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Puc. 6. BoiOpannbie cobcrBeHHbIe (DOPMbI KosleOaHHUi HOJBIIKHOTO JIeMEHTa pe3oHaTopa:
a — Bropas (opma; b — mecraga popma; ¢ — BochMas popMa g
Fig 6. Selected own forms of fluctuations of the mobile element of the resonator:
a — the second form,; b — the sixth form, ¢ — the eighth form
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Puc. 7. Dneprust nedpopmanmm W (q,.4,, q,) NOABIKHOIO >eMeHTa Pe30HaTopa:

a— VVSENE(qp qza 0)9 b— VVSENE(qp 09 q3)9 ¢ — VVSENE(Oa qla q3)
Fig.7. Deformation energy W, (q,4q,4,) of the mobile element of the resonator:
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Puc. 8. 3apucumoctn MexkdseKkTpoaHbix emrocted C, (g,.4,,4,): o
a— Cyq,,4,,0); b — C(q,,0,9,); ¢ — C0,9,,4,); d — C(q,,9,,0); e — C(q,,0,4,); f — C,,0,4, 4,)
Fig8. Dependencies of the capacitance functions C (q,q,q.,):
a-Cq,q,0),b—Cq,0q), c =~ C04q,q,), d ~C,(q,q,0);, e ~ C,(q,0,q,); f— C,(0.q9,4,)
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MAKPOMOAEAUPOBAHUE TOPCUOHHOIO
MWUKPOIAEKTPOMEXAHNUYECKOTO PE3OHATOPA

Ilocmynuna 6 pedaxyuro 25.07.2016

Tlokazana 603MONCHOCIb UHICCHEPHO20 AHANU3A INCKMPOMEXAHUMECKUX MUKPOCUCMEM C UCNOAb308AHUCM MAKPOMOOCAUPO-
8aHUS, OCHOBAHHO20 HA NPUHYUNE MOOGAbHOU CYNEPNO3UYUU, HA NPUMEDEe KPEMHUEB020 MUKPOMEXAHUHECK020 Pe30HAMOPA C 31eK -
mpocmamuieckum 6030yxcoeHuem. Onucana memoouxka onpeoenenus napamempos maxkpomooeau. Ilpedcmaesnenvt pe3ysomanot
AHAAU3A OUHAMUYECKUX XAPAKMEPUCTUK MUKPOPE30HAMOPA, NOAYHEHHbIX NPU UCHOAb308AHUU MaKkpomodeauposanus. [lokasano,
umo 6030elicmeue 6HeUHe20 MeXaHu4ecko2o yckoperus amnaumydou 100 g npaxmuuecku He 0KA3bl6Aem GAUSHUS HA PAOOUYH)
8-10 mody koaebanuii. Topcuonnas cobcmeennas moda pesonamopa umeem munumanvviti TKY = —40 ppm/°C. Paccuumannwie
3HAYEeHUs] NEPEMEHHbIX eMKOCImell Npu MaKcumansHom cmeuwenuu cocmasuau 70,5 .

Karoueewie caoea: MOMC, maxpomodeauposanue, mopCUOHHbLI Pe30HAMOP

BBenenune

YucaeHHOe MOIETMPOBAaHUE UTPAET KITIOUYEBYIO POJIb
B Ipolecce pa3paboTKu MUKPOCUCTEM U UCIIOJIb3YeT-
cs He TOJIBKO KaK CPEACTBO IMPOEKTUPOBAHUS, HO U B
KayecTBe MHCTPYMEHTA IJisg aHajiu3a B3aUMOJEHCT-
BUS Pa3IMYHbBIX (PU3UYECKUX MTPOLECCOB U MOBEACHMUS
cucteMbl B LieqoM. Ha ¢u3znyeckoM ypoBHE MOAEIM-
POBaHMSI KOMIIOHEHTbI MUKPO3JIEKTPOMEXaHUYECKUX
cucteM (MOMC) onuchIBalOTCs CBSI3aHHBIMU IUdde-
pEHLMabHbIMU YPABHEHUSIMU B YAaCTHBIX MTPOU3BOI-
HBIX, KOTOPBIE PEIIaloTCsI, KaK MPaBUIO, C TTOMOIIBIO
MeTo/la KOHEUHbBIX 2JIEeMEHTOB. [leTaqbHasi KOHEYHO-
BJIEMEHTHAs MOZEJTb MOKET COMEPKaTh O0Jiee HECKOb-
KHX COTEH ThICSIY CBSI3AaHHBIX Y3JIOB (HEU3BECTHBIX), U
pellieHWe TaKoW CHUCTeMbl MOXET 3aHWMaTb JJIUTENb-
HOE BpeMsl.

Ha sTane pa3zpabotrku HoBoro MOMC-ycTpoiicTBa
BO3HUKAeT HEOOXOAUMOCTh MoAOOpa pa3iuyHbIX Ma-
paMeTpoB 1 ONTUMU3AIMM MX MEXIy COOOM, B CBA3U
C YeM TOSIBISIETCS HEOOXOAMMOCTh CO3/1aHUsI KOMIAKT-
HOM MaKpOoMOJEeJIM, KOTopas CIIocCOOHAa 00eCcHeYyUuThb
JIOCTATOYHYIO TOYHOCTb PE3YJIbTaTOB.

B HacTos1ee BpeMsl HauboJee MIMPOKOe pacIpo-
CTpaHEHME IJisg MPOBEIEHUS CTPYKTYPHOrO aHaau3a
pasnuyHbix MOMC-yCcTpoiCTB MOJYYMIT METOJ MO-
JajgbHOM cynepno3uiu. B padorax [1—4] aToT MeToa
ObLT alanTHUPOBAH MJisI MOJEIMPOBAHMST CBSI3AHHBIX
MMKPOIJTEKTPOMEXaHUUYECKUX CUCTEM C IIEKTpOCTa-
TUYECKMM W MAarHUTHBIM YIIpaBjieHHeM. B kauecTBe
0a3uCHBIX (PYHKIUN B 3TOM METONE HCIIOJb3YIOTCS
COOCTBEHHbIE (DOPMBI KOJIEOAaHUIT MEXaHUYECKOTO MO/ -
BUXXHOTO 3JIEMEHTa CUCTEMBI.

Meton makpomoaenupoBanusd MOMC, ocHoBaH-
HBI Ha MOTAJILHOM CYTIEePIO3UIINY, OBLT BCTPOEH B T1a-
keTbl ANSYS/Multiphysics, IntelliSuite, MEMS Pro u
WCIIOJIB3YeTCS 151 reHepaluuu Makpomoneiaeit MOMC-
KOMITOHEHTOB TaKMMM KOMITaHUSIMH, Kak Bosch Sen-
sortec GmbH, Freescale/NXP u np. [S—12]. Kpome
TOT0, MaKpOMOJIeJIb, OCHOBaHHAasl Ha METOMIE MOJAJIb-
HOM CYNepno3uliin, XOPOILO MOAXOAUT IJIsi OMMCAHUS
u uHTerpauu MOMC-KOMITIOHEHTOB B CXEMOTEXHM-
YECKHEe U CUCTEMHbBIE MporpaMMHbie naketst MATLAB
Simulink, PSPICE, VHDL-AMS, VERILOG-AMS,
YTO TO3BOJISIET MO pe3yJbTaTaM MOIEIUPOBAHUS Olle-
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HUTb BBIXOJTHBIE JIEKTPUUYECKIE XapaKTepUCTUKH pa3-
pabaTtbiBaeMbix MOMC-yCcTpOiiCTB.

OmHUM U3 KITIOYEBBIX 3JIEKTPOHHBIX KOMIIOHEHTOB
B 00JIaCTM MUKPO3JIEKTPOHUKHM SIBJISTIIOTCSI KBaplieBbIC
pPE30HATOPhI, KOTOPbIE MCIOJb3YIOT B KaueCTBE 3aja-
IOIIUX 2JIEMEHTOB IJIs1 (OpMUPOBAHMST KOJIEOAaHUI CO
CTaOWJIbHOM 4YacTOTOM B reHepaTopax TaKTOBBIX MM-
myabcoB. OTHAKO HEBO3MOXHOCTh UX U3TOTOBJICHUS B
OJTHOM TE€XHOJIOTMYECKOM LIMKJIE C MHTEerpaJibHOM cXe-
MOU M TPYIHO pelllaeMble 3aauM MPU MUHUATIOpU3a-
LI TIPYBEIM K HEOOXOAUMOCTH CO3AaHUsI KpeMHUe-
BBIX MUKPOMEXaHUIECKHNX pe30HaTopoB. [Ipenmytiect-
BaMu MOMC-pe30HaTOpOB SIBIISIIOTCS BBICOKUI KO-
adPunmreHT Mexanndyeckoit gooporHoctu (100 000 u
OoJee), HU3Kasi BOCIIPUUMYMBOCTD K YAapHBIM 1 BUO-
pallMOHHBIM BO3AEHCTBUSIM, a TAKXKE€ BHICOKAsI TEXHO-
JIOTUYHOCTh B Mpoliecce nmpousBoacTsa. K HegocTar-
KaM OoJibiinHcTBA MOMC-pe30HaTOpOB MOXKHO OT-
HECTH HU3KYI TeMIepaTypHyl0 M YacTOTHYIO CTa-
OUJIBHOCTD, a TakKe cjaaboe MoaaBiIeHUe IITYMOB.

ITpoGaeMbl, CBA3aHHBIE C YMEHbIIEHUEM TeMIIe-
paTypHOTro Ko3(p(uUMeHTa YacTOThl, YCIIEIIHO YCT-
pPaHSIOT 32 CueT MPUMEHEHUsI HOBbIX KOHCTPYKTOPC-
KHUX peIlleH’, a TaKXXe TEXHOJIOTUIECKNX ITPOIIECCOB
BaKyyMUPOBaHUS U TepMETU3ALINU KPEMHUEBBIX TIJIac-
THH Ha 3Tare TPYIIOBBIX OMepaIii TEXHOJIOTMIeCKO-
ro MapllipyTa M3rOTOBJI€HHUS, YTO IO3BOJISIET PE3KO
CHU3UTh CTOUMOCTb MOMC-pe30HaTOpOB U B TO XKe
BpeMsl MOBBICUTh BPEMEHHYIO CTaOUJIbHOCTb YaCTOTHI.

Lenb naHHO# pabOThl — paccMOTpeHHUe IMpoliecca
reHepalu U UCMHOJb30BaHUS MaKpOMOIEIU Ha OCHO-
Be MPUHIMIA MOJAJbHON CYNEePNO3ULIMU IJIsl OLIEHKU
BBIXOJIHBIX XapaKTePUCTUK KPEMHHUEBOIO MUKpOMeXa-
HUYECKOT0 TOPCMOHHOTO pe30HaTOpa C 3JeKTPOCTaTH -
YEeCKHUM BO30YXKICHHUEM.

1. Teopus

DreKkTpoMexaHU4YecKasi MoJe]Ib pacCMaTPUBaeMOro
MBOMC-pe3oHaTopa mpencTabieHa Ha puc. 1. I1puH-
LIMIT pabOThI YCTPOMCTBA 3aKJIIOYAETCS B CICIYIOLIEM.
IIpu mopaye rnmepeMeHHOro YIpPaBJISIIOIIETO HaIpsixke-
Huda V;, Mexny snekrporamu I u 2 OABUXKHAsA 4acThb
pe3oHaTopa (MUKpoOaika) cMellaeTcsl mofd AeiMCTBU-
€M 3JIEKTPOCTaTUYECKO CUJIbI MPUTSKEHUS f el g pe-
3yJIbTaTe 4ero u3MeHsorcsa emkoctu Cip u Cy3. Eciau
Ha TIOABWKHBINA 3JIEKTpoA [ TOJAaBaTh MOCTOSIHHOE
HalnpsKeHue cMelleHus V., To 4epe3 ayekrpoa 3
Ha4YyHET MpOoTeKaTb TOK, MPOIMOPLUOHAIBHBINA CKOPO-
CTU JBUXKEHUS KoJiebmoleiicss Mukpoobanku [13].

JnHaMuuyecKkoe ypaBHEHHUE, OIMCHIBAIOIIES MaH-
HYIO CTPYKTYPY C 3JEKTPOCTAaTUYECCKUM BO30OYXICHU-
€M, B MOJAJIbHBIX KOOpJAWHATAX JJISI i-ii MOJIbI B O0LLEM
BUJE MOXET OBITh BBIpaXKEHO Kak [3]

. . 1 !
Mg, +dig; + £ = £+ £, (1)
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Puc. 1. CrpyKkrypHas MoJeJib 3JEKTPOMEXAHHYECKOTO Pe30HATOPA
Fig. 1. Structural model of the electromechanical resonator

rae M; — mMopanbHasa macca; d; — MOJalIbHbIA KO3(-
(buuueHT neMbupoBaHus; g{f) — CMEILEHHUE i-ii MO-
nbl (MomaiabHasl amrunTyna); " — cuiia yrpyroct;
fe! — BHelIHsIS cyIa, HAIIPUMep MexaHudyeckas BUO-
panus.

B cBoto ouepenb cuia ynpyroctv MOXeT ObITh Ipe/ -
cTaB/ieHa KaK fl.'m = au;sﬂf

q;

JedopMaliy yIPYyroro 3JeMeHTa CUCTeMBbI. DIeKTPO-
cTaTUyecKasl Cijia B CHCTeME MOXET OBITh TIpEeICcTaB-

oC
JIeHa KakK fiel = 17w
2 0q;

TpUYECKMEe TOTEHLIMAIBI Ha 3JIeKTpomax k W [ cooT-
BETCTBEHHO; C;; — MEX3JIEKTPOIHAs EMKOCTb.
MonanbHble aMIIUTYABL ¢,(f) ONpPENesioT CTPYK-

TYPHBLIC CMCIICHUA U, KOTOPLIC B CJay4dyac IJId 4YucCja
MO m OIMUCBLIBAIOTCA YPAaBHEHUEM

, rne Wgpng — oHeprus

Vi — V1)2, rae V,u V; — snex-

Ll(x, Y, 4 t) = uref+ _§1¢i(xa Vs Z)qi(t)s (2)

TI€ U,,r — HAYAIBHOE CMEIIEHNE CTPYKTYPBI; {0 —
COOCTBEHHbBIE BEKTOPA 3JIEKTPOMEXaHUUYECKOW MO
MUWKPOOAIKW; 71 — YUCJIO MOJ KOJIeOaHWI TTpU pacyeTe.
MoganbHas XKeCTKOCTh K; OIpenessieTcs KaK BTO-
pasi yacTHas IPOU3BOAHAs OT 3Heprun Wepnp [6] Mo
COOTBETCTBYIONIEH MOJATBHON KOOpJAWHATE:

2
oW,
2
0q;

MopnanbHbie Macchl M; BEIYUCIISAIOT U3 OTHOLUEHUS
COOCTBEHHBIX YaCTOT ®; ¥ MOJAJIbHBIX KECTKOCTEH K;:
_ kK

M= —. 4

O,

MopanbHble K03GdULIMEHTB AeMIIDUPOBAHUA d;
OTpEeaEsIOT U3 MOAATbHBIX KOA(MUILIMEHTOB 3aTyXa-
HUA E;:




Kosdduunentsl 3atyxanus &; B caydyae BO3LyLI-
HOTO AeMIT(UPOBAHUS MOTYT OBbITh MOJYYEHBI U3 pe-
3yJIbTATOB YUCIEHHOTO MOACIMPOBAHUS THUAPOTa30-
JTUHAMUYECKUX MPOLIECCOB C MOMONIbI0 aHATUTHUYEC-
KMX METOJOB pacueTa MOoBeJeHUs ra3a B MajbIX 3a30-
pax MeXay CTeHKaMM, KOTOpbIe IBUXKYTCSI HOpPMaJIbHO
(cxaTue) Uiy TaHTeHIMallbHO (CKoJbxkeHue) [14, 15],
a TakKe HEMOCPEACTBEHHO U3 Pe3yIbTaTOB M3MEPEHUIA.

Kak BUIHO 13 MpOBEACHHOIO aHa/lIu3a, ypaBHEHUE
(1) onuchIBaeT MeXaHMUYECKYIO MOJIe/Ib paccMaTpuBa-
€MOli CUCTeMbl. YpaBHEHME, ONUCHIBAIOLIEE DJIEKTPU-
YECKYIO YaCTh MOJEJIH, ONPENEIsIeTCs: TOKOM [;, KOTO-
phIii MpoMopLMOHAaTeH KOJIMYecTByY 3apsaaa Q;, mpore-
KalolIero B eAMHUILY BpeMEHU, U MOXET ObITb BbIUMC-
JIeH 110 opmye

00; 0Cy,. . .
=== [%ﬁqm V=V + CVie =V |- (6)
m
Takum obOpazom, nuddepeHIraIbHbIe YpaBHEHUS
(1) u (6) onpenesnaoT MaKpOMOJIeJb, KOTOpasi OTIUCHI-
BaeT HEJMHEIHYI0 TMHAMUYECKYI0 MUKPOMEXaHUYeC-
KYIO CUCTEMY C 3JIEKTPOCTATUYECKUM YIPABIECHUEM.

2. I'enepanus MaKpomojeJn pe3oHaTopa

I'enepaliuss MakKpoMoelu BBIMOJHSETCS YUCTOBOM
BbIOOPKOI MTaHHBIX U MOCJEIYIOlIed alnpoKCUMal-
el pe3ynbraTtoB [3]. Ha kaxmowm 1rare mocjeaoBaTeb-
HO BBITIOJIHSIIOT CTPYKTYPHBIN, 2JIEKTPOCTATUUECKUI
M ra3oMHaAMMYECKUI aHaIu3bl CUCTeMbl. YTOOBI BbI-
4UCIUTE SHepruIo nepopmaunu Wepne(qy, 4o, -, 4,,)
B CTPYKTYpPHOH 00JIaCTH, K MUKPOCTPYKTYpe MpHUKIa-
JIBIBAIOT CMEILEeHUSI B BUIE JIMHEWMHOU KOMOUHaUWU
BBIOpaHHBIX COOCTBeHHBIX (hopM. Hampumep, B ciy-
yae 7 2JIEMEHTOB Ul KaXJIO# MepeMeHHOi ¢; obuiee
YKCJIO OPTOrOHAIBHBIX TOYEK BLIOOPKU paBHO r™. I1pu
5TOM Ha KaXJOM Ilare MoJIeJUpOBaHUsI BHIMOJIHSETCS
JIMHEWHBIN 3JIeKTPOCTaTUYECKUI aHaIU3, YTOObI BbI-
YUCIUTh MEX3JIeKTpoaHble eMKOoCcTU Cy/(qy, 4y, ..., q,,)
B J1€(OPMUPOBAHHON MEX3JIEKTPOAHOI 001aCTH.

MukpomexaHUYeCKUii pe30HaTop, paccMaTprBae-
MBI B JaHHOU paboTe, ImpeacTasiisieT codoit nudde-
pPEeHLMATbHBII MUKPOKOHIAEHCATOP, U3TOTOBJIEHHBIMN
Ha CTPYKType KpeMHUuil Ha usossitope. IlonBukHas
4yacTh pe3oHaTopa (MUKpOOaJiKa) U3rOTOBIIEHA MyTEM
aHM30TPOIMHOTO XUAKOCTHOIO TpaBJeHNSI MOHOKPUC-
TaJUIMYEeCKOTO KPEMHUSI, a HETIOABMIKHBIC YIIPABIISIO-
MU U 4yBCTBUTEbHBINM 3JEKTPOJbI, BBITOIHSIOLINE
(byHKIIMIO BJIEKTPOCTATUUECKOTO BO30YXXAEHUS KOJie-
0aHuUli U U3MEPEHUST aMIIUTYIbl CMEILICHUSI MUKPO-
0ajnKM, COOTBETCTBEHHO, C(DOPMUPOBAHBI U3 TOJU-
KpeMHUs1. BHenIHui Bua pe3oHaTopa ¢ yKa3aHUEM OC-
HOBHBIX MapaMeTpoB MpeacTaBieH Ha puc. 2. Ilpo-
(1L MoMepeyHoro ceueHusl MOABMKHOIO 3JIEMEHTa,
MNpeACTaBISIOIINI cOO0I paBHOOEAPEHHBINA TPEYTOJIb-
HUK, OBLI BBIOpaH B LieJISIX MUHUMU3aUMU 3¢ deKTa
JneMndUpoBaHUS U ITOCTHKEHUST Oojiee BHICOKOU Me-

UyBCTBUTENBHBIN
3NIEKTPOJL

i ’ Sense electrode 3
. & &/ o
| “”“15223“ |
§ N

Isolation layer
Mukpo6anka Anchor
Microbeam

Puc. 2. BHemHuii BUJ KpeMHHEBOTO PE30HATOPA C TPEYTOJIbHBIM MPO-
¢uieM nonepeyHoro cevyeHnus: MUKPOOAJIKH

Fig. 2. Silicon resonator with a triangular cross-sectional profile of the
microbeam

XaHWYECKON MOOPOTHOCTU IPU MCHOJb30BAHUU TOP-
CUOHHOM (8-i1) Monbl KojiebaHUt OTHOCUTEIbHO W3-
rubHoit (1-it).

OcHoBHbIE apaMeTpbl pe30HATOpa: JIMHA MUKPO-
O6anku / = 100 MKM; LLIMPUHA CTOPOHBI MUKPOOATKU
w, = 4,25 MKM; BbICOTAa MUKPOOAJIKU 7. = 3 MKM; BO3-
IyIIHBIN 3a30p gap = 500 HM.

ITogpoOHOe ommcaHne XapaKTEPUCTUK U TEXHOJIO-
TMU U3rOTOBJIEHUS ToOpcuoHHOro MOMC-pe3oHaTopa
MpeJCTaBIeHbl B padore [16].

2.1. BpiGop 0a30BbIX (PyHKIMId
JJI MEXaHUYECKOH MOoJeIu

MopanbHblii ¥ rapMOHHYECKMId aHaam3bl. Mone-
JIMPOBaHMWE CMELIEHUsSI MUKPOOAJIKU MOJ JeWCTBUEM
BHEIIHETO YIPAaBJSIOIErO HaIpsKeHUs! MPOBOASIT B
HECKOJIbKO 3TamoB. Ha mepBoM sTame B KayecTBe
OLIEHKU JMHAMUYECKOI XapaKTepUCTUKU pe30HaTopa
MIPUMEHSTIOT MOJAJIbHBIN ¥ TAPMOHWYECKU aHAIN3BI
¢ nomMouiblo makera ANSYS/Multiphysics. AHanu3
coOCTBeHHBIX (opM KoyiebaHUil (MOJ) MOABUXKHOIO
BJIEMEHTa Pe30HaTOpa BBITIOIHSIOT TSI OTpeaeIeHUS
JMHAMUYECKUX XapaKTEPUCTUK U TPOBOIST HA OCHOBE
pE3yNIBTaTOB BIUSHUST BBIHYKICHHBIX MEXaHWUECKUX
KoJIeOaHUi B 3alaHHOM IMara3oHe 4yacToT. B rapmo-
HUYECKOM aHaJIN3¢ MOXHO TOJYYNUTh BUI aMILTUTYI -
HO-YaCTOTHOM XapaKTepucTuku (puc. 3, a), ISl 4ero
HEeoO0XOAUMO YCTAaHOBUTH 3HAUCHUE BO3ICHCTBYIOLLIECH
SKBUBAJICHTHOM HArpy3ku, B 3aBUCHMOCTH OT THUIIA U
aMIUIMTYIbI KOTOPOl MOXHO pPacCUMTaThb COOTBETCT-
BYIOIIMI TIPpOrMO TMOABMXXHOK 4YacTM pe3oHaTopa —
MUKPOOAIKU.

KoHeuHo-p1eMeHTHas1 CTPYKTypHasi MOJejlb pac-
CMAaTpUBAEMOro B TaHHOW paboTe pe3oHaTopa Colep-
Kana okojo 10 000 BocbMUY3JIOBBIX OOBEMHBIX BJIe-
MeHTOB. B kauecTBe MaTepuaja Mpu MOAEIUPOBAHUU
ObLT BBIOpAaH aHU3OTPOITHBI KPEMHUU C YIPYTUMU
CBOIMCTBAMU B COOTBETCTBUHU C OMMCAHHOUN TEXHOJO-
rueii usroropieHus. Ha puc. 3 4uciioBble 3HaYEHUS
COOCTBEHHbBIX KOJIeOaHUI OTMEUYeHbl MyHKTUPHBIMU
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W3 pesynbTaToB pacueTa Cjemy-

JlaBnenue
Pressure

P:If)sin(oat!

€T, YTO TeMIepaTypHble 3aBUCUMOC-
TH COOCTBEHHBIX YAaCTOT pe30HATOpa
SIBJISIIOTCSl JIMHEHHBIMU (YyHKIIUS-
MU TeMITepaTypbl. 8- TOPCUOHHAS
CcOOCTBEHHAas1 MOJIa KOJIe0aHWIA MUK~
pobanku siBJisieTcsl paboueil Moo

b)

1YcKkopeHHe
Acceleration

16"} |a=a,sin(o ¢ ﬁ

Awmmuutyna u, MkMm - Amplitude u, um

JUISI TAaHHOTO pe30oHaTopa U MMeeT
muHuManbHbli TKY = —40 ppm/°C
(puc. 4, b).

TecroBasa narpy3ka. [Ipu aBroma-
TUYECKOM BbIOOpE HEOOXOAUMBIX
MOJ JUII MaKpOMOJEIU PeKOMEHIY-

20.0
Frequency, MHz

10.0 15.0
Yacrora, MI'11,

Puc. 3. AMIUIMTYTHO-4ACTOTHBIE XaPAKTEPUCTUKH MOJBIKHOTO 3JIEMEHTA Pe30HATOPA MPH
BO3IEHCTBAM: JEKTPOCTATHYECKOTO IABJeHHS (@), BHEIIHET0 MEXAHHYECKOTO YCKOPEHHS

ammmatynoit 100g (b)

Fig. 3. Amplitude-frequency characteristics of the mobile element of the resonator under the
influence of: electrostatic pressure (a), external mechanical acceleration by amplitude of 100g (b)

BePTUKAJIbHBIMU JIMHUSAMU. AMIUIUTYIAa CMEIIEHUS B
3aBUCUMMOCTHU OT YacCTOThl Ompeaessiach B Touke R
(cMm. puc. 2). Kak BugHo, goMmuHupyiommmu B AYX
IUTSL YKa3aHHOM TOYKM SIBIISIOTCS 2-, 6- U 8-s1 MOJBI.
Bo3zneiicTBue BHEIIHEI0O MEXaHMYECKOTO YCKOPEHMS
amruiuTynoii 100g mpakTUYeCcKu He OKa3bIBaeT BJMSI-
HUs Ha 8-10 pe3oHaHCHylo moay (puc. 3, b), Tak Kak
COOTBETCTBYIOILIEE CMEILEHUE KpaitHe MaJo.

Ha puc. 4 npuBeaeHbl HOPMUPOBAHHbIE 3aBUCUMOC-
TH COOCTBEHHBIX YacTOT MOABUXKHOTO 3JIEMEHTa Pe30-
Haropa oT Temmneparyphl (puc. 4, a), u TeMrepaTypHbIe
KO3(ppULIMEHTH COOCTBEHHBIX YacTOT pe3oHaTopa
(puc. 4, b), paccuntaHHbIe C y4eTOM KO3(P(PUIIMEHTOB
JIMTHEWHOTO TETIJIOBOTO PACIIMPEHUS ¥ TEMITePaTypHBIX
3aBUCUMOCTEl YIPYrux KOHCTaHT [17].

: 1.00 Mozxa - Mode }
3 4 5
| S’ 1
, 0.98 RN |
: S 00 |
S,
' 0.96 = ‘
: 5 o 200 | :
£ @)
: = 094 & 300 | l
| \ U |
| -400 | I
, 0.92 OE |
| E |
g -500
I o \
' 00 = -600 ‘
| - |
| 088 M |
! 50 0 L 5 100 & 700 - |
I . |
| |
I a) b) [

€TCS  WCIIOJb30BaTh  CTaTMUYECKYIO
TECTOBYIO HArpy3Ky, IeHCTBYIOLILYIO
Ha MMKpPOOaKy. st 3TOro MOXHO
HCIIO/Ib30BaTh 3KBUBAJIEHTHOE 3JICK-
TpocTaTUUeCcKoe AaBlieHHe (puc. 5)
¥ TIPOBOAUTH TOJBKO CTPYKTYpPHBIN
aHaJIu3:

_ 8 ( V?
=3 (—-) .
gap

B npocteitiiieM ciayyae npud HampsoKeHUM CMe-
weHus V' = 10 B u 3HayeHWM BO3AYLIHOTO 3a30pa
gap = 500 HM, 2JIeKTpOCTaTUYECKOE NaBJIEHUE COCTa-
sut P, = 1,77 xlla.

