construction goes from the surface into volume of
the model. The given type of a mesh is the best for rings
configuration. On axes X, Y, mesh value is selected as
50, 40, 30, 20 um and on axis Z — 100 um (fig. 3).

Maximum displacement results of the ring by apply-
ing constant electric voltage —5 and +5 V in points 4
and C (fig. 3) for different selected meshes are present-
ed in table 4. It should be noted, that smaller meshes
have a little influence on the modeling results.

"Analyzer™" module is the basic integrated environ-
ment for modeling, which includes various computing
programs describing the electrical, mechanical and oth-
er properties. In this module boundary condition are
given, the calculation programs will be set up and per-
formed and results will be achieved. For reception of
the frequency values and displacement of VRG reso-
nator an analysis was carried out by piezoelectric tools.
For creation of a homogeneous electric field, the pie-
zoelectric actuation is induced by applying of an alter-
nating electric voltage between areas A and C (fig. 3).
At first 10 V voltage is applied, and then with a step of
20 V the voltage increases up to 70 V. The obtained re-
sults for the four samples are presented in fig. 4 (see the
4th side of cover). A comparison of the frequency char-
acteristics (fig. 4, a and fig. 4, b) shows, that in case of
application of PZT the resonator displacement increas-
es almost by three orders (from the nanometer range up
to the micrometer range).

Conclusion

By CoventorWare® software package, the VRG res-
onators with a piezoelectric actuation were modeled.
Proceeding from the results of the frequency analysis and

finite element modeling it is possible to say that PZT is
an appropriate and suitable piezoelectric material for the
VRG resonators. Comparison of AIN and PZT shows
obvious advantages of PZT and thus PZT allows a certain
expansion of the displacement range of ring gyroscope.

The work was done with support of the Ministry of
Education and Science of RF (state order, project code
8.5098.2017/BCh) and Presidium of RAS (Fundamental
Research Section).
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