IMosHbBIN nMana3oH nepeMelleHrs pe3oHaTopa Ju-
MUTHUPOBAH BO3AYILIHBIM 3a30POM gap MeXIYy 2JIeKTpPO-
JaMM U B pacCMaTpUBaeMOI KOHCTPYKIIMU COCTABJISIET
0,5 MxMm. B nuHelitHOM pexume paboThl MeXaHUUYeC-
KHe TIepeMeIeHMs TTIOABMKHOTO 3JIeMEHTa Pe30HaTO-
pa J0JKHBI ObITh MaJIbl IO CPABHEHUIO C 3TUM 3230POM,
T.€. JOJKHBI COCTABJISATh €AMHULILI HAHOMETPOB U Me-

Hee, 4TO MonTBepkmaeTcs TpuBemeHHOM AYUYX (cMm.
puc. 3, a).

(7)

Puc. 4. TemnepatypHbie XapakTepUCTHKH COOCTBEHHBIX YACTOT PE30HATOPA: ¢ — TEMIIEPATYpHbIE 3aBUCUMOCTH COOCTBEHHBIX YaCTOT Pe30-
Hartopa; b — TemnepaTypHble KOAh(OUIUEHTH COOCTBEHHBIX YaCTOT pe30HATOpa

Fig. 4. Temperature characteristics of the own frequencies of the resonator: a — temperature dependences of the own frequencies of the resonator;

b — temperature coefficients of the own frequencies of the resonator
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Puc. 5. TecroBasi Harpy3ka: 3JIeKTPOCTATH-
YyecKkoe AaBjeHHe

Fig. 5. Test load: electrostatic pressure

Pacuer MomanbHbIX (haKTOpOB.
OObIYHO JUIs1 pacueTra JO0CTaTOYHO
HCIOJIb30BaTh 2—3 MOJbI IJIs1 MOJTy-
YeHUs pelleHUs ¢ 3aJaHHON ToT-
pewrHocThio, Hanpumep, 0,1 %. Ha
puc. 6 (CM. BTOPYIO CTOPOHY 00JTOXK-
K1) M300paxkeHsbl 2-, 6- U 8- cob-
CTBeHHBIE (DOPMBI KOJeOaHWI YII-
pYyroro sjeMeHTa, a B TaOJIHUILIe TIpU-
BelleHa MHGOopMaIMs O BbIOPaHHBIX
0a30BbIX (PYHKLMSIX.

2.2. Pacuer sneprum aedopmanun

Ha puc. 7 (cM. BTOpyI0 CTOPOHY
00J10XKH) TTOKa3aHa pacCYyMTaHHasI
3aBUCHMMOCTh BJHEprum nedopma-
. Wepyp OT MONAJIbHBIX Iepe-
MeLeHnt ¢y, g, U g3, KOTOpas
anmnpoKCUMUPOBAIACH MOJUHOMOM
BTOpO# cTerneHu (JUHeHHasT Mo-
Jgelb). OuoKa anmpoKCUMaluyl He
npessiiaer 0,1 %.

2.3. Pacuer eMKocTeii

[nsa BEIYMCIIEHUS] eMKOCTel pe-
30HaTopa ObLT MCIOJIb30BaH METO[
IPAHUYHBIX BJIEMEHTOB, peaiu30-
BaHHBII B IPOTrPpaMMHOM IaKeTe
Fastcap [18]. Ha puc. 8 (cM. BTopyio
CTOPOHY OO0JIOKKM) TPUBEIACHBI pac-
CUMTaHHbIE 3ABUCUMOCTU MEXDJIEKT-
ponHbix eMkocreit Cr(qy, ¢, 43),
Ci3(q1, 92 43) m Cy3(q1, G2, 43),
MpU 3TOM HOMMWHAaJbHbIE €MKOCTHU
umerot 3HayeHus C,(0) = Cy3(0) =
= 70,5 D, Cx(0) = 35,8 dD.
M3 reomerpum MomenM Cleayer,
yro ¢yHkuun Ciy(qy, ¢, q3) 4
C13(4q1, 42, 93) AaHTUCUMMETPUYHBI.

3. MoaeaupoBanne pe3oHaTopa

HMcnonb3yss  TOJydeHHbIE B
na. 2.2 u 2.3 3aBUCUMOCTU [ie-
dopMalnii 1 eMKOCTEl TTOABUXKHOIO
3JIeMEHTa PEe30HaToOpa, MOXHO pe-
LIUTh cUCTeMy AUddepeHInaATbHBIX
YPaBHEHUI B CXEMOTEXHUYECKOM TTa-

| | |
| | |
| | |
| | modal damping forces |
»
I I v ; ] I
I I a) H + —-)| ::: > - > - (1) !
I ! fm_ext g . q_out !
| | » modal accelerations atov vtou |
| | |
| Matlab |
| Function |
| modal reaction forces |
| |
I dac ) I
| Fel constant Y q_in |
fm_ele ¢ atlal
! b X Function @ I
| ) - ¢ |
| Capacitance |
I Matlab !
! Function [
| |
| Charge Q Qtol |
| |
X N
| @ > P du/dt —-} |
| i_out |

Puc. 9. Makpomozness B MATLAB/Simulink: ¢ — 6;10K-cxema IBOHHOTO MHTETPUPOBAHUS
NIMHAMUYECKOTO ypaBHEeHUs paBHOBecHsI (1), b — OI0K-cxema JIEKTPUIYECKON YacTu IJIst
OIHOM €MKOCTH

Fig. 9. The macromodel at MATLAB/Simulink: a — double integration flowchart of the
dynamical equation (1), b — electrical unit flowchart for a single capacity
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Puc. 10. AMIUIATYJHO-YACTOTHDbIE XAPAKTEPUCTHKH PE30HATOPA: ¢ — 3aBUCUMOCTb aMILIM-
TyIbl CMELLEHMUSI TTOABMXHOTO JIEKTPOJA U, OT BpEMEHH; b — 3aBUCUMOCTb AMILTUTY/IbI Me-
XaHWYECKUX KOJIeOaHMii U, OT YACTOTbI; ¢ — 3aBUCMMOCTH aMILINTY. 2-1i, 6-11 1 8-ii cobeT-
BEHHBIX (POPM KOJIeGaHU OT YaCTOThI

Fig. 10. The frequency responses of the silicon resonator: a — time dependence of the movable
electrode magnitude u,, b — frequency dependence of mechanical oscillation u,, ¢ — frequency

dependence of 26" and 8" modes

ITapameTpsl BoIOpaHHBIX §a30BbIX (HyHKIMIA
Parameters of selected base functions
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Mopnanb- | HactoTel cobctBeH- | Monanb- | Pabouwmii | MoganbHas M
o - oIaabHas
Hast HBIX KojJieOaHMiA, | HBIA (pak- | Ouama- | JKeCTKOCTb M
i| dopma MIu Top, % |30H, MkM| K, H/M p;l‘;czal » KT
Modal Eigen frequencies, Modal Operating | Modal stiff- OA; I;n ass
Sform MHz factor, % | range, um | ness K, N/m » K8
1 2 2,62 95,8 0,470 1592 |0,5874-10712
2 8 22,38 2,8 0,007 4052,0  |0,2049-10712
3 6 13,91 1,4 0,017 4958.6 0,6492 - 10712
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kere, Hanmpumep B nakere MATLAB/Simulink, pns
MOJly4YeHUs BBIXOAHBIX XapakTepucTuk. Ha puc. 9, a
n300paxkeH (pparMeHT 0JI0K-CXEMBI JJIsI JBOMHOIO MH-
TerpupoBaHusl ypaBHeHUs (1), KOTOpoe OIucChIBaeT
MexaHM4YecKylo JyacTb pe3oHatopa. Ha puc. 9, b npu-
BeleHa OJIOK-CXeMa DJIEKTPUIEeCKOi YacTh, MOIEIUPY-
folleli ypaBHeHHe (6) i ogHOM eMKkocTH. [lomb3oBa-
tenbckue ¢yHkuuun MATLAB Function MCIOIb3yloT
JIJIS1 pacyeTa BEeKTopa CUJI YIIPYToCcTH { fll " , lem , f3mt }T,
€MKOCTe# M X IIPOU3BOIHBIX HA KaXXIIOM BpeMEHHOM
1are.

CBs3b MEXIy MEXaHWYECKUM W 3JIEKTPUUYECKUM
JIOMEHaMU OCYILECTBJISIETCSI TMOCPENCTBOM BeKTOpa
sJIeKTpocTaTuueckux cui fm_ele = { fle ¢, fze ¢, f; ¢ }T,
BbI3BAHHOIO BEKTOPOM MOJAJbHBIX IepeMelleHU
g out = {q;, 4, q3}T. BekTop anekTpocTaTUYEeCKUX
cunt fm_ele, nmpukaabiBaeTcsl Yepe3 cymMmarTop K Mme-
XaHUYECKOMY JTOMEHY.

ITo pesynbraTaM MoOIEIMPOBAaHUS TTPOBEAECHA OLICH-
Ka HampsKeHUS CXJIOTBIBAHMS, KOTOPOE TS YKa3aH-
HBIX NapaMeTpoOB KOHCTpYKLIMU cocTtaBuiio 84 B. Ha
puc. 10 mokazaHbl BbIXOJAHbIE XapaKTEPUCTUKU PE30-
HaTopa MpHU Mojaye Ha BXOJ MepeMEHHOIro Hampske-
HUS aMIuUIMTynoil 5 B 1 yactoTtoil, u3ameHsoleics B
nuanazoHe 0...30,0 MTI'u. 3aBUCUMOCTb aMILIUMTYIbI
CMELUEHUS TIOABMKHOTO 3JIEKTPOAA U, OT BPEMEHU
npuBeneHa Ha puc. 10, a. Ha puc. 10, b u ¢, coorBeTCT-
BEHHO, TTOKa3aHbl 'paUKHU 3aBUCHMOCTE aMILIUTY-
Jbl MEXaHUYECKUX KOJIEOaHUI u, U aMIUIUTY/l BTOPOWA,
LIECTOM ¥ BOCBMOI COOCTBEHHBIX (DOPM KOJIeOaHUI OT
4YacTOThI, MOJYyYEHHbIE MMOCPEACTBOM aJITOPUTMA ObIC-
Tporo mpeobpazoBanus Pypre.

3akioueHue

PaspaboraHa KoMIakTHass MaKpOMOJIeJb TOPCUOH -
HOTO pe30HaTopa, yUUThIBaIOIas HEJIMHEHOE 3JIeKT-
pocTaTuuyeckoe B3auMoaeiicteue. OnucaHa rpoueay-
pa ompezeseHuUs MapaMeTpoB MaKpOMOJEIN, IToKa3a-
Hbl BO3MOXHOCTM €€ MCIIOJIb30BaHUS ISl aHaIu3a
MUKpOMEXaHMYEeCKOro peszoHaropa. PaszpabortaHHas
MOJIeJIb HAaXOAUTCSI B CBOOOAHOM aocTyrie [19].

Makpomoaenb MOXeT ObITh MCIIOJIb30BaHAa IS

— OIpeaeJeHus] CTaTUYECKUX U JTUHAMUYECKUX
XapaKTepUCTUK (CTaTUYECKUIA MPOTUO, HAIpSKeHUE
CXJIONIBIBAaHUSI, BOJIbT-aMIIEpHas, BOJbT-¢apamHasi,
aMILIUTYIHO-YaCcTOTHasA, ($a304acTOTHAsI U TIepexo/-
Hasl XapaKTepPUCTUKU, OTKJIMK Ha TECTOBBII CUTHAI);

— MOJEJIUPOBaHUS PadOThl B COCTaBE U3MEPUTEb-
HOI CXEMBI,

— OLICHKM BJIUSIHUS TEXHOJOIMYECKUX IapaMeTPOB
[11] (oTKIOHEHUSI TeOMETPUUECKUX pa3MepOB, OCTa-
TOYHBIX MEXaHUYECKUX HANPSLKeHUN U 1Ip.).

Ha ceromHsiluHUl neHb pe3yabTaTbl MOIEIUPO-
BaHUSI U aHaJM3a BBICOKOUYACTOTHBIX XapaKTEPUCTUK
3D-cTpykTyp obecnieunBaroT 80 %-HYI0 CXOOIUMOCTD C
9KCIIEpUMEHTATbHBIMU JAHHBIMM, YTO MO3BOJISICT 1111 -
POKO BHEAPSTH UCITOJIb30BaHKE JAHHOTO MOAX0a MPU
pa3paboTKe BBICOKOYACTOTHBIX MM C-KOMITOHEHTOB.
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PaccMoTpeHHBIIT MeTOn MOAETUPOBAHUS MOXKET
OBITH TIPMMEHEH K aHaJIN3Yy IIMPOKOro Kjiacca MOMC-
YCTPOMCTB C MOABMXXHBIMU DJIEMEHTAMU — MUKPO3€ep-
KaJl, *THEpLIMAJbHBIX CEHCOPOB, €MKOCTHBIX M rajbBa-
HUYECKNX KOMMYTAaTOPOB.
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The article presents an engineering analysis of MEMS using macromodeling based on the modal superposition method in the
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Introduction

Numerical modeling plays a key role in the develo-
ment of microsystems and it is used both as a design
tool and as a tool for analysis of interaction of various
processes and behaviour of the system as a whole. At the
physical level of modeling the components of the mi-
croelectromechanical systems (MEMS) are described
by partial differential equations which, as a rule, are
solved by means of finite-element method. A detailed
finite-element model may contain more than several
hundred thousand nodes (unknown) and a solution to
such a system can take a lot of time.

At the stage of development of a MEMS device
there is a necessity for selection of parameters and their
optimization among themselves and there is a necessity
for creation of a compact macromodel which can en-
sure accuracy of the results.

The most widespread method for a structural anal-
ysis of various MEMS devices is the method of modal
superposition. In [1—4] this method was adapted for
modeling of the MEMS with electrostatic and magnetic
excitation. As the basic functions the eigen forms of the
mechanical movable element of the system are used.

The method of macromodelling of MEMS based on
modal superposition is implemented in ANSYS/Mul-
tiphysics, IntelliSuite, MEMS Pro packages and is used
for generation of macromodels by such companies as
Bosch Sensortec GmbH, Freescale/NXP, etc. [5—12].

Besides, the macromodel based on the method of mo-
dal superposition suits well for description and integra-
tion of MEMS components into the circuit and system
software packages of MATLAB Simulink, PSPICE,
VHDL-AMS, VERILOG-AMS, which allows us to
evaluate the output electric characteristics of the devel-
oped MEMS devices by the modeling at system level.

Among the key components in microelectronics are
the quartz resonators used the mechanical resonance of
a vibrating piezocrystal to generate electrical signal with
a stable frequency in the clock generators. Difficulties
of their integration with a silicon integrated circuit and
big problems with their miniaturization resulted in the
necessity for development of the silicon micromechan-
ical resonators. The advantages of the MEMS resona-
tors are a high mechanical Q factor (100 000 and more),
a low susceptibility to shocks and vibrating influences
and also a high adaptability to manufacture. Among the
drawbacks of the MEMS resonators are a low temper-
ature and frequency stability and weak suppression of
noises.

The problems connected with the reduction of the
temperature coefficient of frequency are successfully
resolved due to using new design solutions and also vac-
uumization and wafer-level packaging which allows to
reduce the cost of the MEMS resonators and to raise
the frequency time stability.

The aim of the given work is detail description of the
macromodel generation process and use of the macro-
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model based on the principle of a modal superposition
for estimation of the output characteristics of the silicon
micromechanical torsion resonator with electrostatic
excitation.

1. Theory

Structural model of the considered MEMS resona-
tor is presented in fig. 1. Principle of operation of the
device: when variable control voltage V;, is supplied be-
tween electrodes 7 and 2 the movable part of the reso-
nator (microbeam) is displaced under the influence of
electrostatic force of attraction f el, as a result the ca-
pacitancies Cj, and C;5 are changed. If dc voltage V.
is applied to movable electrode / the current propor-
tional to the velocity of movement of the vibrating mi-
crobeam will flow through electrode 3 [13].

The dynamic equation describing the movable
structure with the electrostatic excitation in the modal
coordinates for i-mode can be expressed in the follow-
ing way [3]:

. . 1 !
]Wiqi +diq1' +f,'mt =fie _+_fiext’ (1)

where M; is the modal mass; d; is the modal damping
coefficient; g{#) is the i-mode displacement (modal
amplitude), /" is the elastic force, £ is the external
force, for example, a mechanical vibration.

In its turn the elastic force can be presented as

gint — Wsene

, where Wgpyp is the strain energy of

1 aql
the elastic element. The electrostatic force in the system
oC
can be presented as fl-el = % —é;lil Vi — V,)z, where V),
i

and V; are the electric potentials on electrodes k and /,
correspondingly, C,; is the interelectrode capacitance.
Modal amplitudes g/7) determine the structural dis-

placements u which in case for the number of modes m
are described by the following equation:

ux, y, 2, ) = e + .:Zlcb,-(x, ¥, g0, )

where u,,ris the initial displacement of the structure;
{¢;} is the eigen vectors of the electromechanical model
of the microbeam; m is the number of modes of fluc-
tuations during calculation.

Modal stiffness K; is defined as the second derivative
of strain energy W¢pyg [6] on the corresponding modal
coordinate:

2
oW,
K= —LL 3)
0q;
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Modal masses M; are calculated from the eigen fre-
quencies o; and modal stiffnesses K;:

K;
M= —.
®;

)

Modal coefficients of damping d; are defined from
the modal coefficients of attenuation &;:

In case of air damping the attenuation coefficients &;
can be received from the numerical modelling of the
fluid-structure-interactions (FSI) by means of the an-
alytical methods of calculation of the gas behaviour in
the small gaps between the walls which move normally
(squeeze) or tangentially (sliding) [14, 15] and also di-
rectly from the results of measurements.

The equation (1) describes the mechanical model of
the considered microelectromechanical system. The
equation describing the electric part of the model is de-
fined by current ijhich is proportional to the time de-
rivative of electric charge Q,, and can be calculated in
accordance with the following formula:

00; 0Cy,. . .
= E! = K%@qm V=V + Co(Vie= VD |- (6)

Thus the differential equations (1) and (6) define the
macromodel which describes the nonlinear dynamic of
microelectromechanical system with an electrostatic
control.

2. Generation of the macromodel
of the microresonator

Generation of the macromodel is carried out by a
numerical data sampling and the subsequent approx-
imation of the results [3]. Each step is consistently
accompanied by a structural, electrostatic and FSI
analyses. In order to calculate the deformation energy
Wsenidys 4, - 4,,) in the structural domain, the dis-
placements in the form of a linear combination of the
selected eigen forms are applied to the microstructure.
For example, in a case of r elements for the variable g;
the total number of the orthogonal points of sample is .
At that at each step of modelling a linear electrostatic
analysis is done to calculate the interelectrode capaci-
tances Cy (4, 47, --., 4,,) in the deformed interelectrode
area.

The micromechanical resonator considered in this
work is a differential variable capacitor fabricated on
the silicon-on-insulator (SOI) structure. The movable
part of the resonator (microbeam) is formed by aniso-
tropic wet etching of monocrystalline silicon while the
fixed control and sensitive electrodes which used for the
electrostatic excitation of vibration and measurement of
the amplitude of the microbeam displacement are




formed from a polysilicon. Appearance of the resonator
with the presented basic parametres (fig. 2). The profile
of the cross-section of the movable element, which is
an isosceles triangle, was chosen for minimization of
the damping effect and achievement of a higher me-
chanical quality factor at the use of the torsion (8th)
mode of vibration in respect to bending (1st). A detailed
description of the characteristics and manufacturing
technology of the torsion MEMS resonator is presented
in [16].

2.1. Selection of the base functions
for the mechanical model

Modal and harmonic analyses. Modelling of dis-
placement of the microbeam under action of the exter-
nal control voltage is carried out in several stages. At the
first stage the role of determination of the dynamic
characteristic of the microresonator is played by the
modal and harmonic analyses done by means of AN-
SYS/Multiphysics. Modal analysis is used for extrac-
tions of the eigen forms and eigen frequencies of vibra-
tions of the movable element of the microresonator in
order to select the basic functions for macromodel. In
harmonic analysis it is possible to obtain a view of the
amplitude-frequency characteristic (fig. 3, a) for which
it is necessary to establish the value of the influencing
equivalent load depending on the type and the ampli-
tude and to calculate a corresponding displacement of
the movable part of the microresonator.

The structural finite-element model of the micro-
resonator contained about 10 000 of eight-node volume
elements. The anisotropic silicon material model was
chosen corresponding to the described manufacturing
technology. Fig. 3 presents the numerical values of the
eigen requencies marked by dotted vertical lines. The
amplitude of displacement was defined at reference
point R (see fig. 2). As is visible for the specified point
the dominating amplitude-frequency characteristics are
the 2nd, 6th and 8th modes. Action of the external me-
chanical acceleration with the amplitude of 100 g prac-
tically does not render influence on the 8th resonant
mode (fig. 3, b) because the corresponding displace-
ment is very insignificant.

Fig. 4 presents the normalized dependnces of the ei-
gen frequencies of the microresonator’s movable ele-
ment on temperature (fig. 4, a) and the temperature co-
efficients of the eigen frequencies of the microresonator
(fig. 4, b) with account of the coefficients of linear ex-
pansion and the temperature dependnces of the elastic
constants [17].

From the results of the calculations it follows that
the temperature dependences of the eigen frequencies
of the microresonator are the linear functions of the tem-
perature. The eighth torsion vibration eigen mode of the
microbeam is the operating mode for the given micro-

resonator and it has the minimal TCS = —40 ppm/°C
(fig. 4, b).

Test load. In case of an automatic selection of the
modes, necessary for the macromodel, it is recom-
mended to use a static test load influencing the mi-
crobeam. For this purpose it is possible to use the
equivalent electrostatic pressure (fig. 5) and to carry out
only a structural analysis:

Po=2 (é))? (7)

In the elementary case at the voltage of displacement
V=10V and the value of the air gap gap = 500 nm the
electrostatic pressure will be P, = 1.77 kPa.

The full range of movement of the resonator is lim-
ited by the air gap between the electrodes and it is equal
to 0.5 micrometers. In the linear operating mode the
mechanical movements of the movable element of the
resonator should be small in comparison with this gap,
i.e. they should be equal to units of a nanometer and
less, which is proved by the presented amplitude-fre-
quency characteristic (fig. 3, a).

Calculation of the modal factors. Usually, for the
calculation it is enough to use 2—3 modes for obtaining
of a solution with a set error, for example, of 0.1 %.
Fig. 6 presents the 2nd, 6th and 8th vibration eigen
forms of the fluctuations of the elastic element and the
table presents information concerning the chosen base
functions.

2.2. Calculation of the deformation energy

Fig. 7 presents the calculated dependence of the
strain energy Wgpyg on the modal displacements ¢, ¢,
and g3, which was approximated by the polynomial of
the second degree (linear model). The error of approx-
imation does not exceed 0.1 %.

2.3. Calculation of the capacitances

For calculation of the microresonato‘s capacitanc-
es the method oft he boundary elements in Fastcap
software package [18] was used. Fig. 8 presents the cal-
culated dependences of the interelectrode capacitances
C2(q1, @2, @3), C13(q1, 42, 3) and Cy3(qy, 4, g3) at
that the nominal capacitances have the values of
C15(0) = C3(0) = 70.5 fF and C,3(0) = 35.8 fF. From
the geometry of the model it follows that Cy,(qy, 4,, ¢3)
and C|5(q,, 95, ¢q3) are antisymmetrical.

3. Modeling of the resonator

By using the strain energy and the capacitances
dependences of the movable element of the resonator
obtained in pp.2.2 and 2.3 it is possible to solve the
system of differencial equations in the circuit si-
mulator for obtaining of the output characteristics.
MATLAB/Simulink is used in this work for system lev-
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el simulation. Fig. 9, a presents a fragment of a block
diagram for a double integration of the equation (1)
which describes the mechanical part of the resonator.
Fig. 9, b presents a block diagram of the electric part
modelling equation (6) for one capacitance. The MAT-
LAB Function blocks are used for calculation of the
vector of the elastic forces { flmt, fzmt, f3lm }T capaci-
tances and their derivatives in each time step.

Connection between the mechanical and electric
domains is carried out by means of the vector of elec-
trostatic forces fm_ele = { flee, fze [e, f;le }T caused by
the vector of modal displacements q_out = {g;, ¢,, q3}T.
The vector of the electrostatic forces fm_ele is applied
through a summator to the mechanical domain.

Estimation of the pull-in voltage, which was 84 V for
the parameters of the design, was done by the results of
modeling. Fig. 10 presents the response of the micro-
resonator at the alternating voltage supply with the am-
plitude of 5 V and frequency varying in the range of
0...30.0 MHz. The dependence of the displacement
amplitude of the movable electrode u, on time is pre-
sented in fig. 10, a. Fig. 10, b and ¢, correspondingly,
demonstrate the diagrams of the amplitude of the me-
chanical displacement u, and the amplitudes of the sec-
ond, sixth and eighth eigen forms on the frequency ob-
tained by means of the fast Fourier transform.

Conclusion

A compact macromodel of the torsion microreso-
nator was developed taking into account the nonlinear
electrostatic interaction. The procedure for determina-
tion of the parametresis was described and the oppor-
tunities for its use for the analysis of the micromechan-
ical resonator were demonstrated. The model source
code is available for downloading [19].

The macromodel can be used for:

— determination of the static and dynamic charac-
teristics (static displacement, pull-in and pull-out volt-
ages, volt-ampere, volt-farad, amplitude-frequency,
phase-frequency and dynamic characteristics, response
to the test signal);

— modelling within a control/measuring system,;

— estimation of the influence of the technological
parameters [11] (deviations of the geometrical sizes, re-
sidual stresses, etc.).

The results of macromodeling of the torsion micro-
resonatior are in good agreement with coupled 3D sim-
ulation and the experimental data that allows to widely
recommend the given approach for development of
high-frequency MEMS components.

The considered method of macromodeling can be
applied to dynamic analysis of a wide range of MEMS
devices with movable elements — micromirrors, inertial
sensors, pressure sensors, microphones, Lorentz force
magnetometers, varactors and RF-switches.
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F’EHEPALIUSA TEPATEPLIOBOTO U3AYHYEHUA HU3KOTEMITEPATYPHBIMUA
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Memodom mepazepyoeoli cnekmpockonuu ucciedosana sggexmusrocms cenepayuu TIy-uznyuernus MyaomucioUHbIMU NieH-
xamu i-LT-GaAs/n-GaAs, évipaueHHbIMU MemMO00OM MOACKYAAPHO-AYHesol snumakcuu Ha nooroxckax GaAs ¢ opuenmayusmu
(100) u (111)A. l'enepauus Tly-uznyuenus npoucxodum npu o6ayHeHUU NACHOK (DeMMOCEKYHOHbIMU ONMUYECKUMU AA3ePHbIMU
umnynvcamu. Ioxaszano, ymo unmencuenocms Tly-uznyuenus om naenxu i-LT-GaAs/n- GaAs na necuneyasprou nooroxcke GaAs
(111)A ¢ 5,8 paza 6oavwe, yem om naenxu i-LT-GaAs/n-GaAs na cuneyaaprou noosodxcke GaAs (100). Ananroeuunvim 0b6pazom
uccaedosano Tly-uznyuenue om noonoxcex GaAs ¢ opuenmayusmu (100) u (111)A. Obnapysrceno, 4umo cueHas om NOOAONCKU

GaAs (111)A e 3 paza 6oaee unmeHcuseH.

Karoueesnie caosa: cenepayus, mepazepyogoe uzniyyerue, mepazepyoeasn CNeKmMpoCKONUs, MyabmUcAOluHble CIMPYKMypbl, MO-
ANeKYAAPHO-Y4e8as INUMAKCUsl, HAHO2eMepOCMPYKMypbl, NOAYRPOBOOHUKU, HUSKOMEMNEPAmMYPHbIi apceHud 2aiius, Kpucman-

noepaguyeckull cpe3

BBenenne

B Hacrosimee BpeMss BO3MOXHOCTb TeHEpalluW U
JIeTeKTUPOBAHUSI U3TyYEHUsI TepareploBOro auanaszo-
Ha yactoT (0,3...100 TI'x) npeacraBisieT OrpOMHbBII UH-
Tepec Garomapsl YHUKAJIbHBIM XapaKTepUCTHUKaM Te-
parepuoBoro uziaydyeHus (TTu-uznydenust). SABasisich
HEMOHU3WPYIOIINM, B OTJIWYKUE OT PEHTTEHOBCKOIO
U3JIydeHus, 60jee JNIMHHOBOJHOBBIM 10 CPABHEHMIO C
BUAMMbBIM U MHOPaKpaCHbIM U3JTy4YEHUEM U, BCIEIC-
TBUE 3TOTO, MEHEE TTOABEPKEHHBIM PAaCCESIHUIO, TEpa-
reploBOE M3IyYEHUE MOXET UCIIOJIb30BaThCS B MEIM-
muHe [1], B KauecTBe cpencTBa Hepa3pylIaloIero KOH-
TPOJISI MaTepuayioB [2], a Takke WIS JeTeKTUPOBAaHMUS
B3pBIBYATHIX M HAPKOTMUECKMX BellecTB |3, 4].

OaHUMU U3 TIEPCIEKTUBHBIX MaTepUaaoB, MOAXO-
JSIIIUX 1711 U3TOTOBJIEHUS (DOTOMPOBOISIIINX AHTEHH —
reHepaTopoB TTL-u3TydeHUss, — SIBJISIIOTCS TUJIEHKU
apceHula Tajuiusl, BbIpalllEHHbIE METOAOM MOJIEKY-

JIIPHO-TTYYEBOM SIMUTAKCUU TIPU OTHOCUTEIBHO HU3-
KOH IJ1s1 JaHHOrO METOoNa TeMIiepaType pocTa — Me-
Hee 400 °C (low-temperature GaAs, LT-GaAs). Hus-
Kas TeMmIeparypa pocTa IUIEHOK NMPUBOIMUT K U30bI-
TOYHOMY COJIEP>KaHUIO MBIIIbsSIKA B ITOJYIPOBOIHUKE,
YTO, B CBOIO OYe€pelib, OOYCIOBAMBAET HAIMUUE OOJIb-
1IOr0 4Kcjiaa TOYEUYHBIX Ae(eKTOB, Cpelu KOTOPbIX
MOXHO OTMETUTb aTOMbI MBIIIbIKA B y3JaX TaJUIMS
(Asg,), aTOMBI MBILIbAKA B MEXI0Y3IUAX (AS;) U Ba-
KaHcuu rams (Vg,). OOHUM U3 KITIOYEBBIX YCIOBUI
reHepauuu TT-uznyyeHus B riieHKax GaAs sBisieTcst
MaJjioe BpeMsl XMU3HU HEepaBHOBECHBIX HOCUTEJEH 3a-
psiga (MeHee OJHOI IMMMKOCEKYHIbl), KOTOPOE B Cllydyae
LT-GaAs obecnieunBaeTcs 3a CUYeT 3apsSDKEHHBIX JIe-
¢exToB AsGa+, SIBJISIIOLLIMXCST LIEHTPaMU peKoMOMHa-
1K (POTOBO30YKIEHHBIX 3JIEKTPOHOB M IBIPOK [5S—7].

Kak otmedaercs B pabotax [6—10], MyabTHCIOM-
HbIe CTPYKTYPhl MMEIOT 0oJiee BBICOKME ITOKa3aTesu
reHepauuu TIL-u3nydyeHuss Mo CpaBHEHUIO C OJHO-
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Moanoxka GaAs (100) unm (111)A
Substrate GaAs (100) and (111)A

Puc. 1. Iu3aiin ucciiexyemMbix o0pas3ios
Fig. 1. Design of the samples

CJIOMHBIMU CTPYKTYpaMHU M OOBEMHBIMHM OOpa3lamMu
apceHuga raunusi. OTMmedaeTcsl yBeaumdyeHue 3¢dek-
TUBHOCTY TeHEpallMy TepareproBOTO W3IYYCHUs 3a
CYET pOoCTa HAMNPSXKEHHOCTU BCTPOEHHOTO 3JEKTPU-
YEeCKOTO TOJISI M YMEHBIICHWS TOJIIWHBI CJIOEB B
crpykrypax i-GaAs/n-GaAs, B OTIMYMe OT OJHOPO[I-
HbIX ciioeB n-GaAs u n-InAs [8, 9].

B pa6orax [9, 11] obcyxnaeTcs nepcneKTUBHOCTh
MYJIbTUCIOMHBIX CTPYKTYp Ha ocHOBe InGaAs/InAlAs.
3a cueT OOJIBLIOTO YKCJIA KJIACTEPOB, CTPYKTYPHBIX
neheKTOB, SHEPTeTUYECKH JIeXKalllMX HUXKE THA 30HbI
npoBoauMoctu InGaAs, B TOHKUX (HECKOJbKO HaHO-
MeTpoB) ciosix InAlAs oTOBO30YKIAECHHBIE 2JIEKTPO-
Hbl 3¢ GEeKTUBHO MMHU 3aXBaTbIBAlOTCS (KJjacTepamiu,
CTPYKTYpHBIMU JedeKTaMun), obec-

MOJJIOXKKE SMUTAKCUabHAsS MYJbTUCIOWHAS TUIEHKA
i-LT-GaAs/n-GaAs obnagaeT Jy4lIMMU KadyecTBaMU
Kak Marepuan st (poTONMpoBOAsIIEeH TepareploBoi
AHTEHHBI, a TAKXE OLIEHUTD BJIMSIHAE CUTHAJIA OT MO/ -
Joxxku. Kpome Toro, cBoiicTBa MCCeNyeMbIX MYJIbTH-
CJIOMHBIX ITUICHOK CPABHMUBAIOTCS CO CBOMCTBaMU Tpa-
JTULAOHHO TPUMEHSIEMOTO JUISI TE€X X€ LEJEW HEer-
HelHoro kpuctamia ZnTe.

Oﬁpasuu H METOAUKA IKCHEPUMEHTA

Hccnenyembie B JaHHOUM pabore oOpasiibl OAvMHA-
KOBOTI'O CJIOEBOTO JAM3aiiHa ObUIM BbIpallleHbl Ha MOy~
n3oympyoimnx momioxkax GaAs (100) n (111)A me-
TOIIOM MOJIEKYJISIPHO-JTy4eBOil anurakcuu. O6pasen Ha
nopioxke GaAs (100) obo3HavaeTcsl B AajbHeIIeM
i-LT-GaAs/n-GaAs (100), a obpasell Ha ITOIJIOXKE
GaAs (111)A — i-LT-GaAs/n-GaAs (111)A. luzaiin
00pa3uoB IpeacTasieH Ha puc. 1. OOpa3Lbl COCTOAT
U3 CEepUM NBOMHBIX CJIOEB: HEJErMPOBAHHOIO CJIOSI
i-L'T-GaAs TomumHoit 115 aMm u ciios n-GaAs Tomnm-
Hoit 10 HM, nerupoBaHHOro aromamu Si. O6LIAasT TOJI-
IIMHA MYJIBTUCIOWHON TIJICHKN COCTaBIsAET 1 MKM.

DKCcrepMMeHTalbHas YCTaHOBKA IS MCClea0Ba-
HUSI TeHepaluuu W AeTeKThpoBaHUs TII-m3imydeHus
MokKa3aHa Ha puc. 2. B kauecTBe UCTOUHMKA OIITUYEC-
KO HaKayKy 00pas3IloB MCIIOJB30BAJICS TBEPHOTEThb-
HBI JIa3ep Ha KpUCTaie carndupa, JeTMpOBaHHOTO
MOHAMM TUTaHa, ¢ JIMHON BoJHBI 800 HM (3Heprus
¢orona 1,55 3B), mmurensHOCTBIO MMMyJbca 100 ¢dc u
4yacToToi cnegoBaHust uMITyjabcoB 80 MI'w. ITnoTHOCTB
CcpemHel MOIITHOCTY HaKadyKy cocTaBisiia 3,71 KBT/CM2,
3oHaupoBanust — 0,88 KBT/CMz. M3mepenus npoBoan-

neuyrBadg MaJlo€ BPEMA KM3HU HEC- e e e e oo Q
PAaBHOBECHBIX HOCUTENIEH 3apsiaa. cn
K 6 Turan-canguposan .BS 3oHAMPYIOLMIA NyY
pOME TOrO, TTOAOOHBIE CTPYKTYPhI theMTOCeKyHAHAR nasepHast " Probe N\
00J1a1aI0T BHICOKMM YIEJIbHBIM CO- _cuctema
Ti: sapphire femtosecond laser
IIPOTUBJICHUEM, YTO TAKXE OCIacT
BO3MOXHbBIM MX IIPUMEHEHHUE B Ka- oM “Y;E;'?;K“
YECTBE OCHOBBI IJIs1 @OTOHpOBOHH— Optical chopper
1M1 X AaHTCHH. V4 ;t:iepa'ro%e Try
Z emmiter
IMpoBeneHO CpaBHEHUE WHTEH- e / ﬂ

y i

CHUBHOCTEM TEHEpalUU, a TaKxXKe
cunexkrpa TT'u-uznyyeHus:s oboux ob-

pa3loB C IIMPOKO MNPUMEHSIEMBIM
IJISE TeHepaluuKu W IeTeKTUPOBAHUS
TI'u-u3nyyeHuss HeJIMHEHHO-ONTH-

/WM

MK
PC

yeckuM KpuctaioMm ZnTe.

Ty
THz

fervexrop TMy
THz detector

B nmanHoO#i pabote ucciemyercs
reHepaius TeparepluoBOro usayye-

( CuHxpoHHLIA aeTexTop SR-830

Lock-in Amplifier SR-830

HHUA B My.IIbTI/ICJIOfIHbIX IJICHKaXx

i-LT-GaAs/n-GaAs, snutakcuaib- Ee e m -

HO BBIpAleHHBIX Ha TOMIOXKAX
GaAs Kak co cTaHZapTHOI KpHUCTaJl-
norpaduueckoit opueHTaumeit (100),
Tak U ¢ opueHTauueir (111)A. Lenb
paboThl — YCTaHOBMTb, Ha KaKoOM
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npuama Fnana
prism Glan

Puc. 2. Cxema 3KcnepuMeHTAIbHO#N YCTAHOBKH sl reHepauuu u aAerekruposanus TTu-
usayvyenns: CJI-cserogesmrens 30/70 %; OMII — onromexaHm4ecKuii MpepbIBATEIb;
®J1 — doroaerexrop; [II' — npu3ma I'mana; IIK — nepconanbHblii KOMNbIOTEP

Fig. 2. Circuit of the experimental installation for generation and detection of THz radiation:
SD (CA) — beam splitter 30/70 %; OMP (OMII) — optomechanical chopper;, FD (D) —
photodetector; PG (III) — Glan prism; PC — personal computer
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Puc. 3. TT'u-usnyyenne ot MyabTHUCHOHHBIX cTPYKTYp i-LT-GaAs/n-GaAs (100) n (111)A (nerekTop — HesmHeiiHblii Kpuctawn ZnTe):
a — BpeMeHHasi 3aBUCUMOCTb TT1-usnyueHust; b — yactotHblii cniektp Tl -usnyueHus

Fig. 3. THz radiation from the multilayer structures of i-LT-GaAs/n-GaAs (100) and (111)A (detector — nonlinear crystal of ZnTe): a — time
dependence of the THz radiation; b — frequency spectrum of the THz radiation

JIMCH C IIarOM MeXaHWYeCKOoi momauym 6 MKM. B kax-
JIOM TIOJIOXXKEHUU u3MepeHue aiauiaoch 700 Mc a1 Ha-
KOIJICHUS u3MepsieMoro curHaia. OTcioga MOXHO
OLIEHUTD 111aT 3aJA€PXKKU IO BpeMEHU U MaKCHUMAaJIbHOE
pa3peleHrde 0e3 ydyeTa 3KCTpamnoysiiuu. MuHUMAaIb-
Has 3a7epxXKa MeXay UMMIyJIbcaMu

-6
Atpin = 2/ _2x6:10 lg ~ 0,04 mc.
¢ 3-10

CnexkrtpasbHOE pa3pellleHre B TaKOoil KOHMUTypa-
LUK COCTABJISIO

1

¥~ o081

= 1,47 TTu.

B cxeme ¢ HeIMHEMHO-ONTUYECKUM KPUCTALIOM
ZnTe npuHuun gerekrupoBanus T u-u3nyyeHus oc-
HOBaH Ha METOJE BJIEKTPOOITUUYECKOTO CTpOOMpOBa-
HUS IIIMPOKOTO TEParepiioBoro UMIyJibca KOPOTKUMU
emTocekyHaHbBIMU uUMITyJIbcaMu [12, 13]. TIpuHLuI
paboTHl OCHOBAH Ha B3aMMOIEHCTBUU TEPareplioBOro
U ONTUYECKOTO M3JIydeHUs] B HEJIMHEWHOUN cpejie 3a
CYET MOIYJISIMUY (Pa3bl ONITUYECKOTO U3ITyYEeHUS Tepa-
repioBoil BojiHOi. CkaHupoBaHMe (ha3bl Teparepuo-
BOU BOJIHBI OCYIIECTBJISIETCS C TTOMOILIbIO BPEeMEHHOM
JIMHUM 3aJepXKU. B KayecTBe IeTeKTOPOB U reHepa-
TOPOB UCIIOJIb3YIOT HEJIMHEWHBIE KPUCTAJIbI C BBICO-
KOM HEJMHEHHOMA BOCIHPUMMYMBOCTBIO BTOPOIrO IIO-
panka LiTaOs, LiNbO3, ZnTe [13].

PesyabTaThl 1 00CyXKaeHne

Ha puc. 3 mokazaHbl BpeMeHHbIE 3aBUCUMOCTU U
YacTOTHBIE CeKTPhl TT1-U3TydeHUsT OT MYJIBTUCIION -
HbIX cTpyKTyp i-LT-GaAs/n-GaAs 1 HeJUuHENHHOro
Kpucrajia-reHepatopa ZnTe. B kauecTBe merekTopa
HWCNOJIb30BaJICS HeJMMHeHHbIN Kpuctaya ZnTe. B naH-

HOM ciy4yae nmpoucxoawia reHepauus TI-u3nyyeHus
(0oTOBO30YXKIEHHBIMUA HOCUTEJISIMM 3apsiia, KOTOphIe
YCKOPSIJIUCh BHYTPEHHUMU 3JICKTPUYSCKUMU ITOJISIMMU,
CYLIECTBYIOIIUMU B cTpyKTypax i-LT-GaAs/n-GaAs.

IIIupuHa cnekTpa reHepupyemoro TI-usnydyeHus
IIJ11 00euX IJIEHOK OJMHAKOBA, OTHAKO MHTEHCUBHOCTh
Ha nopsiaok ooblie st mieHku LT-GaAs (111)A. TTo
CpaBHEHUIO ¢ HEJIMHEHBIM KpuctayioM ZnTe 1ieH-
ku LT-GaAs (100) u LT-GaAs (111)A renepupyioT Ha
1—2 nopsinka MeHee MHTeHCUBHOe TI1L-uznydeHue.
Hanuune B ciekTpe mMKa Ha 4acTOTe MPUOIM3UTEITb-
Ho 0,1 Tl cBg3aHO ¢ HajMMuMeM ILIYMOBOTO (PoHa.
Takxe oTpuLiaTeIbHOE BIUSHUE OKAa3bIBAET HAJIUMUME
HapoB BOIbI, CHMXAIOIEe YYBCTBUTEILHOCTh YCTa-
HOBKM B O0JIaCTHU JIMHMWII TOIJIOLIEHUS: Ha 4acTOTe
1,67 TT'1x BUAEH HEOOMBIIOM MPOBAaJ B CIIEKTPE, KOTO-
PBIil COOTBETCTBYET MHTCHCUBHOMY IOTIJIOLIEHUIO T1a-
paMu BOJHI.

Ha puc. 4, a mokazaHo cpaBHeHue Tl 1-curtama ot
MYJbTUCIIOMHOM CTPYKTYpHI i-LT-GaAs/n-GaAs (100)
n MoHokpuctauia GaAs ¢ Kpucrauiorpadpuieckum
cpe3om (100). BuaHo, uro uHtreHcuBHOCTDL TT-131y-
YeHUS MYJBTUCIIONHON CTPYKTYPhI HA TTOPSIIOK BHILIIE,
yeM Ha nomioxke. Illupuna TTu-crekTpa, moka3aH-
Has Ha puc. 4, b, TakxKe IeMOHCTPUPYET CUIILHOE pa3-
ymyne. CrieKTpanbHasl IMpUHA U3TYy4eHUs] OT MOHO-
kpucraia GaAs mpakTUYECKM B JBa pa3a MEHbIIeE,
YeM OT MYJIBTUCIONHOUN CTPYKTYPHI.

AHaJIOTMYHBEIM 00pa3oM ObLIa M3MepeHa MHTEH-
cuBHOCTb TTL-cUrHaza OT MyJIbTUCIOMHOU CTPYKTY-
pbl i-LT-GaAs/n-GaAs (111)A u oTr MOHOKpuUCTasia
GaAs ¢ kpucramtorpapuueckum cpesom (111)A. Ha
puC. 5 BUIHO, YTO MHTEHCUBHOCTh TT1-curHana ot
MYJIBTUCIIOMHOM CTPYKTYphl 3(pPeKTUBHEE MYJIbTHU-
CJIOMHOM CTPYKTYpbl Ha MOPSAOK. Pasnuuue B mupu-
He CIeKTpa He HalOmogaercs.
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Puc. 4. Tl'u-uznyueHue oT MyJabTHCIO0HOU cTPYKTYpbl i-LT-GaAs/n-GaAs (100) u ot MoHOKpHCcTALIMYecKOi noaoxku GaAs (100) (ne-
TEKTOpP — HeJMHeiiHblil Kpuctana ZnTe): a — BpeMeHHas 3aBucuMocTb TI-uznydenus; b — yactoTHblil ciekTp TTu-uznyyeHust

Fig. 4. THz radiation from the multilayer structure of i-LT-GaAs/n-GaAs (100) and from a single crystal substrate of GaAs (100) (detector — nonlinear
crystal of ZnTe): a — time dependence of the THz radiation; b — frequency spectrum of the THz radiation
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Puc. 5. T'enepamus TTu-u3nydenns MyabTHCIOHHON cTPYKTYpHI i-LT-GaAs/n-GaAs (111)A n MmoHoKpucTALIMYecKO# moioxkkn GaAs (111)A
(merexkTop — HemHeiHblid KpucTana ZnTe): a — BpeMmeHHas1 3aBUcUMOCTb TI1-u3nydyeHus; b — yacToTHbIi criekTp TT-usnyueHus
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Takxe ObL1a MccaeaOBaHA 3aBUCUMOCTH Teparep-
HoBoro manydyeHust ctpykryp i-LT-GaAs/n-GaAs ot
MOIIHOCTH M3JIy4eHUs Hakayku. Ha puc. 6 mokaszaHa
aMILIUTyda nepBoro Beriecka TT-uznyyeHus. 3Ha-
YUTEJIbHOE MOBBIIIEHUE aMILUIMTYAbl HAOII0gaeTCs Ha
TeparepLoBoii cTpykrype i-LT-GaAs/n-GaAs (111)A.
OTO MOBBIIEHUE CBSI3aHO C OOJBIIUM (DOTOTOKOM,
00pa3ylolMMcs BCIEACTBUE OOJIblliell KOHIEHTpa-
LIMM CBOOOIHBIX HOCHUTEJeil 3apsiia B CTPYKType
i-LT-GaAs/n-GaAs (111)A. Kpome Toro, 3aBUCH-
MOCTh MHTeHCUBHOCTU TT1-u3MydyeHUs] OT MOLIHOCTU
WU3JIy4eHUs] HAKauKU JJIsl O0EUX CTPYKTYp JIMHEWHA. DTO
O03HaYyaeT, YTO MaKCUMaJbHOE 3HAYeHME MOIIHOCTU
Hakauyky 650 MBT HaxomuTcs HIKe YPOBHSI HACHIIIE-
Hus1. Takum 06pa3oM, cTpykTypH i-LT-GaAs/n-GaAs
MOTYT UCITyCKaThb OoJiee cuibHbI TI1I-curuan mpu Ha-
JINYUKU 0oJiee THTEHCUBHOTO MCTOYHMKA BO3OYXACHUSI.




XapakrepucTuku HemHeiiHoro kpuctawia ZnTe, myasTuciaoiinbix cTtpykryp i-LT-GaAs/n-GaAs n nonioxek GaAs B qmanazone vacror 0...5 TI'n
Characteristics of ZnTe nonlinear crystal, i-LT-GaAs/n-GaAs multilayer structures and GaAs substrates in the range of frequencies of 0...5 THz

MynbtrcnoiiHas mieHka i-LT-GaAs/n-GaAs Monokpucramu GaAs
Multilayer film i-LT-GaAs/n-GaAs Monocrystal GaAs
gapaMeTp ZnTe [Monnoxka [Monnoxxa IMonnoxxka TMoanoxka
arameter GaAs (100) GaAs (111DA GaAs (100) GaAs (11DA
Substrate Substrate Substrate Substrate
GaAs (100) GaAs (111)A GaAs (100) a GaAs (111DA
(f1/2)min» THz 1,22 0,38 0,16 0,44 0,36
((/1/2)max> THz 2,39 2,70 2,55 1,61 2,54
[IupuHa nonocel uzayyeHust, TI'g 1,17 2,32 2,39 1,17 2,18
Radiation bandwidth, THz
HopmupoBanHasi mHTerpajbHast THTCHCUB- 1,000 0,040 0,232 0,008 0,024
HocTb TTu-usnyyeHus
Standardized integral intensity of THz radiation

B pesynbrate 60jee moapoOHOro aHajim3a BCeX pac-
CMOTPEHHBIX CIeKTpoB (cM. puc. 3, b, 4, b, 5, b) no-
JIydeHbI YMCJIEHHbIE XapaKTEPUCTUKH CIIEKTPOB, KOTO-
pble ipuBeAeHbI B Tabnuue. [Togoca nznydeHus/uyBCT-
BUTEJIbHOCTH OIpeAesisulach KaK Auara3oH 4acToT, B
KOTOpPOM M3Jydaetcs/meTektupyercs 50 % wHTerpaib-
Hoii MolHocTU (71 % MHTerpaJbHONM MHTEHCUBHOC-
TU), IPU 3TOM MHTEHCUBHOCTbh HAa I'PAaHUYHBIX YaCTO-

TaxX (f}/2)min ¥ (f1/2)max OAMHAKOBA.
3akmouenne

B nmanHO#l paboTe moOKazaHO, 4YTO TIUIEHKHU
i-LT-GaAs/n-GaAs Ha nomioxkax GaAs (100) u
(111)A renepupyot Tl u-usnyyeHue npu odaydeHUU
X (eMTOCEKYHIHBIMU UMITYJIbCAMU Jla3epa C ITMHOM
BojiHbl 800 HM. MHTeHcuBHOCTH TTL-U3aydyeHUs OT
tieHku i-LT-GaAs/n-GaAs Ha HECUHTYJISIPHOM IO~
noxxke GaAs (111)A B 5,8 paza Oosbliie, 4eM OT aHa-
JornyHoit mieHku i-LT-GaAs/n-GaAs Ha CUHTYJISIp-
Ho#t momnoxke GaAs (100).

MutencuBHocTh TI'L-u3aydyeHHsT OT MOHOKpPMC-
TaJiMyeckux nomioxek GaAs ¢ kpuctamiorpadu-
yeckumHu cpe3amu (100) u (111)A He3HaYUTeIbHA U 110
cpaBHeHMIO ¢ TII-m3nmydeHMEM OT MYJIbTUCIONHBIX
CTPYKTYp MEHbIlle Ha TopsinoK. OMHaKO TpU CpaBHE-
Hun TT1-cUrHajaoB OT MOMIOXEK OKa3blBaeTCsl, UTO
CHUTHAJI OT TIOMJIOXKH ¢ KPUCTAJITOTpapUIecKUM cpe-
30M (111)A B 3 pa3a MHTEHCHUBHeE, YeM OT MOMJIOXKKHU
¢ kpucrajorpacdpudeckum cpezom (100).

Takum oOpa3om, Oiiarogapsi 0COOEHHOCTSIM KpUC-
TaJUIMYECKO# cTpyKTyphl IieHoK LT-GaAs, odpa3syio-
IIAMCSI TIPW MCITOJb30BAaHUM HECHHTYJISIPHOW TTOM-
Jnoxku GaAs (111)A nias1 anuTakCHallbHOTO POCTa Iie-
HOK, tuieHKM i-LT-GaAs/n-GaAs Ha nomjioxkax GaAs
(111)A mposSIBASIOT Jy4Ylllde TeHepaTOpHbIE CBOMCTBA
no cpaBHeHuto ¢ mjaeHkamu i-LT-GaAs/n-GaAs Ha
noaoxkax GaAs (100).

Paboma evinonnena npu ¢hurarcosoli noodepicke Poc-
cuiickoeo HayuHoeo gonda (coenauternue Ne 14-12-01080)
u Munucmepcmea obpazoeanus u Hayku P® (coenaue-
Hue o npedocmaeénenuu cyocuduu No 14.250.31.0034).
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The possibility of terahertz frequency radiation generation and detection at present is of great interest. A unique characteristic
of terahertz radiation (THz radiation) is the absence of ionization. This characteristic is very important because the THz radiation
is safe and can be used in medicine. This radiation can be used similarly as a non-destructive method of testing, as well as for the
detection of explosives and drugs. The efficiency of generation of THz radiation multilayer films of n-GaAs/i-LT-GaAs, grown by
molecular beam epitaxy on a GaAs substrate with (100) and (111) A was studied in this paper by the method of terahertz spec-
troscopy. As a source of optical radiation the solid-state laser with sapphire crystal doped by titanium ions, with §00 nm (photon
energy of 1.55 eV), 100 fs pulse duration and pulse repetition rate of 80 MHz was used. In this scheme the nonlinear ZnTe optical
crystal was used. THz-radiation detection principle is based on the method of electro — optical sampling of a wide terahertz pulse
short femtosecond pulses. The generation of THz radiation occurs during irradiation optical films by femtosecond laser pulses. This
paper shows that the i-LT-GaAs/n-GaAs film on GaAs substrates (100) and (111) A generate THz radiation when irradiated by
femtosecond laser pulses at 800 nm wavelength. The intensity of the terahertz radiation from the i-LT-GaAs/n-GaAs film on nonsin-
gular GaAs (111) A substrate at 5.8-fold greater than that of a similar i- L T-GaAs/n-GaAs film on on the singular GaAs (100) sub-
strate. The intensity of the terahertz radiation from a GaAs single crystal substrate with the crystallographic orientations (100) and
(111) A and is negligible compared to the THZ radiation from the multilayer structures and is less than one order of magnitude. How-
ever, when compared THZ signal from substrates the signal from the substrate with the crystallographic orientation (111) A is 3-fold
more intense than from the substrate with the crystallographic orientation (100). Thus, due to the features of the L T-GaAs film crystal
structure, formed using the GaAs (111) A nonsingular substrate for epitaxial growth of films, i-LT-GaAs/n-GaAs film on GaAs (111)
A substrates shows better generating properties compared with i-LT-GaAs/n-GaAs films on GaAs (100) substrates.

Keywords: generation, terahertz radiation, terahertz spectroscopy, multilayer structures, molecular beam epitaxy, nanoheter-
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temperature for the method — less than 400 °C (low-
temperature GaAs, LT-GaAs). The low growth tem-
perature of the films leads to a superfluous content of
arsenic in a semiconductor, which causes presence of a
big number of dot defects, among which it is possible to
note the atoms of arsenic in the gallium nodes (Asg,),
the atoms of arsenic in the interstitial space (As;) and

Introduction

Possibility of generation and detection of radiation
in the terahertz range of frequencies (0.3...100 THz) is
of interest due to the unique characteristics of the ter-
ahertz radiation (THz radiation). Since it is not ioniz-
ing, unlike the x-ray radiation, and more long-wave in

comparison with the visible and infrared radiations and,
thereof, less subjected to dispersion, the THz radiation
can be used in medicine [1] as means of non-destruc-
tive control of materials [2], and also for detection of
the explosive and narcotic substances [3, 4].

One of the promising materials suitable for manu-
facture of the photoconducting aerials — generators of
THz radiation — are the films of gallium arsenide, grown
by the method of molecule-beam epitaxy at a rather low
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vacancies of gallium (V,). One of the key conditions
for generation of THz radiation in GaAs films is a short
time of life of the nonequilibrium charge carriers (less
than one picosecond), which in case of LT-GaAs is en-
sured due to the charged defects of As, ", the centers
of recombination of the photoexcited electrons and
holes [5—7].

As it is mentioned in [6—10], the multilayer struc-
tures have higher indications of radiation generation




than the one-layer structures and the volume samples of
gallium arsenide. An increase of the efficiency of gen-
eration is observed due to the growth of the intensity of
the embedded electric field and reduction of the thick-
ness of layers in the structures of i-GaAs/n-GaAs, un-
like in the homogeneous layers of n-GaAs and n-InAs
[8, 9].

In [9, 11] the prospects of the multilayer structures
on the basis of InGaAs/InAlAs are discussed. Due to a
big number of clusters, structural defects, energetically
situated below the bottom of conductivity of InGaAs,
in the thin (several nanometers) layers of InAlAs the
photoexited electrons are effectively captured by the
clusters and the structural defects, ensuring short life-
times for the nonequilibrium charge carries. Besides,
such structures have a high specific resistance, which
makes possible their application as a basis for the pho-
toconductive aerials.

A comparison was done of the intensive generation
and also of the spectrum of THz radiation of both sam-
ples with the nonlinear-optical crystal of ZnTe, widely
applied for generation and detection of THz radiation.

The work studies generation of THz radiation in the
multilayer films of i-LT-GaAs/n-GaAs, epitaxially grown
on GaAs substrates with the standard crystallographic
orientation of (100) and with orientation of (111)A. The
aim of the work is to establish, on which substrate the
epitaxial multilayer film of i-LT-GaAs/n-GaAs pos-
sesses better qualities as a material for the photocon-
ductive terahertz antennas and also to estimate the in-
fluence of a signal from a substrate. Besides, the prop-
erties of the investigated multilayer films are compared
to the properties of the nonlinear crystal of ZnTe tra-
ditionally applied for the same purposes.

Samples and methods of the experiment

Samples of the identical layer design were grown on
the semi-isolating substrates of GaAs (100) and (111)A by
molecule-beam epitaxy. The sample on the substrate of
GaAs (100) is designated further as i-LT-GaAs/n-GaAs
(100), and the sample on the substrate of GaAs (111)A —
as i-LT-GaAs/n-GaAs (111)A. The design of the sam-
ples is presented in fig. 1. The samples consist of a series
of double layers: an unalloyed layer of i-LT-GaAs with
thickness of 115 nm and a layer of n-GaAs with thick-
ness of 10 nm, alloyed by Si atoms. The total thickness
of the multilayer film is 1 pm.

The experimental installation for research of the
generation and detection of THz radiation is presented
in fig. 2. As the source of an optical pumping the solid-
state laser was used on a sapphire crystal alloyed by the
titanium ions with the wavelength of 800 nm (energy of
a photon — 1.55 eV), pulse duration of 100 fs and the
frequency of their sequence of 80 MHz. The density of
the average pumping power was 3.71 kW/cmz, of prob-
ing — 0.88 kW/cmz. Measurements were done with a

step of the mechanical power feed of 6 micrometers. In
each position a measurement lasted during 700 ms for
accumulation of the measured signal. It is possible to
estimate a step of the delay and the maximal resolution
without an extrapolation. The minimal delay between
the pulses was

The spectral resolution in such a configuration was

1
Sf = —m48M8 —
/= 008

= 1,47 GHz.

In the circuit with the nonlinear-optical crystal of
ZnTe the principle of detection of THz radiation is
based on electrical-optical strobing of a wide terahertz
pulse by short femtosecond pulses [12, 13]. The prin-
ciple of operation is based on interaction of the tera-
hertz and optical radiations in a nonlinear environment
due to modulation of the phase of the optical radiation
by the terahertz wave. Scanning of the phase of the te-
rahertz wave is carried out by means of a time delay
line. As the detectors and generators the nonlinear crys-
tals with a high nonlinear susceptibility of the second
order, LiTaO3, LiNbO5, ZnTe, [13] are used.

Results and discussion

Fig. 3 demonstrates the time dependencies and the
frequency spectra of THz radiation on the multilayer
structures of i-LT-GaAs/n-GaAs and nonlinear crys-
tal-generator of ZnTe. The nonlinear crystal of ZnTe
was used as the detector. Generation of THz radiation
was carried out by the photoexited charge carriers,
which were accelerated by the internal electric fields in
i-LT-GaAs/n-GaAs structures.

The width of the spectrum of the generated THz ra-
diation for both films is identical, however, the intensity
for LT-GaAs (111)A is by order higher. Compared with
the nonlinear crystal of ZnTe the films of LT-GaAs
(100) and LT-GaAs (111)A generate a 10 or 20 times
less intensive THz radiation. The peak in the spectrum
at the frequency of about 0.1 THz is connected with the
noise background. Also negative influence is rendered
by the presence of the water vapors, which reduce the
sensitivity of the installation in the field of the absorp-
tion lines: on frequency 1.67 THz a small notch is vis-
ible in the spectrum corresponding to the intensive ab-
sorption by the water vapors.

Fig. 4, a demonstrates comparison of THz signal from
a multilayer structure of i-LT-GaAs/n-GaAs (100) and
GaAs monocrystal with a crystallographic cut (100). It
is visible, that the intensity of THz radiation of the mul-
tilayer structure is by an order higher, than on the sub-
strate. The width of the THz spectrum shown in fig. 4, b,
also demonstrates a strong distinction. The spectral

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 2, 2017 83




width of the radiation from GaAs monocrystal is prac-
tically a half of that of the multilayer structure.

The intensity of the THz signal from the multilayer
structure of i-LT-GaAs/n-GaAs(111)A and from the
monocrystal of GaAs with a crystallographic cut (111)A
was measured in a similar way. In fig. 5 it is visible, that
the intensity of the THz signal from the multilayer
structure is roughly 10 times more effective than that
from the multilayer structure. A distinction in the width
of the spectrum is not observed.

Also the dependence of THz radiation of
i-LT-GaAs/n-GaAs structures on the radiation power
of pumping was studied. Fig. 6 presents the amplitude
of the first bump of THz radiation. A considerable up-
rise of the amplitude is observed on the terahertz struc-
ture of i-LT-GaAs/n-GaAs (111)A. This is due to a
greater photocurrent generated by a high concentra-
tion of the free charge carriers in i-LT-GaAs/n-GaAs
(111)A structure. Besides, the dependence of the inten-
sity of THz radiation on the power of radiation of
pumping for both structures is linear. This means that
the maximal value of the pumping power is 650 mW,
below the saturation level. Thus, i-LT-GaAs/n-GaAs
structures can emit stronger THz-signal in the presence
of a more intensive source of excitation.

As a result of a detailed analysis of the considered
spectra (see fig. 3, b, 4, b, 5, b) the numerical charac-
teristics of the spectra were obtained and presented in
the table. The radiation/sensitivity strip was defined as
a range of the frequencies, in which 50 % of the integral
power (71 % of the integral intensity) is radiated/de-
tected, at that, the intensity on the boundary frequen-

cies (f1/2)min and (f}/2)max is identical.
Conclusion

The work demonstrates, that i-LT-GaAs/n-GaAs
films on substrates of GaAs (100) and (111)A generate
THz radiation during their irradiation by the femtosec-
ond pulses of a laser with the wavelength of 800 nm. The
intensity of THz radiation from i-LT-GaAs/n-GaAs film
on a nonsingular substrate of GaAs (111)A is 5.8 times
more than from a similar film of i-LT-GaAs/n-GaAs
on a singular substrate of GaAs (100).

The intensity of THz-radiation from GaAs monoc-
rystal substrates with crystallographic cuts (100) and
(I11)A is insignificant and in comparison with THz ra-
diation from the multilayer structures is by an order
less. However, a comparison of THz signals from the
substrates shows that a signal from a substrate with a
crystallographic cut (111)A is 3 times more intensive,
than from a substrate with a crystallographic cut (100).

Thus, due to the specific features of the crystal
structure of LT-GaAs films, formed during the use of
a nonsingular substrate of GaAs (111)A for the epi-
taxial growth of films, the films of i-LT-GaAs/n-GaAs
on the substrates of GaAs(111)A show the best gener-
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ating properties in comparison with the films of
i-LT-GaAs/n-GaAs on GaAs(100) substrates.

The work was done with the support of the Russian
Scientific Fund (agreement No [4-12-01080) and the
Ministry of Education and Science of the Russian Feder-
ation (grant agreement Ne 14.7250.31.0034).
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IAEKTPOCTATUYECKMM MOTEHUMAA KAK ®AKTOP
KOHTPOAUPYEMOI'O CUHTE3A TMBPUAHDBIX CTPYKTYP

Ilocmynuna 6 pedaxyuto 04.07.2016

Ilpusedenvt pesysvmamot Uccae008aHULL, HANPABACHHBIX HA U3YHEeHUe XaAPAKMePUCIUK HAHOPA3MEPHbIX NOAUINCKMPONUN~
HbIX NOKDbIMULL, NOAYYEHHBIX MemodoM NOCAOUHOU a0copoyuY U3 pacmeopa Ha KpemHuessix nodroxckax. Ilokasano, umo ume-
emcst 603MONCHOCHYb KOHMPOAUPOBAMb UEPOX08AMOCHb, 00HOPOOHOCMb, C030A8aMb 2PAOUCHIM MOAUUHbL U CEOUCME NOAU-
2NEKMPONUMHBIX NOKPbIMUL HA NAGHAPHBIX KPEMHUEBbIX CIMPYKMYpax. Dmo peasusyemcs 3a cuem KOHMPOAUPYeMo20 usmMeHe-
HUSI NOBEPXHOCMHO20 NOMEHUUANA NOAYNPOBOOHUKA NPU 00AVYEHUU €20 C8emoM ONMU4ecK020 OUANA30HA UAU NPUAONCEHUU
NOCMOSHHOU PA3HOCMU HNOMEHUUAN08 8001b NOBEPXHOCMU NOON0NCKU 60 8peMs adcopbuyuu noaudsekmpoauma. lIposedersi
9KCHEePUMEHMbL C CUHMEeMUYeCKUM NOAUMEPOM (NOAUIMUACHUMUHOM) U MOAeKYAamu hepmenma (eaKko300kcudasa). Xapak-
mepu3ayus 2UGPUOHBIX CMPYKMYP NPO8eOeHa Memooamuy amomMHO-cua080l u Kens8un-301H008601 cun060U MUKPOCKORUU U OXce-

CneKmpocKonuu.

Karouesnie caosa: eubpuonvie cmpyKkmypol, HAHOPA3MEPHbIe OP2AHUYECKUe NOKDbIMUS, NOAUINCKMPOAUM, KPEMHUL, NOMeH-

uuan Ke./leLlHa, 0Jce-CneKmpoCcKonus

Bsenenune

O6acTb MPUMEHEHUS! TUOPUAHBIX CTPYKTYp C yII-
paBJIIeMbIMU TTapaMeTpaMHU ITOCTOSTHHO PacIIupsieTCs.
B yacTtHOCTH, TMOPUIHBIE CTPYKTYPHI MEePCIeKTUBHBI
JUIS CO3JaHMsI XeMO- U OMOCEHCOPOB, UCIOJIb3yeMbIX
B XHWIKOW M ra3oBOM cpemax, IMIMPOKO BOCTPEOOBAaHBI
B ONTO- U MUKPO3JIEeKTpoHUKE [1—4]. B cBs3U ¢ 3TUM
(opMUpPOBaHUIO M M3YYEHUIO CBOMCTB TMOPMIHBIX
CTPYKTYD, TIPEACTABISIOMINX COO0M MOIURIEKTPOIUT-
HbI€ CJIOM Ha MOBEPXHOCTU MPOBOISIIMX U MOJYIIPO-
BOJHUKOBBIX MOJUIOXKEK, TTOCBSILLIEHO JOCTATOYHO 0OJIb-
1roe 4yucyio pa6ot [5—8]. TexHomormyeckme acreKThl
(opMupoBaHUs TMOPUIHBIX CTPYKTYP BKJIIOUAIOT, KaK
MPaBWIO, IIMPOKO M3BECTHBIE XUMHUYECKHUE METOIBI
yIpaBIeHUs JIeKTPOPU3NIECKUMHU CBOMCTBAMU KOM-
MOHEHTOB TUOPUAHBIX CTPYKTYP BO BpeMsl CUHTe3a,
Takue Kak uaMeHeHue pH 1 MOHHOU cuiibl pacTBopa,
a Takxke CIelHdalbHyl0 00pabOTKy MOBEPXHOCTHU IO -
JIOXKM. OTU TIPUEMBI MCIIOJb3YIOT, HallpuMep, Mpu
CHHTE3¢ OPraHUYEeCKHUX CJIOEB, CTPYKTYpPMPOBAHHBIX
HaHoyacTUlLIAMU Mo MeTonay JleHrMiopa — bBiiogxeTT
[1, 2], a TakKe TIpu agCcoOpOLMU ITOJMAIEKTPOIUTOB
Ha IIaHapHYIO TTOMJIOXKY WIK Ha TMOBEPXHOCTb HAHO-
pa3MepHBIX siiep, MOMEIIEHHBIX B COOTBETCTBYIOIIMIA
MOJIUA3JEKTPOJUTHBIM pacTBOp (METOM MOCIONHON aj-
copOLun).

Ho ucnonb3oBaHue XUMMYECKMX METOIOB HE MO03-
BOJISIET UBMEHSTh MMapaMeTphl aICOPOLIMY U, COOTBETCT-

BEHHO, BJIVSITh HA KOHEYHBIE XapaKTEePUCTUKU CTPYK-
TYpBbI B IIPOLIECCE €€ CUHTE3a, AOMyCcKasl paboTy TOJIbKO
C TIPEABAPUTENILHO TOATOTOBJIEHHBIMU PAacTBOPOM U
NomJI0XKoi. M3MeHeHHue 3JeKTpUUYEeCKUX MOTEeHIIMa-
JIOB MOJIEKYJT MOJIMBJEKTPOJIUTA U MOBEPXHOCTU all-
copOara (IUTaHapHOI MOMJIOXKKHU WU SIAEP) BO BpeMs
CUHTE3a TO3BOJUT CKOPPEKTUPOBATh 3JEKTPOCTATHU-
YeCKOE B3aMMOAECUCTBME KOMIIOHEHTOB Oymyleit rub-
PUIHOW CTPYKTYpPhl Ha MOJIEKYJSIDHOM YPOBHE, 4YTO
MPUBENET K U3BMEHEHUIO UHTETPAIbLHBIX MapaMeTPOB
TOTOBOI TMOPUIHOU CTPYKTYPHI.

M3MeHUTh cTeneHb WOHU3ALUU MOJIEKYI IOJIU-
BIIEKTPOJINTA WM 3apsii TIOBEPXHOCTHBIX COCTOSIHUIA
MOJIYIIPOBOAHUKA U, COOTBETCTBEHHO, CUJIY BJIEKTPO-
CTaTMYECKOTO B3aMMOJIEUCTBHS BO BpeMsI CUHTE3a BO3-
MOXKHO, IPUKJIAAbIBAS 3JEKTPUIECKHE M0, MCIIOb-
3ysl BJIEKTPOHHBIE MYYKN HU3KUX M CPEIHUX DHEPTUit
WM OCBellasi KOMIIOHEHTBl Oyaylleil TUOpUAHOM
CTPYKTYpPBI CBETOM M3 JMAMA30HOB TOIIOIICHUS O -
JIOXKH [5] u/umm monmumepa [9]. Bee nmepeuncieHHbIE
MOAXOMAbI TI0 OTAEJIHbHOCTHA HE SBJISIIOTCS HOBBIMU, HO
KOMOMHMPOBAHHOE VX MCITOJIb30BaHUE, B 0COOCHHOC-
TM C YYETOM M3MEHSIOLIETOCSI B3aMMHOIO BIIMSIHUS
KOMIIOHEHTOB I'MOPUIHON CTPYKTYpPhI, He UCCJeI0Ba-
HO JOJDKHBIM 00pa3oM, a MpeaBapUTEbHO IMOJIyUyeH-
HbIE Pe3yJIbTaThl IOKA3BIBAIOT 3HAUMTEJIbHBIE TIEPCITIEK-
TMBBI TAKOT'O ITOAXona. B yacTHOCTH, HAIIM MCCIEen0-
BaHUS [5] mokazaiy BO3MOXHOCTH YIpPaBJIEHUS TOJI-
IIMHON HAaHOPa3MEPHOIO OPraHUYEeCKOIro MTOKPBITUS 1
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IMOBEPXHOCTHBIM TTOTEHIIMAJIOM TUOPUIHONW CTPYKTY-
Pbl KPEeMHUI/OKCUA KPEeMHUS/TIOJUITUIICHUMUH,/Ha-
HoyacTulbl 30ji0Ta [10, 11] ¢ mOMOIIBIO OCBEllEHUSI.
Ho ocBenieHue, sIBASiSICb JOCTaTOYHO "MSTKUM" CIO-
coO0OM M3MEHEHHUSI MOTEHLMala IIOBEPXHOCTU (IOocC-
KOJIbKY JIMAMa3oH 3TOro U3MEeHEeHUsI OrpaHuYeH, a 3¢-
(hbeKTUBHOCTb UBMEHEHMS 3aBUCUT OT XapaKTePUCTUK
MOJIYIIPOBOJAHUKA), HE MO3BOJISIET MOJYYUTh BbIpa-
JKEHHOT'O IpafieHTa MOJIMMEPHOTO TMTOKPBITUS 10 TOJI-
IIAHE U TJIOTHOCTU paclpeiesieHusi aacopOUupoBaH-
HbIX HaHoyacTull. Co3naHue MOJIUMEPHBIX MOKPBITUI
C TIJIaBHBIM TPaaUEeHTOM CBOMCTB BIOJb TTOBEPXHOCTH
MOJUIOKKHU aKTyaJbHO IJISI OMTO3JIEKTPOHHBIX U CEH-
COPHBIX YCTPOMCTB, MOCKOJIbKY U3MEHEeHre Mopdo-
JIOTUM U TOJIIMHBI Oy(DEepHOro opraHUYeCKOro cCios
Jaxke Ha eIWHWIIEI HAHOMETPOB MOXET IPUBECTH K
CYIIECTBEHHBIM M3MEHEHUSIM COPOLIMOHHBIX CBONCTB
MOBEPXHOCTU OMO- WM XEMOJAaTYMKa U 3HAYUTENb-
HBIM U3MEHEHUSIM ONTUUYECKUX XapaKTePUCTUK MOK-
pPBITHS.

B cBs3M ¢ 5TUM 11e/1bI0 HAIIETO MCCIIEIOBAHUS SIB-
JISIETCS TIOJIy9eHHe OpTaHWYeCKUX MOKPHITUI Ha TT0-
JIYIPOBOAHUKOBOU MOMIOXKE MOA ACUCTBUEM 3JIEKT-
pPOCTaTUYECKOTrO MOJISI M OCBELEHUS, a TaKXKe UCclie-
JIOBaHUE TapaMeTPOB IOJyYaeMbIX HaHOPa3MEpPHBIX
OpPTaHMYEeCKUX MTOKPBITHI TIPU WCTIOB30BAHUT BJIEK-
TPOCTATMYECKOIO TMOTeHIIMANIa KaK (hpakKTopa KOHTpPO-
JIMPYEMOTO CUHTE3a TMOPUIHBIX CTPYKTYD.

O0DbeKTHI UCCIIETOBAHUSA W TEXHOJIOTHSA
t¢opmMupoBaHus NOKPLITHIA

B Hammx skcriepMMeHTaX B KadyeCTBe ITOIIOKEK
HCIIOJIb30BaHbI MJIACTUHBI MOHOKPUCTALIMYECKOro Si
n-TUNa ¢ Kpucrauiorpaduueckoit opuentauuei (100)
¢upmsl Silchem Handelsgesellschaft mbH, nmeromue
VIEIBHOE COIMPOTHBIICHUE 5 Q * cM. [IJIsT OYMCTKI KpeM-
HUEBBIX MOJUIOXKEK UCIOb30BAIM KUIISTYCHUE B IIepe-
KHCHO-aMMuayHom pactsope H,O/H,0,/NH,OH B
00beMHBIX cooTHolueHusIx 4/1/1 ipu 70 °C B TeueHue
10 MuH. 3aTeM MOMIOXKH ObLIU TTPOMbBIThI IEUOHU30-
BaHHOI BOMOI W BBICYIIEHBI B MOTOKEe azora. B pe-

3yJIbTaTe Takoil oOpaboTKu 0Opa30BBIBAICSI TOHKUI
cioit nnokcuna KpeMHus. CyliecTBOBaHME W TOJIIM-
Ha okcuaa (0Kojo 2 HM) OBLIA IOATBEPXKAEHBI C I10-
Molbl0 AjuIuIicomeTpun. KpomMe toro, mociie Takoi
00pabOTKM MOBEPXHOCTh MOUIOKKU CTAHOBUTCSI OTPU-
LIaTeJIbHO 3apsi>keHHON B Boze Mpu HelTpajibHoM pH
B pe3yJibTare 3aKkperieHus: Ha Heit OH-rpynm.

i1 co3maHusl OpraHUYECKUX TTOKPHITUH UCITOb-
30Bajii KATHOHHBIN TTOJIUAJIEKTPOIUT TTOJUITUICHM -
muH (ITON) ¢ MonexyasipHoil maccoit 25 * 103 a.e.m.
¢upmbr Sigma Aldrich 1 KMPOKO NMpPUMEHSIEMBIil B
0MOaHAIMTUYECKUX cUCTeMax (PepMEHT TTIOKO300KCH-
nazy (GOx), nonydyeHHyto U3 Aspergillus niger Gupmbl
Sigma Aldrich ¢ monekyJsipHOii Maccoit 160 + 10% a.e.m.
I1DU pactBopsin B Bozie 10 KOHIIEHTPAIUH 1...2 MT/MII,
GOx — po koHuentpamuu 1 mr/miu. Ciemyer oTMme-
TUTb, 4TO Tipu pH > 4 Monekyabl GOX UMEIT B BOJI-
HOM pacTBope 3((EeKTUBHBIN OTpULIATEIbHbBIN 3apsij,
T.€. SABJSIIOTCS aHUOHHBIM 3JIEKTPOJIUTOM.

OcBelnleHMe MIACTUHBI Si BO BpeMs aacopOLuu
OCYILECTBJISLIOCH O€JIbIM CBETOM C IMMOMOIIbIO TaJIOreH -
HO JlaMITbl (MHTEHCUBHOCTb CBETA B IJIOCKOCTH IO/ -
noxku 6000 nk). JIas mpuaokeHUs DJIEKTPUYECKOIo
MoJIsl BAOJbL IMOBEPXHOCTU BO BpeMsl aacopOLMu Ha
npenBapuTebHO OUYMILEHHON MiacTuHe Si ObLIU COo-
31aHbl METOJIOM MAarHeTPOHHOI'O PacIblUIeHUsST KOPPO-
3MOHHOCTOMKHUE KOHTAKTHbIE ILolanku. ITocTosiH-
Hoe HarnpstkeHue 4,8 B 3amaBaioch ¢ TOMOIIBIO Tallb-
BaHUYECKUX JIEMEHTOB.

Metoauka u pe3yabTaThl HCCJIeI0BAHMIA

H3mepeHuss MopdoJioruu IOBEPXHOCTU M IIO-
BEPXHOCTHOTO ITOTEHIIMAA ITPOBEACHBI Ha 30HI0BOM
craniuuu NTEGRA Spectra (NT-MDT). beun uc-
MOJIb30BaHbl KAHTUJICBEPHI C MPOBOISIIUM ITOKPHITH -
eM NSG11/Pt. OnTumanbHasi 4acToTa CKAHUPOBAHMUS
coctaBisgia 0,5 T'o.

Ha puc. 1 mokazaHo usmeHeHue Mop¢oaoruu mo-
BEPXHOCTH KPEMHHS 1 TIOJTYIEHHBIX THOPUIHBIX CTPYK-
Typ nipu ocaxneHnu [I1DU B pas3imuHBIX pexkumax.

Puc. 1. ACM un3odpaxenns: a — Si mocie ounctku; b — [1DU, ocaxneHHblit B TemHoOTe Ha Si; ¢ — [1DU, ocaxneHHbI Ha Si py OCBEILEHUN
Fig. 1. AFM-images: a — Si after cleaning; b — Si PEI deposited on Si in the dark; ¢ — Si PEI deposited on Si under illumination
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IMonygyennsie cTpykTypsl Si/I[IDU 6b1H Hccneno-
BaHbI TaKXe METOJOM OXKe-CHEeKTPOCKOIUU C TTOMO-
mbto ycraHoBku Perkin — Elmer PHI 4300. ITposo-
JUJIach perucTpaius aToOMapHOro asoTa, KOTOPbIi
BXOIMT B CTPYKTYpy MoJiekys [1OU u He comepxutcs
B KPEeMHHEBOI MOIIOXKe. I3MepeHns TIpOBOAINA B
JIBYX peXXMMaX — PeXMME CHSITHUS 0XKe-CIEKTPOB B He-
KOTOPOM JMamna3oHe HEPrUil ¢ perucrpalueil OTHO-
CUTEJIbHOTO M3MEHEHMSI MHTEHCUBHOCTEH XapakTep-
HBIX TIMKOB KPEMHUS U a30Ta U B peXXuMe CKaHUPO-
BaHUS TOBEPXHOCTU TMPH (UKCUPOBAHHON SHEPTUU
0Xe-3JIEKTPOHOB, UTO aJl0 BO3MOXKHOCTb CYAUTb 00
OTHOCUTEJILHOM KOJIMYecTBe ajcopoupoBaHHoro 1O
U ero pacrnpenejeHUM IO TMOBEPXHOCTU MOMJIOXKHU.
BbuT ycTaHOBIIEH ClEAYIONINA PeXXUM CKaHUPOBAHUS:
yCKOpSIolee HanpsikeHue il MepBUYHBIX 3JIEKTPO-
HoB 3 KB, miar ckanupoBaHusi 1 3B, Bpems1 HakorIe-
Hus curdaga 50 mc, Tok amuccuu 125 MxA. IlpoBe-
JIEHVEe UCCIIeNOBaHUI B TAKOM PEXXMME IMO3BOJISIET pe-
TUCTPUPOBATh M3MEHEeHHUs uucia Mmojiaekyn I1OU B
MOHOMOJIEKYJISIPHOM HaHOpa3MepHOM MOKpbITUU. O6-
paboTKa CKaHOB ISl aHaJAM3a MPOBOAUIACH B IPO-
rpamMe Origin. Pe3yabTaThl 06pabOTKU CKAHOB MpPU-
BelIeHHbI Ha puc. 2.

HeobxoamuMo oTMeTUTh, YTO a30T BXOAMT HE TOJIb-
Ko B ctpykTypy IIOH, Ho u GOx. Ha puc. 3 noctpo-
€HBI pacTpeneeHNs OXe-CUTHaa IO a30Ty P aHa-
Jym3e ckaHoB pa3zMepoM 500 X 500 MKM, ITOJTydeHHBIX
¢ o0Opas3noB, Ha KoTophle HaHOCWIM GOX KaK Hemoc-
PEACTBEHHO Ha KPEMHUEBYIO CTPYKTYypy Si/SiO,, Tak
U 1noBepx oydepHoro ciaosa IIDU, npuuyeM CTpyKTyphl
OB TIOJTyYEHBI KaK TIPU TEMHOBO, TaK W TIpu ¢o-
TOCTUMYJUPOBAHHOM aICOPOLIMY MOJUUOHHBIX CJIOEB.

11 OLleHKY BIMSIHUS DJIEKTPUUECKOTO T10JIs1, TIPU-
JIO(KEHHOTO BIOJIb MOUIOXKHM, Ha pacnpenesieHrue Mmo-
BEPXHOCTHOTO IOTEeHIIMaaa ObLJIO MPOBEAEHO HUCCe-
JIOBaHME M3MEHEHMSI TTOBEPXHOCTHOTO MOTeHIIMAaIa MO-
HOKPUCTAJIMYECKOro #-Si ¢ TToMollbio Kel1bBUH-30H-
noBoit cunoBoil mukpockonuu (K3CM). Hecmotps
Ha TO YTO 3TUM METOAOM 3aTPYyAHUTEIbHO ONpPeaeIUTh
a0COJIIOTHYIO BEJIMYMHY MOBEPXHOCTHOIO MOTEHIIMA-
Jla, OH TIO3BOJISIET CYOIUTh O BIMSIHUM Ha MOTEHIIMAT
CTPYKTYPHI TTOJIN3JIEKTPOIUTHOTO TTOKPBITHS. [T Mu-
HUMM3ALUN BIUSTHUS MOPGOJIOTUA M3MEPEHUsS TI0-
TEHIIMaJa MIPOBOAUIMCH MO ABYXITPOXOAHON METOIUKE.
B pexxume K3CM 0OblIM NMpOCKaHUPOBAHbBI HECKOJIb-
KO MHUKPOMETPOBBIX YYACTKOB Ha KaxXKIOM M3 TIOJTY-
YEeHHBIX 00pa31oB, IIPUYEM KaxKIbI YIaCTOK CKaHU-
poBaJicsl cHavaja 0e3 MPUIOXKEHUsT BHEIIHETO 3JIeKT-
pUUYECKOTO 1015, a 3aTeM Tpu nogade 4,8 B Boosb mo-
BEPXHOCTH KPEMHMEBOM CTPYKTYphbl. BbluutaHue u3
3HAUEHUU 2-TO CKaHa 3HaYeHWi 1-ro mjis Kaxmoro
CKaHUPYEMOTO yyacTKa MO3BOJMUIIO UCKITIOUUTh U3MeE-
HEeHUsI TIOTeHIMala, He CBSI3aHHbIE C MPUIOXKEHUEM
HanpsikeHus (puc. 4).
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Puc. 2. Pacnpeneienne MHTEHCHMBHOCTH XapakrtepHoro s IO
OXe-NMKa a30Ta, MNOJyYeHHOe MNPH CKAHMPOBAHHM TNOBEPXHOCTH
500 x 500 mxm cTpykTypsl Si/SiO,/IIDH1, cHHTEe3MPOBAHHOI B TEM-
Hote (I) u npu oTocTUMyIMpoBaHHo# aacopouuu (2)

Fig. 2. Distribution of the intensity characteristic for PEI Auger peak of
nitrogen during scanning of the surface of 500 % 500 um of Si/SiO,/ PEI
structure, synthesized in the dark (1) and in the conditions of the
photostimulated adsorption (2)
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Puc. 3. Pacnpeneienne HHTEHCHBHOCTH XapPAKTEPHOTO OKe-TMKA a30-
Ta Ha KpemHueBbIX cTpyKTypax: / — Si/SiO,/TI9N/GOX, rae cion
I9H n GOx nmomyyens! npu ocsemiennn; 2 — Si/Si0,/TIOU/GOx,
rae ciou [TOU n GOx nonyyensl B TemHote; 3 — Si/Si0,/GOXx, rae
cioii GOX ToJIy4eH B TEMHOTE

Fig. 3. Distribution of the intensity of the characteristic Auger peak of
nitrogen on the silicon structures: 1 — Si/SiO,/ PEI/ GOx, layers of PEI

and GOx obtained under illumination; 2 — Si/SiO,/ PEl/ GOx, layers
of PEI and GOx obtained in the dark; 3 — Si/SiO,/ GOx, layer of GOx
obtained in the dark
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Puc. 4. OTHOCHTE/IbHOE pacinpeseieHHe MOBEPXHOCTHOTO MOTEHIM-
ajla KpeMHHEBOIi CTPYKTYPbI NPH NPUJIOKEHHA HANPSKEHAS CMele-
nus 4,8 B (a); usBieyeHnble NpopUIH NOBEPXHOCTHOTO MOTEHIUAIA
BIOJb JUHMA nous (b); n3MeHeHHe NMOBEPXHOCTHOrO MOTEHNMAa B
HANPABJIeHUN, NEPIEeHAUKY/ISAPHOM JIMHAAM HANPSKEHHOCTH, PABHS-
JIOCh HYJIIO

Fig. 4. Relative distribution of the surface potential of the silicon structure
during application of 4.8 V bias voltage (a); extracted profiles of the
surface potential along the field lines (b); the change of the surface
potential in the direction, perpendicular to the lines of force, was equal
to zero

YT10o06bI MOArOTOBUTH MOBEPXHOCTH Si IS MOCIELy-
IOILIETO UCIIOIb30BAHUS B KQUECTBE OMOJaTUMKA, HA Hee
cinenyer HaHectu ciaou [IOU, HO npu 3TOM HEoOXo-
NIUMO, YTOOBI KOJIeOAHUsI TMOTEHLMaaa, BbI3BAHHBIE

Puc. 5. K3CM uzoopaxenus Si n-tuna: ¢ — nocje HaHeceHus ciiost [IDU npu ocBellieHUY;

b — mocne HaHeceHust ciosi [IDU B TeMHOTE

Fig. 5. KPFM image of n-type Si: a — after deposition of a PEI layer under illumination; b —

after deposition of a PEI layer in the dark
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HEOTHOPOMHOCTHIO TTOBEPXHOCTH, ObUIM 3HAYUTEJIBHO
MEHbIIIE 3HAYeHUsI TpaguMeHTa Ha UCCAeAyeMOM ydyac-
TKe. g moctuxkeHust aroro pesyiabrata [1OUW HaHO-
CWJIM Ha CBETY U B TEMHOTE I10 OIMMCAHHON BBIIIIE TEX-
HOJIOTUM U 3aTeM OLIEHUBAJIU ITOJTyYeHHBIC MU3MEHEHUS
OTHOPOIHOCTH pacmpeaciaeHust noreHumaga K3CM

(puc. 5).

AHanu3 pe3yJbTaTOB

M3 ACM-uzobpaxenuit (cM. puc. 1) ciaemyeT, 4To
ocaxaeHue cjost [IDU B TeMHOTE MPOUCXOAUT HEPaB-
HOMEpHO IO IUIOLIAAM KPEMHHUEBOM IOIIOXKU, YTO
MPUBOJUT K BapyalldsIM TOJIIMHBI HOJIUMEPHOTO MOK-
PBITUS ¥ 3HAYUTEIBHOMI €To IIepOoX0BaTOCTU. AICopO-
LYsI OpU OCBELIEHUM MPUBOIUT K CIJIAXXMBAHUIO pe-
Jbeda MOBEPXHOCTH, YMEHBIIASI €ro IIepOXOBaTOCTh
He MeHee yeM Ha 30...40 %.

MeTon oxe-cnekTpocKonuu (CM. puc. 2) mnom-
TBEPAWJI, YTO CIJIaKUBAHUE MMOBEPXHOCTHU IMTPOUCXOAUT
WIMEHHO TIPY OCBEIIEHNH 3a CUeT 60Jiee paBHOMEPHOTO
pacnpenenenuss Monekyn 1O Ha moBepxHocTH Si,
MOCKOJIbKY HabJ10JaeTcsl YMEHbIIIEHUE IIIMPUHBI pac-
MpeaeIeHns] THTEHCUBHOCTA CUTHAJIA, XapaKTepHOTO
mng TTOU oxe-nuka asora. HeoGxoaguMo OTMETHTD,
YTO TIPU HAJIWMIWU BBIPAXXKEHHOTO TpaJaneHTa TOTEeH-
yana BOOJb JUHMM 1os (1o 15 mB Ha 40 MxMm) ero
CKayKH{ OT TOYKHU K TOUYKE BeCbMa CYIIECTBEHHBI — JIO
3...4 MB (cMm. puc. 4).

W3 puc. 5 cnenyer, uro HaHeceHue ciiosg [1OU yBe-
JINYMBAET HEOTHOPOIHOCTDH IMMOBEPXHOCTHOIO MOTEH-
1Maja Mo CPaBHEHUIO C OYMUILEHHOW KpEeMHHUEBOM
mwiactTuHoi, HO [IDU, ocaxkneHHbIN IIpU OCBEILICHUH,
NpUBOINT K MeHbIei Ha 40...50 % HeoTHOPOTHOCTH
MOTeHIIMajia, yeM "TeMHOBast" agcopOLusl.

JanbHeime uccieqoBaHus ITPOBOIUINCH Ha KPEeM-
HUEBBIX CTPYKTYpaX ¢ MPeIBApUTEIHLHO OCAKICHHBIM
cinoeM I1OU 1 6e3 Hero mocyie HaHEeCeHUST Ha HUX Me-
TOJOM TIOCJIOMHON amcopOLuM U3
pactBopa ciost GOx. IIpu ancop0-
uun GOX Ha MOBEPXHOCTHU "YUC-
TOr0" KPEeMHUSI PEeTUCTPUPOBAJICS
CNabblii TT0 MHTEHCUBHOCTU TTHK
a3oTa, YTO O3HAYaeT, YTO HEKOTO-
pasi yacTb MOJIeKy1 (hepMeHTa Bce
K€ 3aKperuisieTcsl Ha MOBEPXHOCTHU
06e3 OydepHOro Ciosi U OCBelle-
Hus. [Ipu 3TOM ypoBeHb OKe-CUT-
HaJla, COOTBETCTBYIOIIETO KpEeM-
HUIO, HA TIOBEPXHOCTU CTPYKTYPhI
Si/GOx ymeHbLIMICS O0Jiee YeM B
2 pasza 3a cueT (parMeHTapHOro
s TMOKPBITAS TTOBEPXHOCTH MOJIEKY-
nmamu GOx. TloBbllleHHME WHTEH-
CUBHOCTM CHUTHaJla TIO YIJIepoay
TaKKe CBUIETEILCTBYET 00 amcopo-
LIMA OPraHUYECKUX MOJICKYJI.
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B cnyuae HaneceHuss GOX Ha ITOBEPXHOCTh CTPYK-
Typsl Si/TIDU npu ocsellieHUU ObLIO OOHApPYKEHO
CYIIIECTBEHHOE YCUJIEHUE WHTEHCUBHOCTHU MUKa a30-
Ta, TIpUYEM TOJYIIMPUHA pacIipeneseHrus] NHTEHCUB-
HOCTH TIMKa TI0 a30Ty CYIIECTBEHHO YMEHBIIMJIACH
(cMm. puc. 3). B ciiyuae, koraa ciioit GOX ObLT HaHECEeH
noBepx IIODH, B oxe-clieKTpax OTCYTCTBYeT UK KpeM-
HUSA. DTO OOBACHSICTCS TeM, UTO MaKCHUMaJbHas TIy-
OuHa, Ha KOTOPON T'€HEPUPYIOTCS OXKe-3JIEKTPOHBI C
JIOCTATOYHOM TSI OTphIBAa OT MOBEPXHOCTH oOpasia
SHEpPTHEl, COoCcTaBlIsIeT He Oojee 2...3 HM, a TOJIIIMHA
OpPraHUYecKoro MOKphITUsI, cocrosiiero u3z [IOU u
GOx, npeBbllaeT 3Ty BenuunHy. HeobxoauMo otMe-
TUTb, YTO HaHeceHue ToJbko [TOU unu Toapko GOx
MO3BOJISIET PETMCTPUPOBATh OXKe-THUK, COOTBETCTBYIO-
muii kpeMHuto. [lonHoe McUye3HOBEHME IMHMKA, COOT-
BETCTBYIOIIETO KPEMHUIO, CBUIETEIBCTBYET O HaHE-
cenun GOx cromHeIM citoeM nosepx ITOU. Ipex-
CTaBJICHHBIE Ha PUC. 3 pe3yIbTaThl TO3BOJISIOT CAC/IATh
BBIBOJ, O TOM, YTO OCBEIIEHWE ITOJYITPOBOTHUKOBOM
MOJUIOXKM BO BpeMsl aacopOLMU U3 pacTBOpa MoJie-
KyJ1 (pepMeHTa MO3BOJISIET CO3aBaTh Oojee OTHOPOI-
HOE TIOKPHITHE, TTOCKOJIBKY YeM MEHBIIIEe TIONyIINPHUHA
pacnpeaeneHus] UHTEHCUBHOCTU XapaKTepHOTO OXe-
MUKa a30Ta Ha KPEMHUEBBIX CTPYKTYpaxX C MOKPBITU-
samu 3 Mosekyn IO u GOx, Tem Gonee omHOPOI-
HO pacnipeneneHbl MoJieKyJbl GOX Mo IMoBEepXHOCTH
TTOJTOXKH.

3akmoueHne

Takum obpa3oM, yaajoch 1OCTUYb U3MEHEHUS TO-
BEPXHOCTHOM TUIOTHOCTH MOJIEKYJT TTOJIUITUICHUMHU-
Ha BIOJb MOBEPXHOCTU 34 CUET CO3MaHUs I'pagueHTa
MOBEPXHOCTHOTO MOTEHIIMAa B MOJYITPOBOAHUKOBOM
MOJJIOXKE MPU aacopOLMu TojaudjaekTpoauTa. s
OLIEHKU BJIMSIHUS 3JIEKTPUYECKOTO IMOJIS, MPUIOXKEH-
HOTO BIOJIb MOMJIOXKM, Ha pacrpeaeseHrue MoBepX-
HOCTHOTO TOTEeHIIMaNa, ObIO TPOBEIEHO HMCCIEI0-
BaHUE U3MEHEHUs MOBEPXHOCTHOrO MOTEHIIMaIa MO-
HOKPUCTA/UIMYECKOro Si ¢ MOMOIIbIO CKaHUPYIOLIEH
MUKpockonuu 3oHga KenbBuHa. Pe3yiabrathl 3Kcme-
PMMEHTa I10 OCaXAEHUIO MOJUATUIEHUMUHA U TJIIO-
KO300KCHJa3bl OLIEHUBAJIKUCH C TIOMOIIBIO OXe-CITeKT-
pockonuu. I1poBonmioch cpaBHEHME OXKe-CUTHAIA 110
a30Ty Ha Pa3HbIX YYacTKaX MOMJTOXKKU. DTO MO3BOIUIIO
OLIEHUTb paBHOMEPHOCTb ocaxkaeHus [TOU u Hanuuue
rpagueHTa nmokpeitus. [lo pesynprataM uccieqoBaHMS
U3MEHEeHUSI paclipeleeHUus 3JeKTPUUeCKOro MoTeH-
uuajna Baoab nosepxHoctu (10...15 mB Ha 40 MM, T.c.
HAaTIpsSKEHHOCTD Nouist 2...4 KB/M) MOXHO yTBepXIaTh
0 BO3MOXHOCTU CO3IaHUS MOJUBIEKTPOJIUTHOTO MOK-
PBITUS C TPAAXEHTOM TOJIIMHBI 1O HECKOJbKUX HAHO-
METPOB, UYTO B CBOIO OUepeIb MOXET MPUBECTU K CY-
LIECTBEHHBIM U3BMEHEHUSIM COPOLIMOHHBIX CBOMCTB MpU
OCaXXJCHUM TMOCJEeNyIoIIMUX cloeB (Hampumep, dep-

MeHTaTUBHBIX). OcBellleHre MTOII0XKM BO BpeMsI aji-
COPOLIMK MOXET YMEHbBIIUTh HEOAHOPOJHOCTU U "Iy~
MBI" 32 CYET YMEHBIIICHUS IIIEPOXOBATOCTHA TTOKPHITHSI.

IIpumMeHeHrne TOJYyYEHHON CTPYKTYPBI TEpPCIEeK-
TUBHO B MTOTEHLIMOMETPUUECKUX OMOAATYMKAX, B KO-
TOPBIX U3MEHEHUE MOTEHIIMAa paboyero 3JeKTpoaa
OTHOCUTEJIBHO 3JIEKTPOJIa CPAaBHEHUSI B 3JIEKTPOXU-
MUUYECKON syeiike maeT nHdopMaluo 00 aKTUBHOCTU
HOHOB B 2JIEKTPOXUMMYECKOU peakuuu. KoHTpoau-
pyeMoe OCaxIIeHUE MOJIUMEPHOTO TIOKPBITUS C 3a/1aH-
HBIMU B3JIEKTPODU3NUECKUMU U MOPPOJIOrnYeCKUMU
rnmapaMeTpaMy MO3BOJISIET KOHTPOJIUPOBATh KOHIICHT-
paluo UMMOOMIM30BAHHOTO (hepMEHTATUBHOTO KOM-
MoHeHTa OMOoCceHCcopa, MO3BOJISISI CO37AaBaTh MYJbTH-
CEHCOPHYIO CHUCTEMY JUISI TIOBBILIEHUSI CTAOWUJIBHOCTH
MOKa3aHUM.

Paboma ewinoanena npu Qurancosoi nodoepicke
PODU (npoekm Ne 16-08-00524-a).
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Introduction

The application of hybrid structures with control-
lable parameters increases, in particular, for fabrica-
tion of chemo- and biosensors working in either liquid
or gas media as well as in opto- and microelectronics
[1—4]. Therefore, there are plenty of researches devot-
ed to the formation and characterization of hybrid
structures composed of polyelectrolyte layers on the
surface of conductive and semiconductor substrates
[5—8]. Usually, the technological aspects of the hybrid
structure formation include the well-known chemical
methods to control over electrophysical properties of
the hybrid structure components during the synthesis,
e.g., by pH and ionic strength of a solution and by spe-
cial processing of the substrate surface either. For in-
stance, these methods are used for the synthesis of or-
ganic layers structured by nanoparticles by Langmuir-
Blodgett technology [1, 2] as well as during polyelec-
trolyte adsorption onto a planar substrate or the surface
of nanodimensional cores placed in the corresponding
polyelectrolyte solution (layer-by-layer assembly).

However, the chemical methods do not allow us to
vary the adsorption parameters during synthesis and,
consequently, to influence the final characteristics of
the structure, providing process solely with the prelim-
inarily prepared solution and the substrate. Change of
electric potentials of either polyelectrolyte molecules
and the adsorbate surface (planar substrate or cores)
during the synthesis allows correction of an electrostatic
interaction between hybrid structures components at
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molecular level, which results in a change of overall pa-
rameters of the finished hybrid structure.

One can change the degree of ionization of polye-
lectrolyte molecules or the surface state charge of a
semiconductor and, thereby, the force of the electro-
static interaction during the synthesis by electric field,
electron beams of low and medium energies or super-
bandgap illumination of the substrate [5] and/or the
polymer [9]. Separately, the mentioned approaches are
known, but their combination, taking into account the
mutual influence of the hybrid structure components,
has not been investigated properly, while the prelimi-
nary results demonstrate the good prospects for such
approach. In particular, our research [5] demonstrates
the feasibility of control over the thickness of nanodi-
mensional organic coating and the surface potential of
the hybrid structure ‘silicon/silicon oxide/polyethyle-
neimine/gold nanoparticles [10, 11] by means of illu-
mination. However, illumination is a "soft" technique
for the surface potential changing since the range is
limited and the efficiency depends on the semiconduc-
tor characteristics. Therefore, illumination does not al-
low fabrication of a pronounced gradient of nor poly-
mer coating thickness nor distribution density of the
adsorbed nanoparticles. Fabrication of polymer coat-
ings with a smooth gradient of properties along the sub-
strate surface is a topical task for the optoelectronic and
sensor devices since a change by a few nanometers in
morphology or thickness of a buffer organic layer can
results in both essential changes of the adsorption prop-




erties of bio- or chemosensors and considerable chang-
es of the optical characteristics of the coating.

The aim of the research is fabrication of organic
coatings on a semiconductor substrate under an elec-
trostatic field and illumination and characterization of
prepared nanodimensional organic coatings using an
electrostatic potential as a factor of the controllable
synthesis of hybrid structures.

Research objects and coatings formation technology

In our experiments the Si single crystal of n-type
with (100) crystal orientation from Silchem Handelsges-
ellschaft Co., with specific resistivity of 5 Q + cm were
used as the substrates. Cleaning of the silicon substrates
was done by boiling in the peroxide-ammoniac solution
of H,0/H,0,/NH,OH = 4/1/1 volume at 70 °C dur-
ing 10 min. Then substrates were rinsed in deionized
water and dried in nitrogen flow. The result of this
treatment a thin layer of silicon dioxide was formed.
The oxide thickness (about 2 nm) were confirmed by
ellipsometry. Moreover, after this treatment the sub-
strate surface became negatively charged in water at a
neutral pH due to fixation OH-groups.

For formation of organic coatings the cationic pol-
yelectrolyte polyethyleneimine (PEI) of 25 kDa molec-
ular weight from Sigma Aldrich and applied in the bi-
oanalytical systems glucose oxidase (GOx) enzyme of
160 kDa molecular weight from Aspergillus niger (Sigma
Aldrich) were used. PEI was dissolved in aqueous so-
lution at concentration of 1...2 mg/ml, GOx — up to
concentration of 1 mg/ml. It should be noted, that at
pH > 4 the GOx molecules have an effective negative
charge in a water solution, i.e. GOx is anionic elec-
trolyte.

Illumination of the Si substrate during adsorption
was carried out by a white light of a halogen lamp (the
light intensity in substrate plane about 6000 1x). For ap-
plication of electric field along the surface during ad-
sorption the corrosion-resistant metal contacts on treat-
ed Si wafers were fabricated by magnetron scattering
method. DC voltage of 4.8 V was set via galvanic cells.

Methods and research results

The surface morphology and surface potential were
measured using NTEGRA Spectra probe station
(NT-MDT). NSG11/Pt cantilevers with the conduc-
tive coating of were used. The optimal frequency of
scanning was 0.5 Hz.

Fig. 1 shows the change of silicon surface and hybrid
structures during PEI deposition at various modes.

In addition, Si/PEI structures were investigated us-
ing Auger electron spectroscopy method by means of
Perkin — Elmer PHI 4300 installation. Atomic nitro-
gen, which is part of PEI molecules structure, and not
contained in silicon substrate, was recording. The
measurements were carried out in two modes: first, Au-
ger -spectra is recording with registration of relative
change in the intensity of specific silicon and nitrogen
peaks in a certain energy range; second, the surface

scanning at a fixed energy of Auger-electrons, which al-
lowed to judge about the relative quantity of adsorbed
PEI and its distribution on the substrate surface. The
following mode of scanning was established: the accel-
erating voltage for the primary electrons was 3 kV, a step
of scanning — 1 eV, time of a signal accumulation —
50 ms, emission current — 125 pA. Carrying out of the
research in such a mode allowed us to record the
changes in the number of PEI molecules in a mono-
molecular nanosized coating. Scans processing for the
analysis was done via Origin. The results of scans
processing are presented in fig. 2.

It should be noted, that both PEI and GOx contain
nitrogen. Fig. 3 presents Auger-signal distributions of
nitrogen calculated from 500 x 500 pm2 scans of dif-
ferent samples. GOx was deposited both directly on the
silicon structure of Si/SiO, and onto the PEI buffer lay-
er, the structures were obtained by photostimulated ad-
sorptions of the polyionic layers and without it (in the
darkness).

To assess the influence of the electric field applied
along the substrate on the surface potential distribution,
a research was done of the change of the surface po-
tential of n-Si single cristal by means of Kelvin probe
force microscopy (KPFM). Despite of the fact that the
method is inconvenient for determination of the abso-
lute value of the surface potential, it allows us to access
the influence of the polyelectrolyte coating structure on
potential. For minimization of morphology effect the
measurements of the potential were taken by a double-
line method. In KPFM mode several micrometer sites
were scanned on each of the samples. At first, each site
was scanned without application of the external electric
field, and then, when 4.8 V was supplied along the sur-
face of the silicon structure. Subtraction of the 1% scan
values for each scanned site from the values of the
2" scan allowed us to exclude the changes of the po-
tential, which were not connected with application of
the voltage (fig. 4).

In order to prepare Si surface for use as a biosensor,
it is necessary PEI deposition, however, the fluctua-
tions of the potential caused by the heterogeneity of the
surface, must be considerably less than the gradient on
the investigated site. For achievement of the result PEI
was deposited under illumination and in darkness in ac-
cordance with the technology described above, and the
received changes in the uniformity of distribution of
KPFM potential were estimated (fig. 5).

Analysis of the results

According to AFM images (see fig. 1) deposition of
PEI layer in darkness occurs non-uniformly over the
silicon substrate, which results in variations of the
thickness of the polymer coating and its considerable
roughness. Adsorption under illumination smoothes
the surface relief and reduces its roughness by at least
30...40 %.

Method of Auger spectroscopy (see fig. 2) confirmed
that the surface planarization occurs under illumination
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due to a more uniform distribution of PEI molecules on
Si surface since a distribution of the signal intensity of ni-
trogen Auger-peak corresponding to PEI becomes nar-
row. We should note that there are considerable jumps of
potential (up to 3...4 mV, see fig. 4) from point to point
despite of a pronounced gradient of potential along the
electric field lines (up to 15 mV on 40 pm).

According to fig. 5 the deposition of a PEI layer in-
creases the heterogeneity of the surface potential in
comparison with the cleaned silicon wafer, but PEI lay-
er deposited under illumination possesses a smaller het-
erogeneity (by 40...50 %) of the potential than the one
adsorbed in the darkness.

The subsequent researches were carried out using
silicon structures with preliminarily deposited PEI
layer and without it after adsorption on them of a GOx
layer by layer-by-layer assembly. A weak nitrogen peak
was detected after GOx adsorption on the surface of
"cleaned" silicon, which indicates that some enzyme
molecules were fixed on the surface without a buffer
layer and illumination. The Auger signal intensity cor-
responding to silicon on the Si/GOx structure surface
decreases in two times due to a fragmentary surface
covering by GOx molecules. An increase of carbon sig-
nal intensity also indicates the adsorption of organic
molecules.

A considerable increase of nitrogen peak intensity
and a considerable decrease of semiwidth of the distri-
bution of nitrogen peak intensity (see fig. 3) were ob-
served for the deposition of GOx on the Si/PEI struc-
ture surface under illumination. When the GOx layer
was deposited over PEI, a silicon peak was absent in the
Auger spectra. Since the maximal depth of Auger elec-
trons emission is ca. 2—3 nm, while the thickness of the
organic coating from PEI and GOx exceeds this value.
We should note that an Auger peak corresponding to
silicon is observed for deposition of either PEI or GOx.
A total disappearance of the peak corresponding to sil-
icon indicates a dense GOx layer deposited onto PEI.
The results in fig. 3 allow us to conclude that illumina-
tion of a semiconductor substrate during adsorption
from a enzyme molecules solution provides fabrication
of more homogeneous coating. The more narrow dis-
tribution semiwidth of intensity of nitrogen Auger peak
acquired from silicon structures with PEI and GOx
coatings is, the more homogeneous distribution of GOx
molecules on the substrate surface is.

Conclusion

Thus, changes in the surface density of polyethyle-
neimine molecules along the surface due to formation
of a gradient of the surface potential in a semiconductor
substrate during adsorption of the polyelectrolyte were
achieved. The surface potential and its changes of a sin-
gle silicon crystal were investigated by means of scan-
ning Kelvin probe microscopy to estimate the influence
of an electric field applied along the substrate on the
distribution of the surface potential. The results of dep-
osition of polyethyleneimine and glucose oxidase were
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estimated by means of Auger spectroscopy. A compar-
ison of nitrogen Auger signal was done for different re-
gions of the substrate. It allows authors to estimate the
uniformity of PEI deposition and the presence of a gra-
dient of coating thickness. According to investigation
of distribution of electric potential along the surface
(10...15 mV per 40 um, i.e., field intensity of 2...4 kV/m)
one can state the possible fabrication of a polyelectro-
Iyte coating with a thickness gradient up to several na-
nometers, which can result in considerable changes of
the sorption properties during deposition of the subse-
quent layers (for example, enzymatic ones). Illumina-
tion of a substrate during adsorption can decrease the
heterogeneity and "the noises” due to reduction of the
coating roughness.

Application of the structure is promising in poten-
tiometric biosensors where a change of the potential of
a working electrode to a reference electrode in an elec-
trochemical cell provides information on the activity of
ions in an electrochemical reaction. A controllable dep-
osition of a polymer coating with specified electrophys-
ical and morphological parameters allows us control
over the concentration of an immobilized enzymatic
component of a biosensor and fabrication of a multi-
sensor system to increase the reliability of indications.

The work was done with the financial support of RFFI
(project No 16-08-00524-a).
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®I'bOY BIIO "lleH3eHCcKMIT TOCYIapCTBEHHBIM YHUBEPCUTET"

YHUBEPCAAbHbI MOAYAb YMPIT U ETO MHTEFPALIMA
C HAHO- U MUKPOSAEKTPOMEXAHUYECKUMHN CUCTEMAMU

AATHYUKOB U AKTIOATOPOB

Ilocmynuna 6 pedaxuyuro 31.07.2016

IIposeden ananu3 paznuuHvix U3MepuUmenbHbiX Yacmommusix npeobpasogamenei. Ilokazarno, umo unmeepayus 4acmMomHbIX UH-
mezpupyrouux pazeepmoieaiouux npeodpazosamenei (YUPII) ¢ nepsuunvimu npeobpazosamensmu (0amuyuxamu) no3eonsem
VAYUUWUMb MeXHUYEeCKUe XapaKmepucmuKy YCmpoucme u CUchem, 80 MHOUX CAY4AsX 000UmMuUch 6e3 UCnoab308aHUs MUKPONDPO-
yeccopos. B pesyrvsmame ananuza oboouernol cmpykmyprou cxemvt YUPII ¢ usmepumensuoti yenvio (U1L]) nepsuunoeo npeo6-
paszosamens U uccaedosanus cxem ycmpoticme ¢ ucnoavzosanuem YUPII npednoscen ynusepcanvuoii modyrs YUPII, noseoas-
FOWULl peanu3o6vleams Ha e2o0 0cHose paziuyhvie cxemvl YUPII. Onucanvl 6apuanmol UCNOAL306AHUS YHUBEPCANBHO2O MOOYAS
YUPII: c peaucmusnbim u emKoCmHbIM damyurkamu, ¢ mocmoegou U1l uz peaucmopoe u u3 konoencamopos. Ilpedcmaenenvt ghyH-
Kuyuu npeobpazosanus onucanHvix cxem. I[lpednoxceno ucnonviosams paspabomantblii yHueepcanvuiii mooyse YUPII das cozda-
HUSL CXeM YNpaesaeHus CamopecyiupyemvimMu (Camouy8cmeumensHoiMu) noe30aKkmioamopamy u noe3odeueamensimu (noe3onpueso-
damu). Coenan 6v1600 0 mom, umo yHueepcarvHolli mooysb YUPII nozeonsem pacuupums 31eKMPOHHYI0 KOMNOHEHMHYH 6a3y
MUKPOINEKMPOHUKU, NPUMEHUM 05 PeuleHUs PA3AUYHbIX 3a0a4 U3MepeHus, KOHMpoAs U YnpaeaeHus, NoAe3eH 8 YCA08UAX Heo0-

xodumocmu umnopmo3sameuwieHusl.

Karoueesvte caosa: ynusepcanvhoiii modyas, YHUPII, nano- u mukpossekmpomexanuueckas cucmema, HuMIMC, damuuk,
aKmioamop, pe3aucmueHblll OAM4UK, eMKOCMHbII 0aMUUK, Nbe3091eKmpU4ecKuii aKkmioamop

Bsenenue

CyllecTBYIOT pa3jIMYHble U3MEPUTESIbHbIE YacTOT-
Hble mpeoOpa3oBaTenu [1—4], cpeau KOTOpPBIX B Ha-
CTosIlee BpeMsl HAyYHbI UM MPaKTUYECKUU MHTEpeC
MPEICTABISAIOT YaCTOTHBIE WHTETPUPYIOLINE pa3Bep-
ThiBaro1ue rpeodpaszoBarenu (YUPIT) [5—9]. OHu 06-
JIAJAI0T PSIIOM TTOJOXUTEIBHBIX KaueCTB: UM CBOWMCT-
BEHHBl MHBAPUAHTHOCTb K HECTAOMJIBHOCTU MCTOY-
HUKOB MUTAHUS, BbICOKAsI TOMEXOYCTOMUUBOCTDb MpPU
rnepeaaye CUTHajIa Kak Mo MPOBOAHBIM, TaK U MO Gec-
MPOBOJAHBIM JIMHUSIM CBSI3U, IMHEHHOCTD; MIPU WX MPU-
MEHEHUM BO MHOTUX Ciyyasix OTIIaJaeT HEeOOXOIM-
MOCTb B CJIOXKHBIX MUKPOTIPOLIECCOPHBIX YCTPONCTBAX
U aHaloro-uugpoBbIX MpeodpazoBaTesax. MHTerpa-
st YUPII ¢ HaHO- 1 MUKPO3JIEKTPOMEXaHUIECKUMU
cuctremamu (HuUM3OMC) naT4nMKOB M aKTI0aTOPOB OT-
KPBIBAET HOBBIE BO3MOXHOCTU MO YJIYUYIICHUIO TEX-

HUYECKUX XapaKTEePUCTUK YCTPOMCTB U CHUCTEM Y-
paBJIeHUs, KOHTpoOJsl U auarHocTuku. K mpumepy,
copmelieHue YUPIT ¢ HUMDMC patuyuMkoB aaBe-
HUsI MTO3BOJISIET YMEHBIIUTh TEMIIEPATYPHYIO TOrpell-
HocTb [10, 11], mMOBBICUTDL YYBCTBUTEJIBHOCTD [12, 13],
YIIPOCTUTh KaquOpoBKy [14] U BO MHOTUX cCiydasx
000HTHUCH 0€3 MUKPOIPOLIECCOPHBIX yCTpoucTB. [Tpu-
MmeHeHue YMPII coBMeCTHO C Ibe3031EKTPUIECKUMU
akTioaropamu [15] OTKpBIBaeT BO3MOXKXHOCTh MCIIOb-
30BaTh MbE303JIEKTPUUYECKIE DIIEMEHTHI CAaMOT0 aKTIO-
aTropa B KauecTBe NaTyrkKa 0OpaTHOI CBSI3U B CUCTEME
VIpaBJICHUsI, YTO MO3BOJISIET MTOBBICUTh TOYHOCTh Ha-
HO- U MUKPOMO3UIMOHUpOBaHus [16].
MHoroo0pa3ue perraeMbIX 3a1a4 KaxXIbli pa3 Tpe-
OyeT NpoBeNeHUs MCCAeIOBaHUI M0 MCIOJIb30BAHUIO
TeX WU MHBIX 3jekTpudyeckux cxeM UMPII, nmoucky
HOBBIX BApMAHTOB CX€M W ONTUMM3ALIMU UX MapameT-
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poB. BmecTe ¢ TeM B OCHOBE Pa3IUYHBIX CXEM JIEXKUT
o01Mil npuHLUn GyHKironuposanus YUPII, ananus
KOTOPOTO M CYIIECTBYIOIINX TEXHUYECKUX PEIICHUMN
YU PII MoXeT MpUBECTU K CO3IaHUIO YHUBEPCATbHOTO
monyns YUPII, mo3Bosioliero peaau3oBbiBaTh Ha
ero ocHoBe pasnnuHbie cxembl YU PII. Takoit yHuBep-
CaJIbHbII MOJYJIb, U3TOTOBJIEHHbBII B MUKPO3JIEKTPOH -
HOM WCITOJTHEHUHU, PACIIMPUT JIEKTPOHHYIO KOMIIO-
HEHTHYIO 0a3y MUKPOSJEKTPOHUKU U OOECIEYUT pe-
IIeHNEe MHOTHUX 3a/1a4 U3MEPEHMS, KOHTPOJISI U YIIPaB-
JIeHUs].

CraBunach M pelllajach 3amgaya pa3paboOTKU yHU-
BepcasibHoro moayast YMUPIT ¢ ontumanbHbiM Habo-
pPOM BXOMSIIMX B HETO 3JEMEHTOB, JOCTATOYHBIM LIS
ero (pyHKUMOHUPOBAHUSI U HEOOXOAUMBIM JIs1 TTOCT-
poeHus paznuuHbix cxeM YW PII Ha ero ocHoBe.

CrpykTrypa yHuBepcajabHoro moayis YUPII

Hns aHanmuza TIpuHLUNA (QYHKIMOHUPOBAHUS
YUPII (ISFC — integrating scanning frequency converters)
nocTpoeHa o0o0I1eHHas cTpykrypHas cxema YMPII ¢
usmeputeabHoit uenbio UL (MC — measuring circuif)
MepBUYHOIO Mpeodpa3zoBaTens (maryrMka), MpeacTaB-
JieHHas Ha puc. 1. LI MoxeT ObITh B BUIE ACTUTENS
HarpsiXeHus Wid B BUJe MocTa (U3 pe3UCTOPOB WU
KOHJEHCATOPOB, Pe3UCTOPOB U KoHAeHcaTopoB). YN PII
(puc. 1) coctout u3 unrerparopa UHT (INT — integ-
rator), CpaBHUBAIOIIETO yCTpoiicTBa (koMmmnaparopa) CY
(CE — comparison elemenf) 1 MTHBEPTUPYIOLIETO YCU-
mmrens Y (IA — inverting amplifier). LLITpuxoBoii -
HUEl MOKa3aHbl OTpULIATEIbHbIE OOpaTHbIE CBS3U, KO-
TOPBIE UCITOIB3YIOTCS UIST TIMTAHUS TIEPBUYHBIX TIpe-
oOpa3zoBaTesieil (IaTYMKOB) B 3aBUCUMOCTH OT CXeM
pkmoueHus YMUPIT B U1

B pesynbrate aHaiu3a 000011IEHHON CTPYKTYpHOI
CXeMbl M M3BECTHBIX TEXHWYECKUX PEIIeHUN YCT-
poiicTB ¢ mpumeHeHnueM YU PII, nmpoBeaeHHBIX UCCe-
JIOBAaHUU TI0 OTIPEEICHUIO ONTUMAIBLHBIX TTApaMETPOB
u Habopa sneMeHToB YMPII, HeoOXonuMbIX 1 gOCTa-
TOYHBIX JJIs1 YCTOMUYUBOTO U 3(p(PeKTUBHOTO (hyHKIIM-
OHMPOBAHUS, a TaKKe MOCTPOEHUST Pa3IWUYHBIX CXEM
pa3paboTaH yHuBepcaibHbiit Mogynbs YHUPII (puc. 2).
Ha ero 6a3e MoryT ObITh peajJM30BaHbl pa3IMYHbIEC 13-
meputeabHbie cxembl YMPII, unterpupyemoie (coB-
meiaeMble) ¢ HUMOMC naTyukoB U aKTI0aTOPOB.

| |
S :' -~ “wwen , 1 :
, ISFC | I ,
| wy : aI WHT aI cy aI ny : f";‘ :
I MC | INT CE 1A I
|
I e T _= T—. |
| [ Sy — -l |

Puc. 1. O6o0mennas crpykrypuas cxema YUPII ¢ UIT
Fig. 1. Structural circuit of ISFC with MC
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Puc. 2. Cxema ynusepcaibnoro monyist YUPII: /| — uHBepTUpYIO-
LM BXOJ MHTErpaTopa; 2 — HEMHBEPTUPYIOLIMI BXOJ MHTETrPaTo-
pa; 3 — MOMOJIHUTEIbHBIN MHBEPTUPYIOIIUI BXOI MHTETpaTopa; 4 —
HEWHBEPTUPYIOLIMIA BXO KOMIApaTopa; 5 — MHBEPTUPYIOLIMIA BXO
OY MHBEPTUPYIOIIETO YCUIIUTENST; 6 — HEeMHBepTUpPYIolnii BXoq OY
MHBEpTUpYIoLIero yeunutens, 7 — — k. monyna YUPII; 8 — BoI-

xox mHTerparopa (MHBepTupyoimii Bxon OY kommarapora); 9 —
uHBepTUpYyloLmii Bxon OY uHTerpatopa; /0 — BbIXOJ KOMIIapaTtopa
(Beixon momysiss YU PIT); 1/ — BbIxoq MHBEPTUPYIOIIETO YCUITUATEIISI
(unBepcHblit Beixon Moxynsa YWPII); 12 — +E . monyna YUPIT

Fig. 2. Circuit of the universal module of ISFC: 1 — inverting input of
the integrator; 2 — noninverting input of the integrator; 3 — additional
inverting input of the integrator; 4 — noinverting input of the comparator;
5 — inverting input of OY of the inverting amplifier; 6 — noninverting
input of OY of the inverting amplifier; 7— —E,,,, of ISFC module; § —
output of the integrator (inverting input of OY of the comparator); 9 —
inverting input of OY of the integrator;, 10 — output of the comparator
(output of the ISFC module); 11 — output of the inverting amplifier
(inverse output of ISFC module); 12 — +E,,.. of ISFC module

B cxemy yHuBepcambHoro monyiass YMPII Bxomsr
Tpu onepaumoHHbIX yeunuregs OV1, OY2, OY3, pesuc-
Ttopsl R1, R2, R3 u R4, xouaeHcatopsl Cl u C2 (K nipu-
Mepy, Rl = 10 kOm, R2 = 500 kOm, R3 = 10 kOwm,
R4 =10 xOmMm, C1 =20 n®, C2=5nd,), KOTOPLIE CO-
eVHEeHBbl YKa3aHHBIM 00pa3oM M pa3MelleHbl B rep-
MeTnyHOM Kopryce. Ha OY1 cobpan unTerparop, Ha
OVY2 — xommnapartop, Ha OY3 — MHBepTUPYIOIIMNIA
ycuaurelb (K npumepy, ¢ KoaddulimeHToM nepenauu
K=1, 1e. R3=R4).

CrnenyeT OTMETUTh, YTO pe3UCTOp R2 UCHOIb3yeTCs
MPU MOAKJIIOYEHUN YHUBEPCATBLHOTO MOIYJS K Aud-
(hepeHIMATLHOMY TEH30PE3UCTUBHOMY (€EMKOCTHOMY)
JaT4YNKy, COOpPAaHHOMY IO MOCTOBOM cXeMe BKITIOUe-
HUSA, W CIY>KUT JJI 3aJlaHus HayaJbHOM 4acCTOTHI f
BBIXOJJHOTO CUTHAJIa TIPU HYJIEBOM pa3bajiaHce TEH30-
MocTta (mpu ¢ = 0) WM TIpU paBEHCTBE €MKOCTEIl eM-
KOCTHOTO JIEJIUTEJIS U3MEPUTEILHOM LIETTH.

CooTtHollleHUe eMKocTeil KoHaeHcaropos Cl u C2
OIpeaesieT CKAYOK aMIUTUTYIbI BEIXOAHOTO HaIIpsKe-
HUSI UHTErpaTopa MpU CMeHE MOJISIPHOCTU BBIXOTHOIO
CUTHaJla yHUBepcalbHoro moayis (¢ —U, nHa +Uj).




IIpu C2 = C1/2 ckayoK aMIUIUTYAbl BEIXOOHOTO Ha-
NpsKeHUs MHTerparopa paseH 2U,. Haubonee onTu-
ManbHOe cooTHomeHne C2 = C1/4, kotopoe obecre-
YrBaeT MaKCUMAJIbHYIO JUHEHHOCTD Mpeodpa3oBaHMUs.

Hanee paccCMOTpUM BO3MOXHBIE U HE MCUEPITbIBA-
IolllMe BapMaHThl MCIOJIb30BaHUS YHUBEPCAIHHOIO
MoayJst YU PIT nns mocTpoeHust pa3anyHBIX 3JEKTPU-
yeckux cxem YMPII nng cosmemieHuss ¢ HuMBMC
JAaTYMKOB U aKTIOATOPOB.

Yuusepcaabnblii Mmoayas YA PII
C PE3NCTHBHBIM JATIYMKOM

Ha puc. 3 npencrapiieHa cxema MOJKIIOUEHUS YHU -
BepCaJTbHOTO MOIYNIS K PEe3WCTUBHOMY HaTUYMKy (Ha-
MpUMeED, TeMIIepaTypbl) — PE3UCTOPY (TEPMOPE3UCTO-
py) R7 4epe3 mOTOTHATENBHBIN pe3ncTop R6 (K mpumMe-
py, R6 = 200 kOm, MoxXeT OBITh 1 GoJbie). Ha puc. 4
MoKa3aHbl BPEMEHHBbIE JUarpamMMbl, WLIOCTPUPYIO-
e paboTy JaHHOM cxeMbl. BepXxHssl cTpoKa BpeMeH-
HBIX AUarpaMm oTpaxaeT (opMy cuUTHajia Ha BBIXOJE
uHrterparopa UuHT (8), a BTopast U TpeThbs — (DOPMEI
CUTHAJIOB Ha BBIXOAE OMNEPALMOHHBIX YCHJIUTEIEH
OV2 (Usbixyy) u OY3 (UBbIX{{) COOTBETCTBEHHO.

®OyHKIIMI npeodpa3oBaHUs IJI AAHHON CXEMBbI
BKJIIOUEHUSI OMpPenessieTCsl BbIpaXKeHUeM

RAR7
4R3(R6+ RT)RICL"

f= (1)

IMapannensHo pe3ucTopy R4 yHMBEpPCAIBLHOTO MO-
nynst (CcM. puc. 3) NOAK/IIOUEeH HaBeCHOM pe3ucTop RS
(K IipuMepy, TOro xXe HoMuHaia, 4to U1 R4 = 10 kOm),
B CBSI3M C UEM HAIpsKEHUE Ha BBIXOAE MHBEPTUPYIO-
mero ycrmmreis Ha OY3, monaBae-
MO€ Ha U3MEPUTEITbHYIO LIEeTTh U3 pPe-
3UCTOPOB, PAaBHO ITIOJOBMHE HAMpsi-

p el A7
1 Rl \ 3
2 — OY] 1
[t A k3 -
murl
] o °T (T

o i &~
2 o
(™) L)
| .
At ——a
= 3 _l

Puc. 3. Cxema noakmouenns yausepcaabHoro moayiasi YN PII k pe-
3UCTHBHOMY JATYHUKY

Fig. 3. Circuit of connection of ISFC universal module to the resistive
sensor

xogHoro curHajga YMPII mis pa3HbIX TUIIOB JaTYMKOB
B 3aJIaHHOM JMaria3oHe U3MepsieMbIX TeMIlepaTyp.

Yausepcaabnbiii Moy YU PII
C eMKOCTHBIM JAATYHKOM

CxeMa MOOKITIOYeHUs] YHUBEPCATHLHOTO MOIYIS K
€MKOCTHOMY JaTYMKY (HampuMmep, BIaKHOCTH) B BUIIE
KoHaeHcatopa C4 m3obpaxeHa Ha puc. 6. B usmepu-

F TCases |

1.500
AKEHUA C BbIXOJa KOMIIapaTopa Ha

OVY2 u B dopmyse (1) HyXHO cuu- 0.000}

A EHWE Yenoswe N
-§ |Frequency 'l v(10) -” 3

TaTh CONPOTHUBIICHNE R4 Kak mapa- _1.000

Frequency=3644.62 Hz

|
|
|
|
|
|
|
Mo ymomzssno |
|
|
|
|
|
|
|

|
|
|
|
|
|
| -
nenbHoe coenuHenue R4||R5. K koH- | | i
nercaropy Cl Takke TTOIKITIOYEH Ta- | ﬁ?eﬂj—d»
paienbHo KoHaeHcatop C3 (K mpu- : Usbix (10), V T i eia d b o
mepy, C3 = 30 n®) u aHanormyno | /-H00 ———E— e e
HyxHO cumratb Cl B opmyne (1) | bl T e Rt IR L t ms
kak C1]|C3 (C1||C3 = 50 nd). , 0.0004— T 1 |
- . . : : |
Ha puc. 5 mokasan rpapmk ns- | -5.000475, 0300 0600 0900 1200 |
MEHEHMS YaCTOTHI f BEIXOJHOTO CUT- | |
| |
Hana (I') B 3aBUCUMOCTU OT U3Me- | Vs (11), v |
HEHUS CONPOTUBIIEHUS pe3ncTopa R | 3600 |
| N T |
(R7) maryuka TeMmmepaTypbl B Aua- | — i r |
mazoHe oT 200 Om mo 1 xOwm (mpu ' pgoo ] L
YKa3aHHBIX HOMHWHa/JIaX 3JE€MEHTOB : 000 L I I :
1 SN 0.000 0.600 0.900 1.200 |

cxembl YUPIT).

ITonOupass HOMMHAIBI PE3UCTO-
POB 1 KOHJAEHCATOPOB B (DYHKLUU
npeodpa3zoBaHusl (2), MOXHO IOy~
YUTb HEOOXOAMMbIE MTapaMeTPhl Bbl-

Puc. 4. JIuarpaMmpl, WLTIOCTPUPYIOIME PadoTy cxembl yHuBepcayibnoro monxyias YUPII,
NOJKJIIOYEHHOTO K Pe3HCTHBHOMY HaT4uKy (R7)

Fig. 4. Diagrams illustrating operation of the circuit of the universal module of ISFC connected
to the resistive sensor (R7)
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Puc. 5. U3menenue yactotsl f BoixonHoro curnana (I'm) B 3aBucu-
MOCTH OT H3MEHEHHUs] CONMPOTHBJIEHHUS pe3ucTopa R naTymka

Fig. 5. Change of frequency f of the output signal (Hz) depending on the
change of resistance of resistor R of the sensor

IS [y ey )
t A+ 51 |-
+Uml
Jos 3 R2 _ 0T 1'

(=]

Puc. 6. Cxema noakimouenusi yausepcanbnoro moayiss YU PII k em-
KOCTHOMY JATYHKY

Fig. 6. Circuit of connection of the universal module of ISFC to the
capacitive sensor

TEJbHYIO 1IeThb JaTYMKa TaKKe BXOAUT KOHACHCATOP
C3 u pesuctop RS5. Konmencarop C5 — moGaBouyHast
€MKOCTh K KoHjeHcaTopy Cl mHTerparopa Ha omepa-
muoHHoM ycwiaurene OY1. Ha puc. 7 uzobpaxeH rpa-
(MK 3aBUCMOCTH YaCTOTHI BEIXOTHOTO CUTHAJIA OT W3-
MEHEeHUS 3HauyeHMs1 eMKocTu ((C4) maTumka B auana-
3oHe oT 100 mo 101 n® (mpu ciaeayolIUX MapaMeTpax
sneMmeHTOB: C3 = 100 Id; R5 = 10 xOM; C5 = 10 nD).

®OyHKIMS Tpeodpa3oBaHUs TaKOW CXEMbI BKITIOUE-
HUS eMKOCTHOTO JaTYMKa B OOIIEeM cIydae MMEeT BUJI

P C3- C4 2
4R,C2  4(R1+R5)C2(C3+ C4)’

rae Ry — 3JIEKTPUYECKOE COMPOTUBIIEHUE BXOIHOIO
pesucropa (R2 v R2 + R6) mHTerpatopa Ha orie-
paiimoHHoM ycunurese OVY1, ciayxaluee 1uist 3aAaHUs
HAyaJIbHOM 4YacTOThl f; TIIPU DPAaBEHCTBE E€MKOCTEi
C3 = (4.
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Yuusepcayubnbiii Mmoaya» YUPII ¢ moctoBoii U1
H3 Pe3UCTOPOB

CxeMa MOIKJIIOUEHUS] YHUBEPCAJIbHOTO MOMYJIS
YHPII x mocroBoit 11 pe3uctuBHOro gatymMka (Ha-
npumep, auddepeHnaIbHOTO JaTuuKa JaBAeHUS)
npeacraBieHa Ha puc. 8. MIamepuTesbHas Lenb JaH-
HOM CXeMbI COIEPXKUT PESUCTUBHBINA MOCT, K IPUMEPY,
u3 TeH3ope3ncTopoB R5— R8 u pesucropoB R9 n R10,
BKJIIOUEHHBIX MOCJEI0BATeIbHO C IUAroHaablo MUTa-
HUS TEH30MOCTa K BBIXOIy KoMimapaTtopa Ha OY2. [lo-
MOJHUTEbHbIE HAaBECHbIE 3JIEMEHTbhl — KOHAEHCATO-
pbl C3 u C4 (xk npuMepy, C3 =60 n® u C4 = 25 n®),
BKJIIOUEHHbBIE MapajuieibHO KoHneHcatopaMm Cl u C2
YHHUBepCaJbHOIO MOAyJNs, U pe3uctopbl R11 u R12
(x mpumepy, R11 =90 kOm u R12 = 800 kOm), BKJI10-
YeHHbIe MOoceaoBaTesibHO ¢ pe3uctopamu Rl u R2
uHTerparopa Ha OY1 cOOTBETCTBEHHO.
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Puc. 7. 3aBHCHMOCTb YaCTOTHI BHIXOJHOIO CHUTHAJA [ OT M3MEHEHHS
3HAYeHHs] eMKOCTH aaTtynka (C4)

Fig. 7. Dependence of the frequency of the output signal f on the change
of the value of capacity of the sensor (C4)

Puc. 8. Cxema nogkmodenus yausepcaubHoro moxayisi YU PII ¢ moc-
ToBoii U11 u3 pe3ucropon

Fig. 8. Circuit of connection of ISFC universal module of ISFC with a

bridge MC from resistors
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Puc. 9. 3aBucHMOCTb YaCTOTHI f BBIXOJHOTO CHTHAJIA OT pa3fasianca
€ PE3UCTHBHOTO MOCTA

Fig. 9. Dependence of frequency f of the output signal on unbalance &g
of the resistive bridge

DOyHKINSA Tpeodpa3oBaHUs OMMUCBIBAEMOI CXEMBI
BKJIIOUEHMSI B OOILEM BUe omnpenesseTcs popMynoi

ep (1+ep+2n)
/= ! SRy RTTN(3)
2(1—sg+2m)C, (R, 2R,

rie f— yactota BeixopHoro curHana (I'm); g = AR/R —
pazbayaHc TeH30MOCTa; R — CONPOTUBJIEHUE TEH30-
Mocta (K npumepy, R = 700 Om); R, — conpoTus-
JieHue uHTerpatopa (k mpumepy, R, = RI1 + Rl =
=90 xOm + 10 xOm = 100 kO™m); R, — HOMONHU-
TeJbHOE 3JICKTPUUECKOE COITPOTUBJICHIE MHTErpaTopa
IUTIST 3aIaHWs] Ha4aJIbHOM YaCTOTHI BBIXOMHOTO CHTHA-
Jia Ipu HyJIeBOM pa3bajiaHCce TeH30MOocCTa (K MpUMeEDpY,
RO = R12 + R2 = 800 kOm + 500 kOm = 1,3 MOwm);
m = R9/R; n= R10/R (x npumepy, R9 = R10 = 700 Om);
C, — €MKOCTb [I03MPYIOILEr0 KOHAEHcaTopa (K Mpu-
mepy, C; = C2 + C4 =5 n® + 25 n® = 30 nd).

Ha puc. 9 npeacrapiieH rpaduk 3aBUCUMOCTH Yac-
TOTHI f BBIXOAHOI'O CUTHAJIa cXeMbI (CM. puc. 8) OT pas-
GanaHca ep PE3UCTMBHOIO MOCTa (TEH30MOCTA) NPU
BbIOpaHHBIX MapaMeTpax d3JieMeHTOB. YacTtora m3ame-
HseTCS B amamasoHe oT 2,5 mo 7,5 xI'm mpu pasba-
JaHce TeH3oMocTa g = (—0,01...0,01) 1 paBHa 5 xI'n
MIpY HyJIeBOM pasbajlaHce TeH30MocTa, Korma RS =
= R6 = R7=R8 = R=1700 Om.

INpencraBneHHas Ha puc. 8§ cXeMa TOIKITIOUCHUS
yHuBepcajibHoro Moayast YU PII MmoxeT ObITh aganTu-
poBaHa M K eMKOCTHBIM JaTUYMKaM JJTSI pellieHUsT pas3-
JIMYHBIX 3a1a4. OHa Takke MOXET ObITh MCITOJIb30BaHa
B CaMOpPEryJupyeMbIX (CaMOYYBCTBUTEJbHBIX) MbE30-
BJIEKTPUUECKUX aKToaTopax (Mbe30aKTaTopax).

Yuusepcaubhblii Mmoayas YUPII ¢ mocToBoii U1
U3 KOH/IEHCATOPOB

Ha puc. 10 mpeacraBieHa cxeMa MHOAKIIOUECHUS
yHuBepcajibHoro moayast YUPIT Kk eMKocTHOMY naT-

YUKy nepemelleHus B Buae KoHaeHcaTtopa (3, B Ka-
YeCTBE KOTOPOTO MOXKET OBbITb IMbE303JEKTPUUYECKUI
akTIoaTop. B 3Toi1 cxeMe BKIIIOUEHUS MMEeTCs] eMKOC-
THBI MOCT M3 KOHmeHcaTopoB C3—C6. Kaxmwiii u3
3TUX KOHAEHCATOPOB €MKOCTHOTO MOCTa MOXKET ObITh
(byHKIIMOHABHO CBsA3aH C M3MepsieMol (U3NYEeCKOM
BesimurMHOK. K ABYyM NMPOTUBOMOJOXHBIM ILJIeYaM €M-
KOCTHOTO MOCTa ITOAKJIIOUEHBI TTOCTOSIHHBIE PE3UCTO-
pbl RS 1 R6. I[luTaHue eMKOCTHOIO MOCTAa TaKKe OCY-
IIECTBIISACTCS IBYXIOISIPHBIM 3JIEKTPUISCKUM HarIps-
KeHueM tuna "MeaHap" U, ¢ BeIxoda KOMIIapaTopa
Ha ornepauroHHOM ycunurtesie OY2. B nuaroHanb nu-
TaHUSI €MKOCTHOIO MOCTa BKJIIOUEHBI IOTOJHUTEb-
HBIE pe3ucTopbl R7 1 R8, a K THBEPTUPYIOIIEMY BXOLY
WHTErpaTopa Ha onepauroHHoM ycunuresie OY1 moa-
KJIIOUEH TIoc/ieloBaTe/IbHO pe3uctopy R2 (BXopsiie-
MY B YHUBEPCAIbHBIA MOIYJb) JOOABOUHBII PE3UCTOP
R10 nns1 3apaHusl HavyajdbHOM 4YacTOTHI MPU HYJEBOM
pazbayaHce MOCTa, TaKKe TTOMKIIIOUEH T0CIIeIOBaTe b-
Ho pe3ucTtopy Rl (BxopsiueMy B YHUBEpPCAIbHbI MO-
NyJib) 100aBOYHbBIH pe3ucTop RY (COMPOTUBIEHUE UH-
terparopa R, = R1 + R9). ImeloTcs 1O0NOTHUTENBHbIE
koHaeHcatopsl C7 u C8, MOAKIIOYEHHbBIE Mapalie/ib-
Ho kKoHaeHcaTopaM C1 u C2 COOTBETCTBEHHO.

CxeMma Ha puc. 10 6pu1a pazpaboTaHa M HUCCIIEIO-
BaJlach JUISI COBMEIICHMUSI C MbE303JEKTPUUCCKUMU
aKkTioaropaMu (Tmbe3oakTioaTopamu). IIbe3oakTioaTop
9JIEKTPUYECKM TpeAcTaBisieT coboi KOHIEHCATop C
BJIEKTPUYECKOUN €eMKOCTbIO, KOTOpasi U3MEHSIeTCsI pU
nedopMalii ero Mbe30d3JeMEeHTOB. DTO M3MEHEHUe
€MKOCTU MOXET OBbITb MCITOJIb30BaHO B LIENM OOpaT-
HOM CBSI3W CHCTEMBI YIIPABJICHUS 3JIEKTPUUECKUM Ha-
MNpsDKeHVeM, TTUTAIOIIMM MMhe30aKTaTop.

IIpu ncnonszoBanuu YU PII nis1 onpeneneHus ne-
(opmaly Mbe30akTIATOpa MyTeEM U3MEPEHUS €eMKOC-
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Puc. 10. Cxema monkmouenusi yausepcaabaoro moxayis UYUPII k
mocTtoBoii U11 u3 xonaencaropon

Fig. 10. Circuit of connection of ISFC universal module to bridge MC
from condensers
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TH HEOOXOAWMO YUMTHIBATH BO3MOXKXHOE BIMSIHUE W3-
MEpUTEJILHOTO CUTHaIa Ha JedopMallvio akTioaTopa,
CJIO)KHOCTh CTHIKOBKHM BBICOKOBOJIBTHOM YaCTH CXEMBI
C MbE30aKTIOATOPOM M U3MEPUTEIbHON BJEKTPOHU-
KoM, a(pdeKkT cTapeHus Tbe30KepaMUuKU, CKOPOCTh pa-
0OTHI aKTIOATOpa M BIUSHUE HATPY3KH.

ITo noBoay BAMSIHMSI U3MEPUTEIHLHOIO CUTHAJA Ha
nedopMannio Mbe30aKkTIoaTopa MOKHO 3aMETUTh, YTO
Ha yacTtoTax Bbille 1 K mposiBasiercst ach¢ekT 3anas-
IbIBaHUSI cpabaTbiBaHUSI Mbe3okepaMuku. Iloatomy
KpaTKOBPEMEHHOE BO3IEUCTBUE YIPABJSIOLIEIO CUT-
Hana ¢ YUPII Ha Hepe30oHAHCHOI YacTOTe ITOpsaKa
10 xI'u He OyaeT oka3bIBaTh BAMSIHUS Ha AedopMalInio
nbe3oakTioaropa. OJHUM M3 BapUMaHTOB IMOJKIIOYE-
Hust YUPII HanpsiMyio K Mbe30aKTHATOPY SIBJISETCS
KCIIOJIb30BaHWE COBPEMEHHBIX BBICOKOBOJIBTHBIX OTle-
PallMOHHBIX ycuiuTeneil, Hanpumep, PA78 dupmbl
APEX Microtechnology. Takke BO3MOXHO TOIKIIO-
yenue YMPII yepe3 OydepHble cCXeMbl Ha BBICOKO-
BOJIbTHBIX TTOJIEBBIX TPaH3UCTOpPax. st yuera ctapeHust
(M3MeHeHUs AUBJIEKTPUUECKUX CBOMCTB) IMbe30Kepa-
MMKHU MOXHO MPUMEHUTh aBTOKAIMOPOBKY — TEPUO-
JIIMYECKU BBITTOJHSITh MAKCUMAJIbHBIN XOJ TTbe30aKTIO-
aTopa M KOPPEeKTUPOBATh TPeOyeMylo YaCTOTy CUTHAaJIa
¢ YHAPII B cOoOTBETCTBUU C MOJyUEHHBIM 3HAYECHUEM.

C nomolpio MOCTOBOM cxeMbl (puc. 10) usmeHe-
HUE eMKOCTU KoHaeHcaTopa C3 mpeobpasyercs B Ha-
MpsDKeHre, TToJaBaeMoe Ha BXOA MHTErpaTopa Ha orle-
pauoHHoM ycunutene OY1. Ha Bbixoae yHUBepcaib-
HOTO MOJYJISI T€HEPUPYETCS CUTHAJI NPSIMOYTOJbHOM
(bopMbI (Pa3HOMOJISIPHBIE UMITYJILCHI aMILIUTY RO + Uf)
TATA "MeaHAp" ¢ YacTOTOH f, TIPOITOPIIMOHAIBHON M3-
MepsieMoMy nepemeltieHuo. [TutaHue yHuBepcaibHO-
o MOJYJISI TaKXKe OCYLIECTBIISIETCS] OT ABYXITOJSIPHOTO
HWCTOYHMKA TOCTOSTHHOTO 3JIEKTPUYECKOTO HampsiKe-
HUSI, He TpeOylollero ocodoil cTabuan3aunu, Tak Kak
3JIEKTPUYECKOe TUTAaHNE EMKOCTHOTO MOCTa OCYIIECT-
BJISIETCSl HANIPSKEHUEM C BBIXOJA ONEPALIMOHHOIO YCH-
qutenst OY2, aMIuinTyaa KOTOpOro He BAUSIET Ha yac-
TOTY f BBIXOJHOTO CUTHaJIa YHUBEPCATbHOTO MOMYJIS.

OyHKINA Mpeodpa3oBaHUs TaHHOW CXeMBI BKITIO-
YyeHUsl B 00llleM BUIE MMEET BU:

1
X
2(1—e,+2m)(C2+ C8)

zi
fTK

1+sZ+2nj @

7
x +
R1+R9 2(R2+R10))°

rae T, — mepuon KojeOaHUil BBIXOLHOTO CUTHAJA;
€7 = AZ/Z — OTHOCUTEJIbHOE U3MEHEHUE KOMILIEKC-
HOTO COMPOTHUBIIEHUSI Z EMKOCTHOTO MOCTa MPU U3Me-
HEHUM TepeMelleHus (31ech AZ — U3MEHEHUE KOMII-
JIEKCHOTO conpoTuBiieHus); m = R7/Zw n= R8/7Z —
KO2(DULIMEHTHI, paBHbIE OTHOILIEHUIO COIMPOTHUBIIE-
Huit R7 1 R8 K KOMIUIEKCHOMY COIIPOTUBICHUIO Z eM-
KOCTHOT'O MOCTa.
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Puc. 11. 3aBucuMoOCTb YaCTOTHI / BHIXOJHOI0 CHTHAJIA OT pa3dajiaHca
€7 €MKOCTHOTO MOCTA

Fig. 11. Dependence of frequency f of the output signal on unbalance &,
of the capacitive bridge

M3 BeIpaxeHus (4) BUAHO, YTO MPU HYJIEBOM pa3-
Ganance MocTa (e, = 0) ¥ paBEHCTBE CONPOTUBIEHUI
JIOTIOJTHUTENbHBIX pe3ucTopoB R7 u R8 (n = m) Ha-
YajibHas 4acToTa f BBIXOJAHOIO CUTHajia Ipeodpaso-
BaTessl, 3aJaBaeMasi C TIOMOIIBbIO BETUYMH €MKOCTHU
C, = C2 + (8 u conporusienus Ry = R2 + R10, on-

a
PeaCIACTCA BbIPAXKCHUEM

f= (1+2n) -
0 4(1+2m)(C2+ C8)(R2+ R10)

_ 1
4(R2+ R10)(C2+ C8)°

(&)

IIpu pasbanaHce MOCTa B Ty WJIM APYTYIO CTOPOHY
OTHOCHUTEJILHOE M3MEHEHNE KOMIUIEKCHOTO COMPOTHB-
JIEHUA TIIeY MOCTa OyIEeT U3MEHSTHCS B 3aBUCMOCTH
OT M3MEPSIEMOro IepeMeNIeHs]. YUNTBIBAsA TO, 4TO
9Ta BeJIMYMHA 3HAYMTEJHEHO MEHBIIE eTMHUIIBI, MOX-
HO OIPEAEIUTh AEBUALIMIO YACTOThI Af BBIXOAHOIO
CHTHaJIa Tpeobpa3oBaTes

isZ

M= T amC2 T CO(R2+ R10)’

(6)

KOTOpasi MOXKeT 3a[1aBaThCsl M yCTaHABIMBATbCS OoJiee
TOYHO C ITOMOIIBIO JOIOJTHUTEILHBIX KOHIEHCATOPOB
U PE3UCTOPOB.

Ha puc. 11 nmokazaHa 3aBUCUMOCTb YaCTOTHI f BbI-
XOJHOTO CUTHala OT pa3bajlaHCa MOCTA &, COIIACHO
BeIpaXeHu1o (4) B auanasoHe ez ot —0,01 no +0,01
(OTHOCUTENIbHBIX €AVHUIL), TIPU CAEAYIOIINX HMCXOI-
HBIX JaHHBIX W IMapaMeTpax CXeMEI: B KaueCTBEe KOH-
neHcartopa C3 ObLT B3IT MOHOJUTHBIN Mbe303JIEMEHT
16 X 12 X 2 MM u3 kKepamuku LITC-19 ¢ sanekTpomamu
Ha TIPOTUBOIIOJIOXHBIX TNIOCKUX TPaHsIX (ITb€30aKTIO-
aTtop), ero eMKocTb C3 B HayaJbHOM COCTOSIHUM PaB-
Ha 1870 m®, eMKOCTb ITOCTOSTHHBIX KOHIEHCATOPOB
C4, C5, C6 takxke paBHa 1870 n®; conmpoTuBIeHUE
IBYX pe3nucTopoB RS5, R6 B IPOTMBOIMOJIOXHBIX TIIE-
yax MocTa paBHbI 1 MoM; 3jeKTpUYecKoe COIpo-
TuBieHue uHTerparopa R, = R1 + R9 = 50 kOm un
Ry = R2 + R10 = 500 xOM; eMKOCTb KOHEHCcaTOpa
C,=Cl + C7 = 200 n®; eMKOCTb KOHIEHCATOPa




C,= C2 + (8 = 40 n®; conpoTUBICHUE JOMOIHHU-
TeJbHBIX pe3ucTopoB R7 = R8 = 2 xOmM.

IIpu mogaue Ha mbe3oakTOaTOp HanpspkeHus 300 B
ymuHeHue cocTasiasger 50 MM, wm 0,3125 %, em-
KOCTh TbE30aKTIoaTopa Mpy 3ToM paBHa 1875,8 nd.
HauvanbHOMY 3HaUYe€HUIO €eMKOCTH COOTBETCTBYET Yac-
tota 11 309 Tu, a KoHeuHoMy — 11 445 T'u. Takum
00pa3oM, Npu U3MEPEHUU LeJbIX 3HAUEHU YaCTOTHI
JIuarna3oH pa3duBaercsa Ha 136 dacreii, T.e. DUCKpET
n3MepeHust morydaetcs (0,368 MKM, a eCIM MCITOTh30-
BaTh AecdaThie 011 ', To MOXHO pa30uTh AUAIla30H
Ha 1360 JacTeit, T.e. IUCKpPET N3MEPEHUS TTOIyJIaeTCsT
37 HM.

M3 rpaduka Ha puc. 11 BUAHO, YTO YacToTa f BbI-
XOJHOI'O CUTHaJIa OT pa3bajaHca MOCTA & ; UBMEHSET-
caor 11 173 T'u ipu e, = —0,01 no 11 445 T'u pu
ez = 10,01, paBua 11 309 I'n ipu £, = 0 1 HOCUT J1M-
HEWHBI XapakTep BO BCEM aualia3oHe pasdajiaHca
(KaK B OTpULATEIbHOM!, TaK U B IOJOXUTEIbHOU 00-
nactu). Cxema (cM. puc. 10), peanrnzoBaHHasi C UC-
MoJb30BaHMEM YHUBepcaibHoro moayast YUPII, pa-
0oTaeT Mpu JABYXCTOPOHHEM pa3bajaHce MocTa (I03-
BOJISIET U3MEPSITH NIepeMellieHUE B 00e CTOPOHBI OT Ha-
YaJTbHOM TOYKHM), YTO MOXKET OBITh MCITOJIH30BaHO B
CaMOpEryJIMPYEeMbIX (CAaMOUYyBCTBUTEIbHBIX) aKTIOATO-
pax HaHO- M MUKPOTIEPEMEICHWI UTST U3MEPEHUS NX
cxkaTtus U yuimHeHus. CaMoperyJMpyeMbIMU WU ca-
MOUYBCTBUTENbHBIMU (Self-sensing) Ha3bIBalOT IMbE30-
aKTI0aTOpbl U TbE30JBUTATENIM, KOTOPbIE OIHOBpE-
MEHHO BBITIOJIHSIIOT IB€ (PYHKIMU — UCTIOJTHUTEIbHO-
ro MexaHu3ma (aKTioaTopa) U 4yBCTBUTEJIbHOIO 3Jie-
MeHTa (DaT4MKa) B LIeTIM OOpaTHOI CBSI3MU.

3aKkmouenne

Takum ob6pa3oM, B pe3yabTaTe aHaIM3a 0000IIeH-
Hoit cTpykTypHOIi cxeMbl YU PII u uccnenoBanus cy-
LIECTBYIOLIMX TEXHUYECKUX PEIICHUIN YCTPOMUCTB C
npumeHeHuem YMPII paspaboraH yHMBepcaabHBIN
moayib YU PII, no3BoJisiionnii peanu3oBbiBaTh Ha €ro
0aze pasznuuHbie cxembl YMPII, Takue kak omnucaH-
Hbie B [17—20]. OH comepXUT ONTUMANIbHBIA HAGOP
BXOISIIIUX B HErO 3JIEMEHTOB, NOCTaTOYHBIN JJIs1 €ro
(GYHKIMOHMPOBAHUSI U HEOOXOIMMBIN IJIsI MOCTpOe-
Hus pa3nuuHbix cxeM YMPII.

Takoil yHuBepcalbHbIII MOAYIb MOXKET OBbITb BbI-
IMOJIHEH B MMKPOIJIEKTPOHHOM WJIA T'MOPMIHOM MC-
nonHeHuu. Ero coszmanue paciumpsieT 3J1eKTPOHHYIO
KOMITOHEHTHYIO 0a3y MUKPOIJIEKTPOHMKMU U 0OOecIie-
YMBaeT pelleHWe MHOTUX 33[1a4 U3MEPEeHUS, KOHTPOJISI
¥ yIIPaBICHUS B YCIOBUSIX HEOOXOAUMOCTU MMIIOPTO-
3aMelleHMUSI.

IIpoBeneHHbIE MCCIIENOBAHUS ITOKA3aad BO3MOXK-
HOCTb MHTerpaluu (COBMEIEHUsI) YHUBEPCAIbHOIO
monynst YUPIT ve Toneko ¢ HUMO®MC patynkoB, HO
U Mbe303JIEKTPUUECKUX aKTI0ATOPOB. Y HUBEPCAIbHBIN

monyab YU PIT MoxkeT Mcnonb30BaThCs MPU CO3AaHUN
CXeM YIIpaBJICHUSI CaMOPETyJIUpyeMbIMU (CaMOUYYBCT-
BUTEJILHBIMU) TThE30aKTI0ATOPAMU U TThe30BUTATEIIS -
MU (MMbE30MPUBOAAMMU), TAe (PYHKIIMIO AaTYMKA TIepe-
MEIIeHUsI B LIENM OOpaTHOI CBSI3U BBHIMIOJHSET caM
Mbe30aKTIATOpP. DTO 3HAYUTEIBLHO YIIPOILAEeT KOHCT-
PYKLWIO Tbe30NpPUBOAA M CUCTEMBI TPELIM3MOHHOTO
MO3ULIMOHUPOBAHUS, TOBBILLIAET HAAEKHOCTh, YMEHb-
11aeT rabapuTHbIE pa3Mephbl, TTO3BOJISIET MOJYYUTh BbI-
COKYI0O TOYHOCTb MO3UIIMOHUPOBAHUS 0€3 JOMOJIHU-
TEJIbHBIX JATYMKOB, YMEHBIIUTH IOTPEIIHOCTb OT
HEeCTaOUIBLHOCTU UCTOYHUKA TTUTAHUSI.
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Introduction log-digital converters. Integration of ISFC with nano-
and microelectromechanical systems (N&MEMS) of
sensors and actuators opens new opportunities for im-
provement of the characteristics of the devices and con-
trol systems, of the control and diagnostics. For exam-

ple, a combination of ISFC with N&MEMS pressure

Among various measuring frequency converters
[1—4] the most interesting are the integrating scan-
ning frequency converters (ISFC) [5—9]. They have a
number of advantages: invariance to the instability of
the power supply sources, high noise resistance during

transmission of signals via the wired and wireless com-
munication lines, and linearity; in many cases they do
not require complex microprocessor devices and ana-
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sensors allows us to reduce a temperature error [10, 11],
raise sensitivity [12, 13], simplify calibration [14] and in
many cases to do without the microprocessor devices.




Application of ISFC together with the piezoelectric ac-
tuators [15] opens opportunities for using the elements
of the actuator itself as a feedback sensor in the control
systems, which allows us to raise the accuracy of posi-
tioning [16].

The variety of the problems to be solved each time
demands researches for the use of ISFC electric cir-
cuits, search for new versions of the circuits and opti-
mization of their parameters. At the same time at the
heart of various circuits is the general principle of
ISFC, an analysis of which and of the available tech-
nical solutions of ISFC can lead to creation of a uni-
versal module, allowing us to realize on its basis various
ISFC circuits. Such a module in a microelectronic im-
plementation will expand the electronic component
base and ensure solution of many problems of meas-
urement, control and management.

In the work the task was set and solved to develop
a universal module of ISFC with the optimal set of el-
ements, sufficient for functioning and necessary for var-
ious ISFC circuits on its basis.

Structure of ISFC universal module

For analysis of the principle of functioning of ISFC
(integrating scanning frequency converters) a general-
ized structural circuit was built with a measuring circuit
(MC) of the primary transducer (sensor) (fig. 1). MC
can be in the form of a voltage divider or in the form
of a bridge (from resistors or condensers, resistors and
condensers). ISFC consists of an integrator (INT), a
comparing device (comparator) CE (comparison ele-
ment) and an inverting amplifier (IA). The dotted line
shows the negative feedback connections, which are
used for a power supply of the primary converters de-
pending on the circuits of connection of ISFC to MC.

As a result of analysis of the generalized structural
circuit and the known technical solutions with applica-
tion of ISFC, research for determination of the optimal
parameters and a set of ISFC elements, necessary and
sufficient for a stable and efficient functioning, and also
for construction of different circuits, a universal module
was developed (fig. 2). Its basis can be used for reali-
zation of different ISFC measuring systems compatible
with N&MEMS sensors and actuators.

The circuit of ISFC universal module incorporates
three operational amplifiers OY1, OY2 and OY3, re-
sistors R1, R2, R3 and R4, condensers C1 and C2 (for
example, Rl = 10 kQ, R2 = 500 kQ, R3 = 10 kQ,
R4 =10 kQ, C1 = 20 pF, C2 = 5 pF), which are con-
nected in the above-mentioned way and placed in a
sealed case. OY1 served as the basis for an integrator,
0OY2 — for a comparator, and OY3 — for an inverting
amplifier (for example, with the transmission coeffi-
cient K= 1, that is R3 = R4).

Resistor R2 is used for connection of the universal
module to the differential tensoresistive (capacitive) sen-

sor assembled according to the bridge connection cir-
cuit, and it serves for setting of the initial frequency f
of the output signal at a zero unbalance of the tenso-
bridge (at ¢ = 0) or at the equality of the capacities of
the capacitance divider of the measuring chain.

The correlation of the capacities of condensers C1
and C2 determines the jump of the amplitude of the
output voltage of the integrator during a change of po-
larity of the output signal of the universal module (from
¢ —Uy up to +U). At C2 = C1/2 the jump of the am-
plitude of the output voltage of the integrator is equal
to 2U,. The most optimal correlation is C2 = C1/4,
which ensures the maximal linearity of the transfor-
mation.

Further we will consider possible and not exhaustive
variants of the use of the universal module for construc-
tion of various electric circuits of ISFC for a combina-
tion with N & MEMS sensors and actuators.

ISFC universal module with a resistive sensor

Fig. 3 presents a circuit of connection of a universal
module to the resistive sensor (for example, of tem-
perature) — resistor (thermoresistor) R7 through the
additional resistor R6 (for example, R6 = 200 kQ, or
over). Fig. 4 presents the time diagrams illustrating op-
eration of the given circuit. Their upper line reflects the
form of the signal at the output of the integrator UnHT
(8), while the second and the third ones reflect the forms
of the signals at the output of the operational amplifiers
OU2 (Usbix;) and OU3 (UBbIX;), accordingly.

The transformation function for the given connec-
tion circuit is defined by the following expression

_ RAR7
s 4R3(R6+ RTHRIC1" M

In parallel to resistor R4 of the universal module (see
fig. 3) the attached resistor R5 (for example, of the same
value, as R4 = 10 kQ) is connected, because of which
the voltage on the output of the inverting amplifier on
OVY3, submitted to the measuring chain from the re-
sistors, is equal to half of the voltage from the com-
parator output on OY2, and in the formula (1) it is nec-
essary to consider resistance R4 as a parallel connection
R4||R5. Condenser S3 (for example, C3 = 30 pF) is also
in parallel connected to condenser S1, and in a similar
way it is necessary to counter C1 in the formula (1) as
Cl1||C3 (C1||C3 = 50 pF).

Fig. 5 presents a diagram of the change of frequen-
cy fof the output signal (Hz) depending on the change
of the resistance of resistor R (R7) the temperature sen-
sor in the range from 200 Qup to 1 kQ (at the specified
nominal values of the elements of ISFC circuit). By se-
lecting the nominal values of the resistors and condens-
ers in the transformation functions (2) it is possible to
receive the necessary parameters of the output signal of
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ISFC for different sensors in the set range of the meas-
ured temperatures.

Universal module of ISFC with a capacitive sensor

The circuit of connection of the universal module to
the capacitive sensor (of humidity, for example) in the
form of condenser S4 is presented in fig. 6. The meas-
uring chain of the sensor also includes condenser S3
and resistor RS. Condenser S35 is an additional capacity
to integrator C1 of the integrator on the operational
amplifier OV 1. Fig. 7 presents a diagram of dependence
of the frequency of the output signal on the changes of
the values of capacity (C4) of the sensor in the range
from 100 up to 101pF (at the following parameters of
elements: C3 = 100 pF; RS = 10 kQ; C5 = 10 pF).

The transformation function of such a circuit of
connection of the capacitive sensor in a general case is
the following

P C3-C4 2
4R,C2  4(R1+R5)C2(C3+C4)’

where R, — electric resistance of the input resistor (R2
or R2 + R6) of the integrator on the operational am-
plifier OY1, serving for setting of the initial frequency
Jo at the equality of C3 = (4.

Universal module of ISFC with bridge MC
from resistors

The circuit of connection of ISFC universal module
to bridge MC of the resistive sensor (for example, the
differential sensor of voltage) is presented in fig. 8. The
measuring chain of the circuit contains a resistive
bridge, for example, from tensoresistors R5— R8 and re-
sistors R9 and R10, connected sequentially with a supply
diagonal of the tensobridge to the comparator output on
OVY2. Additional attached elements are condensers S3
and C4 (for example, C3 = 60 pF and C4 = 25 pF),
connected in parallel to condensers S1 and C2 of the
universal module, and resistors R11 and R12 (for ex-
ample, R11 = 90 kQ and R12 = 800 kQ), connected
consistently with resistors R1 and R2 of the integrator
on OVY1, accordingly.

Transformation function of the described circuit of
connection is defined by the following formula

ep (1+ep+2n)
f= ‘ SRyUTERTIDN O (3)
2(1—sg+2m)C, (R, 2R,

where f — frequency of the output signal (Hz);
ep = AR/R — unbalance of the tensobridge; R — re-
sistance of the tensobridge (for example, R = 700 Q);
R, — resistance of the integrator (for example, R, =
= RI1 + Rl = 90 k& + 10 kQ = 100 kQ); Ry —
additional electric resistance of the integrator for set-
ting of the initial frequency of the output signal at a
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zero unbalance of the tensobridge (for example,
RO = RI12 + R2 = 800 kQ + 500 kQ = 1.3 MQ);
m = R9/R; n= R10/R (for example, R9 = R10 =700 Q);
C, — capacity of the dosing condenser (for example,
C,= C2+ (4 =5 pF + 25 pF = 30 pF).

Fig. 9 presents a diagram of the dependance of fre-
quency f of the output signal of the circuit (see fig. 8)
on the unbalance ¢y of the resistive bridge (tensobridge)
at the selected parameters of the elements. The fre-
quency changes within the range from 2.5 up to 7.5 kHz
at the unbalance of the tensobridge ¢ = (—0.01...0.01)
and is equal to 5 kHz at a zero unbalance of the ten-
sobridge, when RS = R6 = R7 = R8 = R= 700 Q.

The circuit of connection of the universal module
presented in fig. 8 can be also adapted to the capacitive
sensors for solving of various problems. It can also be
used in self-regulating (self-sensitive) piezoelectric ac-
tuators (piezoactuators).

ISFC universal module with a bridge MC
from condensers

Fig. 10 presents the circuit of connection of ISFC
universal module to the capacitive sensor of movement
in the form of condenser C3, the role of which can be
played by piezoelectric actuator. In the circuit of con-
nection there is a capacitive bridge from condensers
C3— (6. Each of the condensers of the capacitive
bridge can be functionally connected with the measured
physical value. Constant resistors RS and R6 are con-
nected to two opposite shoulders of the capacitive
bridge. The power supply of the capacitive bridge is also
carried out by two-polar electric voltage of "meander”
type of £, from the output of comparator on the op-
erational amplifier OY2. Additional resistors R7 and RS
are connected to the diagonal of the power supply of the
capacitive bridge, while to the inverting input of the in-
tegrator on the operational amplifier OVY1 the addition-
al resistor R10 is connected consistently to resistor R2
(integrated into the universal module) for setting of
the initial frequency at a zero unbalance of the bridge,
and additional resistor R9 (resistance of the integrator
R, = RI1 + R9) is also connected consistently to resistor
R1 (integrated into the universal module). There are
additional condensers C7 and C8, connected in parallel
to condensers C1 and C2, accordingly

The circuit was developed and investigated for its
combination with the piezoactuators. In the electrical
sense a piezoactuator is a condenser with an electric ca-
pacity, which changes during deformation of the pie-
zoelements. This change can be used in the feedback
chain of the electric voltage control system feeding the
piezoactuator.

When ISFC is used for determination of the defor-
mation of the piezoactuator by measurement of the ca-
pacity, it is necessary to consider the possible influence
of the measuring signal on the deformation of the ac-




tuator, complexity of interfacing of the high-voltage
part of the circuit with the piezoactuator and the meas-
uring electronics, the effect of ageing of the piezocer-
amics, the speed of operation of the actuator and the
load influence.

Concerning the influence of a measuring signal on
the deformation of the piezoactuator it is possible to
notice, that on frequencies above 1 kHz a delay is ob-
served of operation of piezoceramics. Therefore, a short-
term influence of the control signal from ISFC on a
nonresonance frequency of about 10 kHz does not in-
fluence the deformation of the piezoactuator. One of
the ways of connection of ISFC directly to the piezoac-
tuator is the use of the high-voltage operational ampli-
fiers, for example, PA78 from APEX Microtechnology
Co. It is also possible to connect ISFC through the
buffer circuits on the high-voltage field transistors. In
order to take ageing of the piezoceramics into account
(change of the dielectric properties) it is possible to ap-
ply autocalibration — to periodically to carry out the
maximual travel of the piezoactuator and to correct the
frequency of the signal from ISFC in accordance with
the received value.

By means of the bridge circuit (fig. 10) the change
of capacity of the condenser C3 is transformed into the
voltage submitted to the input of the integrator on the
operational amplifier OY 1. At the output of the univer-
sal module a signal of the rectangular form is generated
(heteropolar impulses with amplitude +U;) of "mean-
der" type and frequency f, proportional to the measured
movement. A power supply is also carried out from a
two-polar source of the constant electric voltage, which
does not demand a special stabilization, because the
electric power supply of the capacitive bridge is carried
out by the voltage from the output of the operational
amplifier OY2, the amplitude of which does not influ-
ence frequency f of the output signal of the universal
module.

The transformation function of the given connec-
tion circuit has the following general view:

1 X
2(1—c,+2m)(C2+ C8)

f:

L
TK

“4)

£y l+e,+ 2n
X +
R1+R9 2(R2+RI10))’

where T, — period of fluctuations of the output signal;
e, = AZ/Z — relative change of the complex resistance
Z of the capacitive bridge during the movement (here
AZ — change of the complex resistance); m = R7/Z and
n = R8/Z — the coefficients equal to the relation of the
resistances R7 and RS to the complex resistance Z of the
capacitive bridge.

From expression (4) it is visible, that at a zero un-
balance of the bridge (¢, = 0) and equality of the re-
sistances of the additional resistors R7 and R8 (n = m)

the initial frequency f; of the output signal of the con-
verter can be set by means of the values of capacity
C, = C2 + (8 and resistance Ry = R2 + RI10, and is
defined by the following expression:

f= (1+2n) -
0 4(1+2m)(C2+ C8)(R2+ R10)

_ 1
4(R2+ R10)(C2+ C8)°

(&)

At an unbalance of the bridge to this or that side a
relative change of the complex resistance of the bridge
shoulders will change depending on the measured
movement. Considering the fact that this value is con-
siderably less than one, it is possible to determine the
deviation of frequency Af of the output signal of the
converter

+e,

N T Im 2+ CO(R2+ R10)’

(6)

which can be set and determined more precisely by
means of the additional condensers and resistors.

Fig. 11 presents dependence of frequency f of the
output signal on unbalance of bridge ¢ yaccording to ex-
pression (4) in the range &, from —0.01 up to +0.01
(relative units), at the following initial data and param-
eters of the circuit: as C3 a monolithic piezoelement
was taken of size 16 X 12 X 2 mm from TsTS-19 ce-
ramics with the electrodes on the opposite flat facets
(piezoactuator), its capacity in the initial state was
equal to 1870 pF, and capacity of the permanent con-
densers C4, C5, C6 was also equal to 1870 pF; resist-
ance of two resistors R5, R6 in the opposite shoulders
of the bridge were equal to 1 MQ; the electric resist-
ance of the integrator R, = Rl + R9 = 50 kQ and
Ry = R2 + R10 = 500 kQ; the capacity of the condens-
erwas C, = Cl + C7 =200 pF; the capacity of the con-
denser was C; = C2 + (8 = 40 pF; the resistance of the
additional resistors was R7 = R8 = 2 kQ.

During supply to the piezoactuator of voltage of
300 V the lengthening of 50 um or 0.3125 %, the
capacity of the piezoactuator was equal to 1875.8 pF.
To the initial value of the capacity the frequency of
11 309 Hz corresponds, and to the final one — the fre-
quency of 11 445 Hz. Thus, during measurement of
the integral values of frequency the range breaks into
136 parts, i.e. the discrete of measurements is 0.368 um
and, if we use the tenth shares of Hz, it is possible to
break the range into 1360 parts, i.e. the discrete of
measurements will be 37 nm.

From fig. 11 it is visible, that frequency of the out-
put signal of unbalance of bridge &, changes from
11 173 Hzate,;=—0.01lupto 11 445 Hz ate,= +0.01,
equals to 11 309 Hz at e ;= 0 and has a linear character
in all the range of unbalance (both in the negative, and
in the positive areas). The circuit (see fig. 10) realized
with the use of ISFC universal module works at a bi-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 2, 2017 103




laterial unbalance of the bridge (which allows to meas-
ure movement to both sides from the initial point),
which can be used in the self-regulating (self-sensitive)
actuators of nano- and microdisplacements for meas-
urement of compression and lengthening. The self-reg-
ulating or self-sensing terms refer to the piezoactuators
and piezoengines, which simultaneously implement
two functions — of an actuating mechanism (actuator)
and of a sensitive element (sensor) in a feedback chain.

Conclusion

Thus, as a result of the analysis of a generalized
structural circuit of ISFC and research of the technical
solutions for devices with application of ISFC, a uni-
versal module was developed, allowing us to realize on
its basis various circuits of ISFC described in [17—20].
It contains an optimum set of elements, sufficient for
functioning and necessary for construction of various
circuits of ISFC.

Such a universal module can be implemented in a
microelectronic or a hybrid version. Its development
expands the electronic component base of the microe-
lectronics and provides solutions to the problems in the
conditions of import substitution.

The research demonstrated a possibility of integra-
tion (combination) of the universal module not only
with N & MEMS of sensors, but also of the piezoelec-
tric actuators. The universal module can be used for de-
velopment of the circuits for control of self-regulating
(self-sensitive) piezoactuators and piezoengines (piezo-
drives), in which the function of the movement sensor
in a feedback chain is carried out by the piezoactuator
itself. This simplifies considerably the design of a pie-
zodrive and of the system of precision positioning, rais-
es the reliability, reduces the overall dimensions, allows
us to obtain high accuracy of positioning without ad-
ditional sensors, and to reduce an error from instability
of a source of power supply.
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HYYBCTBUTEAbHbIE DAEMEHTbI MHO®PAKPACHbBIX CUCTEM
TEXHHUYECKOTIO 3PEHUA HA OCHOBE MUKPOBOAOMETPUYECKUNX
MATPULL ®OPMATA 640 X 480 MMUKCEAEM

Ilocmynuna é pedaryuio 22.06.2016

Lleavio Hacmosueli pabomul A64510Cb CO30aAHUE HAYYHO-MEXHUHECK020 3A0eAa No U320MOBACHUI0 POCCUTICKOU MUKPOOOAOMEN -
puueckoil mampuupl popmama 640 X 480 nukceneti ¢ wiazom 25 MKM ¢ UCNOAb30BAHUEM HOBbIX MEXHUUECKUX PeuleHUll U HAHO-
MexHOA02UL, NO360AAIUUX DOCIUYDL BbICOKOU YYECMBUMEAbHOCMU, 045 UMNOPMO3AMEU,eHUs OCHOBHO20 KOMHOHEHMA CUCMEM UH-

@PPaKpacHoeo mexHu4ecKo2o 3peHusl.

O0num U3 HaNpaeaeHull cO8EPUIEHCMBOGAHUS MUKDPOOONOMEMPUYECKUX OemeKmOp08 A6A1emcs NogbluleHue 0bicmpooeicmeus
nuKcens u co30anue KOHCMpYKyuu NUKceasl, UMeru,e2o 8blCoKULi 00HOPOOHbLI Koap@uuyuenm noatowenus UK-uznyuenus 6 06-
aacmu 8... 14 MKM npu CHUdICEHUU MenA0eMKOoCmU KOHCMPYKYUU U, Kak ciedcmeue, ygeaudeHue Obicmpooeucmeus U 4yecmeu-

meavHoCmu npubopa.

Paspabomannas xoncmpykyus nuicensn 6vina peasusogana ¢ PIYII "IIHUUXM" coemecmno ¢ OAO "ILIHUH "[uxaon". On-
pedenerbl, pazpabomansl U ONMUMUUPOBAHbI KPUMU4ecKue mexHoao2uteckue npoyeccol. Memooom noeepxnocmHoi Mukpooo-
pabomxu MOMC 6viau uzeomosnervt 06pasybl MUKPOOOLOMEMPUUECKUX Mampul, Ouanasona §... 14 mxm gpopmamom 640 % 480 mo-

Yek ¢ pasmepom nukcens 25 X 25 mim.

Karoueevie caoea: muxpobosomempuueckas mampuya, meniosusop, MOMC, ucepmeennsiii caoti, UK-demexmop, okcuod ea-
Haousi, Mepmope3UCMUBHbLU CA0U, NOBEPXHOCMHAsL MUKPOOOpabomKka, nuKcenb

KpynHeiiuive npousBoauTead UM MOTpeOUTENU
MK-geTeKTOopoB B HAcTosilliee BpeMsl OTHAIOT IMpe-
MOYTeHUE KOHCTPYKIIMSM THIA MAaTPUYHBIX HEOXJIaX-
JlaeMbIX MaCCUBOB JETEKTUPYIOLIUX JIEMEHTOB (MUK~
pO0OOIOMETPUUECKUX MATPUIL), YYBCTBUTEIbHBIX B T~
Mma3oHe JJuH BOJH 8...14 MKM. OCHOBHBIMM MpEerMY-
IIECTBAMM TaKWX IETEKTOPOB SIBJISTIOTCS Majasl Macca,
HaJle>KHOCTh, HU3KAasli CTOMMOCTb, HOpMaJibHbIe pabo-
Yre TeMIIepaTypbl, COBMECTUMOCTD TEXHOJIOTHH MX M3-
TOTOBJIEHUST ¢ 6a30BbIMU TEXHOJIOTMSIMU MMKPODJIEK-
TPOHUKU. MUKPOOOJIOMETPUUECKME MATPULILI Tpe.-
Ha3HAYeHBI JJISI UCITOJIb30BaHMSI B KAYECTBE OCHOBHBIX
CEHCOPHBIX 3JIEMEHTOB CUCTEM WH(pPaKpacHOIo Tex-
HUYECKOTO 3pEHMS: CUCTEM OOHApYyKeHMSI, paclio3Ha-
BaHUS, UIEHTU(hUKALMU, 3aXBaTa U COMPOBOXACHMUS
1iesieil, MacCUBHbBIX MH(PaKpaCHbIX TOJOBOK CaMOHa-
BEJICHUS, ONTUKO-JIOKAIIMOHHBIX CTAHLMK, Teruione-
JICHIaTOpOB, OMHOKJIE MU OYKOB HOYHOIO BUAEHMUS,
TEMJIOBU3MOHHBIX MIPULIEJIOB U MPUILIETbHBIX KOMILIEK-
CcOB 00eBoil TexHuKH [1].

KiroueBbIMUM ITapaMeTpaMu MUKPOOOJOMETPUYEC-
KHUX MaTpUll SIBJISIIOTCSI YYBCTBUTEJbHOCTb, paspelle-
HUE W OTHOIIEHWEe cUrHaa—InyM. IIpu ommHaKoBoOI
paspeliarolieit CrrocOOHOCTH MUKCcenel MaTpuia 60b-
1rero popmara Io3BoJIsIET 3aXBaTUThH OOJIBIIIYIO 00/IACTh
0030pa C HAUMEHBIIMMU HUCKAXEHUSIMU, MOITOMY

yBeJMYeHUe (popMaTa M YMEHbIIIEHHUE pa3Mepa MuKce-
JIsI SIBJISTFOTCSI OCHOBHBIMU BEKTOPAMM Pa3BUTHS MUK-
poOojioMeTpUYeCKO TeXHUKU. TTukcenb — eauHUY-
HbI 3JIEMEHT, HEIEJIMMbI O0BEKT CBETOUYBCTBUTE I b-
Hoit Marpunbl. COBOKYITHOCTh THKCeJel (MaTpulia)
dopmupyet nszoopaxenue. Illar mukceneir — 3To pac-
CTOSTHUE MEXIy ABYMSI MICHTUYHBIMU TOUKAMU PsI-
JIOM pacnojioxXeHHbIX mukcenei. Llar MoxeT ObITh IO
OCH X M TI0 OCH Y, TaK KaK MUKPOOOIOMeTpuIecKast
MaTpulia IByMEpHa C TOYKM 3peHHUsl (popMUpOBaAHMS
N300pakKeHUI.

ITpou3BoACTBO MUKPOOOJIOMETPUYECKUX MaTpUILl —
5TO OYeHb BHICOKOTEXHOJOTUYHBIM 1 TOPOTOCTOSIIITIIA
Mpollecc, B MUPE CYIIECTBYeT HEMHOTO KOMITAHMH,
KOTOpbIE CITOCOOHBI UX Mpou3BoAnTh. Ha naHHOM 3Ta-
e OOJILIIMHCTBO pa3pabOTOK MO M3rOTOBJICHUIO He-
oxJaxnaeMbIX (POTONMPUEMHBIX YCTPOUCTB BbIMOJIHE-
HO 3apy0eXXHBIMU KOMITAHUSIMU. JInmaepaMul SIBJISTIOTCST
CIOA (xomnanuu Flir Systems, Raytheon, UTC Aero-
space Systems) u Wzpaunp (bupma SemiConductor
Devices). W3 eBporeiickux NpOU3BOAUTENCH CcaMOi
WU3BECTHOM sIBJsIeTCsl PpaHily3ckas ¢upma Sofradir u
ee gouepHsst kommnaHust Ulis. OredecTBeHHasl IIpO-
MBIIUIEHHOCTb CUJIBHO OTCTAeT OT 3apy0ekHbIX (prupM
B 3TOM obOsacTtu. B HacTosiee Bpemsl BBIITYCKAIOTCS
HeoxJaxnaemble (oToNnpUeMHbIe ycTpoiicTBa ¢hop-
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UyBCTEMTEMbHBIT 3EMEHT
Detector element
CoemHHTENBHBIT TP OBOTHIK
Intercomnect conductor

Kpensmesan Mympocxema
Silicon microcircuit

Coemﬂ:m}ﬁm TP OEOTHITK q}tmmmmﬂ aSeMeHT
Interconnect conductor

Detector element

- Homepmammax IUIEHKA

Kpenmesan MiKpocrema Pellicle

Silicon microcircuit

Puc. 1. MoctukoBas (a) u mieHoyHas (b) CTpyKTypbl TepMOPE3UCTHBHBIX TOHKOIUIEHOYHBIX MHKPOOOJIOMETPOB, H3rOTABJIMBAEMbIX MO KpeM-

HueBoii TexHosioruu MOMC [13]

Fig. 1. Bridge (a) and film (b) structures of the thermoresistive thin-film microbolometers, manufactured by MEMS silicon technology [13]

MaroB 160 X 120 u 320 X 240 ¢ warom 51 X 51 MM
[2, 3], Torma kak 3apyOexHble MPOU3BOAUTEIN YBE-
PEHHO MpPEeACTaBISIOT Ha PhIHKE MaTpUllbl (hOPMaTOB
640 x 480 mukceneii 1 60Jee ¢ IIaroM MUKceaei 25 u
17 MxkM [4—12], IMPOKO UCMOIb3YEMbIE OTEUECTBEH-
HBIMU pa3paboTYMKaMM M TPOU3BOIUTENISIMM allla-
paTyphl.

Llenplo Hacrosieid paboOThl SIBASJIOCH CO3[aHUE
Hay4YHO-TEXHUUYECKOro 3ajeJia 1o U3roTOBJIEHUIO poC-
CUICKOM MUKPOOOJIOMETPpUYECKOI MaTpullbl (popMaTa
640 X 480 muKceneii ¢ maroM 25 MKM € MCITOJIb30Ba-
HHEM HOBBIX TEXHUYECKUX PEIIeHUN 1 HAHOTEXHOJIO-
TUiA, TTO3BOJISIOIIUX AOCTUYb BHICOKOUW UyBCTBUTEIIb-
HOCTH, IJISI UMITOPTO3aMEIIeHNsI OCHOBHOTO KOMIIO-
HEHTa CUCTeM MH(PPaKpacHOTO TEXHUUYECKOTO 3pEHMUSI.

3a ocHOBY (IIPOTOTHUII) HacTOsIIel pa3padboOTKU
ObUIM TIPUHSITHI pa3paboTaHHble pupmoit Honeywell B
koH1e 1980-x romoB MpoIIIOro BeKa MOCTUKOBAS U
IUIEHOYHAsT CTPYKTYPbl TEPMOPE3UCTUBHBIX TOHKOILIE-
HOYHBIX MUKPOOOJIIOMETPOB Ha OCHOBE OKCHIOB BaHa-
IS, CXeMaTUYeCKH TToKa3aHHbIe Ha puc. 1 u 2 [13—15].
YyBCTBUTENLHBIN MEMOpPAHHbBIN 3J1€MEHT, TOABEILIEH-
HBII Hall 3JIEKTPOHHOM CXEMOM Ha KPEMHMEBOM Ij1ac-
TUHE, nojydeHHo# 1o TexHojoruu KMOII (komriie-
MEHTapHBIN METaJJIOKCUI-TIOTYIIPOBOIHUK) TIpoliecca,
MU3rOTaBAUBAIM METOAAMU OOBEMHBIX MJIM MTOBEPXHOC-
THBIX MUKPOOOPaOOTOK C MCIOJIb30BAHUEM KEPTBEH-
HbIX cyoeB. [Ipy 9TOM CoOeAMHUTENbHBII MTPOBOJHUK,
MTOIIEPKUBAIOIINI IYBCTBUTEILHBIM 3JIEMEHT M CBSI-

HE-mmyaemnie
IR radiation

Hirrpym Kp enEiAa
¥ OKCHJ BaHagHA
Silicon nitride
and vanadium oxide
BymonApHenT TpaHsicTOp
Bipolar transistor

Puc. 2. Cxema MOCTHKOBO# CTPYKTYpbl MHKpPOOOJOMeTpa (hHMpMbI
Honeywell [15]

Fig. 2. Circuit of the bridge structure of a microbolometer from Honeywell
Co. [15]
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3BIBAIOIIMI €TO C 3JICKTPOHHOI CXeMOM, TOIKEeH ObLT
COYeTaTh BHICOKOE TEPMOCOIIPOTUBIIEHUE C 3JIEKTPO-
MPOBOTHOCTBI0O M MEXaHWYECKOUW YCTONIMBOCTBIO
CTPYKTYPBI, B TOM YHMCJIe K YIapHBIM Harpy3KaM.

B kauecTBe TEPMOPE3UCTUBHOIO 3JIEMEHTA UCIIOJb-
30BaJIv CJI0M MOJUMKPUCTALNIMYECKOTO OKCUAA BAaHAIUS
TOJIIMHON Tiopsaka 0,5 MKM, KOTOpPBIA ITOMELIaIn
MEXIy ABYMSI CJIOSIMU MOCTUKOBOI CTPYKTYpPbI (ME€M-
OpaHbl) B ee LeHTpe. MOCTUKOBYIO MeMOpaHy U JBe
Y3KUe HOXKM, TOJICPKUBAIOIINE €€ HaJ IMTOBEPXHOC-
ThI0O KPEMHMEBOM MOMJIOXKKM Ha BHICOTE OKOJIO 2 MKM,
WU3rOTaBJIMBAJIM M3 NIBYX CJIOEB HUTpUIA KPEMHUS
ToJIHOM 0,5 MKM ¢ HU3KOI TEILUIOIIPOBOJHOCTHIO.
Ha HOXKW HamnbUIsUIM TOHKMIA CJIOW aJIIOMMHMS JJIs1
o0ecrevyeHus 3JEKTPUIECKOTO0 KOHTaKTa MOCTUKOBOI
CTPYKTYPBHI C BJIEKTPOHHOU CXEMOM, TIPEACTABIISIOLIENA
cO00li OMIOJISIPHBIM YCUJIUTENb BXOJHOTO CUTHaja,
usrotaBiavuBaeMblii 1o bBuKMOII-TexHonorun (¢ uc-
noJyib3oBaHueM ounoigpHbix U KMOTI-TpaH3ucTopoB).
Ha noBepxHOCTb KpeMHUEBOU MOIJIOXKKHU MOA MOCTU-
KOBOW MEMOpPaHOU HAITBUTSUIN OTPAKAIOIINI CJIOM aJTio-
MUWHUS JUIS1 TIOBBIIIEHUS CTENIEHW MOMJIOLIEHUS TPO-
wenmero MK-uznyyeHus1 akTUBHBIM clioeM. Makcu-
ManbHast 3(p(PeKTUBHOCTb TAKOTO ITOIVIOIIEHUST 00ec-
MEeYMBAETCS TIPU PACCTOSIHUUM MEXIY MOMIOIIAI0IIUM
M OTpaxkallluM CJIOSIMU, paBHOM 1/4 1JIMHBI Manato-
LLIEr0 M3JyYeHUsI A, ¥ OMPE/EsIseTCs] COOTHOLICHHEM

t= (—-Z-I-C-—JE-‘—I—)-}:E, (L.1)
rme n — IokKasaTellb IpeJIOMJICHUS cpelbl,  — pac-
CTOSIHME MEXIY CIOSIMU, kK — TIOPSIA0K pe30HAHCHOM
monbl. Ilpu n = 1 (Bakyym), t = 2,5 MKM u k = 0,
kp = 10 MmxMm. Marpuiia MUKpOOOJIOMETPOB TTOMEIIa-
eTCsl B BAKYYMIUJIOTHBIM KOPIYC U HAXOAWUTCS TOJ, 1aB-

JICHHEeM TIopsiaKa 1072...107° MMa.

OnHUM U3 HampaBleHUHl COBEPIIEHCTBOBAHUS
MUKPOOOJIOMETPUUYECKUX AETEKTOPOB SIBJISICTCS TTOBBI-
1IeHWe OBICTPOAEUCTBUSI TUKCENS U CO3MaHUE KOHC-
TPYKILIMU TTUKCENSI, UMEIOILIETO BICOKUI OJHOPOIHbIMI
ko3 dpuumeHT norjaoweHuss MK-uznyyeHus: B obnac-
T4 8...14 MKM NpU CHUKEHMU TEIJIOEMKOCTU KOHCT-




PYKILIMU U, KaK CJIEIACTBUE, YBEJIMUEHNE OBICTPOIEHCT-
BMSI U UYyBCTBUTEJILHOCTU Mpubopa.

B pabGorte npeacraBieHbl pe3yabTaThl pa3padOTKU U
peaau3aliy HOBOTO KOHCTPYKTUBHOTO BapyaHTa MHK-
ceJisi MUKpoDOOoJIoMeTpa, OCHOBHBIM OTJIMYMEM OT aHa-
JIOTMYHBIX M3BECTHBIX KOHCTPYKLIHMI KOTOPOTO SIBJIS-
€TCs MCMOJb30BaHME TOHKHUX IIJIEHOK TaHTaJla B Kayec-
TBe Morjoujampuiero Marepuaia [16]. DTo mospoiseT
YMEHBIINTh TOJIIUHBI COCTABIISIONINX CJIOEB M yBE-
JINYUTh KOB3GMGULMEHT MOIIOIIEHUS MUKCeIs 32 CUeT
CHUXKEHUS TerioeMKocTu. [yisi obecrieueHust Kop-
PEKTHOTrO MOCTPOEHUsI U300pakeHUs MUKPOOOJIOMET-
PUYECKUM JETEKTOPOM HEOOXOINMO TaKKe MMETh MU~
HUMAaJIbHYI0 HEOIHOPOAHOCTb MOIVIOLIEHUS THKCEes
Mo BCeMY CIIeKTpajibHOMY Auana3oHy. IToa moHsSTH-
eM "HeOIHOPOIHOCTH MOIJIOIIEHUA " TToApa3yMeBaeTCs
OTHOILIEHUE Pa3HOCTU MEXIY MaKCUMAaJbHbIM U MU-
HUMAaJIbHBIM 3HAYEHUSIMHU K CpeIHEMY 3HAUYEeHHIO KO-
3¢ ULIMeHTa TTOTJIOLIEeHUS B 3aJJaHHOM CIIEKTPaIbHOM
Iuana3oHe. B aToMm ciydae mckaxkeHue M300pakeHUS
3a CYeT HEOAHOPOJHOCTH MOMIOIIEHUS MO CHEKTPasb-
HOMY JMaIia3oHy OyneT MUHUMaIbHbIM. Mcnonb3oBa-
HUE IpejiaraéMbIX MaTepHuaaoB U TOJIIIUH CJIOEB, CO-
CTaBJISAIONIMX MUKCEJb, MO3BOJSIET YBEAUUUTh U J0-
CTUYb PABHOMEPHOCTH TMOMJIOIIECHUS B CIIEKTPAIbHOM
nuarasoHe 8...14 MKM U TTOBbICUTb YYBCTBUTEJbHOCTD.

Mukpo06oJOMETPUUYECKUI ETEKTOP MpeaAcTaBiseT
coboil MaccuB nukcenei (puc. 3, CM. TPETbIO CTOPOHY
00JIOXXKM), pa3MellleHHbIX Ha MOJJIO0XKe, B KOTOpPOU
chopMupoBaHa cxeMa YIIPABICHUS W CUYUTHIBAHMS
nokasaHuii nukcesneil. [Iukcens mpeacrasisieT coOoit
MeMOpaHy, MOABELIEHHYIO0 Ha HOXKKAaX HaJl TTOLJTOXKOM.
ITon MeMOpaHoOi1 pacnoioxeH oTpaxareab. MemOpa-
Ha COIEPXUT TPU CTPYKTYPHBIX CJIOS U3 HUTpUIA
KPEMHMUS, CJIOMU, NETEKTUPYIOLIUIA U3JIy4EHUE U3 OK-
cuiaa BaHaaus, U nornowatomuii nagawoiiee MK uziy-
YyeHre TOHKUI CJIOM TaHTana. ToJluHa 1o HUTpUIa
KpeMHUs He TipeBbiiiaeT 210 HM, TOJILMHA CJI0sT OKCHIa
BaHaausl He mpeBbiliaeT 170 HM, TOJIIMHA TTOMIONIAI0-
IIEro ¢josl U3 TaHTaua coctapisieT 3...20 HM, TOMIIMHA
oTpaxkarelisi, KOTOPbIii M3roTaBJIMBAETCS M3 30JI0Ta
WM allloMUuHUs, He TpeBbinaet 100 HM. MeMOpaHa
MojBelleHa Hajl oTpaxaTesieM C 3a30poM 2,2...2,8 MKM.
Hns mpenoTBpallleHUs TOTepb TEIUIOTHI 3a CUET Tell-
JIOMPOBOJHOCTH OKPYKAIOIIEro raza, MacCUB IMUKCE-
JIel BaKyyMUPYETCS U TepMETHU3UPYETCS B KOpITyce,
KOTOpbIi MMEeT OKHO, MpOo3payHoe ISl NeTEKTUpYye-
MOTO U3JIyYEHUSI.

Muxkpo06oIoMeTpUYECKA JeTeKTOp paboTaeT cie-
nyrommm oopazoM: MK mznydeHue, magaroliiee Ha IMo-
BEpPXHOCTb MEMOpaHbl, IMOIJIOLIAETCSI TOHKHUM CJIOEM
TaHTajJa M CJIOSIMU HUTPUIA KPEMHHUS, KOTOpbIe Ha-
IpeBaloTCsl BMECTE CO CJ0eM oKcuaa BaHamus (puc. 3,
CM. TPEThIO CTOPOHY 0010XKM). [1py yBeInueHUn TeM-
neparypbel MeMOpaHbl COMPOTUBIICHUE IETEKTUPYIO-
IIETO CJI0S1 OKCHIA BaHAIWUS YMEHBIIAETCS, TIPUYEM,
yeM 0OoJibllle CKOPOCTh HarpeBa MUKcessl, TeM OOoJbliie

€T0 YyBCTBUTEIBHOCTD IPY OAMHAKOBBIX BpeMeHax. M3-
MEHSIIOILIEECS] COMPOTUBJIEHUE IETEKTUPYIOIIETO CIIOsI
(ukcupyercss CCTeMO# CYUTHIBAHUSI, KOTOPAs TIEPU-
OIMYECKM CUUTHIBACT 3HAUEHUS CONTPOTUBICHUS MMUK-
ceneii. [Tpu mpepblBaHUM WU3TYYEHUST TTMKCENb OXJIaX-
JAaeTCs 3a CYeT OTBOMAA TEILJIOTHI Yepe3 HOXKH.

Ilnenka TaHTana Mpu UCIOJAb30BAHUMU OTpaxaTe-
JIsl, pacroJIOXKEHHOTO ¢ 3a30pOM 2,5 MKM, (hopMuUpyeT
IIMPOKHUI MUK TMOMJIOLIEHUSI C MAKCUMYMOM B Marna-
30He 8...9 MxMm. Hutpua KkpeMHUsI, BXOASIIUN B COCTaB
MeMOpaHbl, ntoriomaer MK uznydyeHue B nuamnasoHe
JUTAH BoJiH 9...13,5 MxwM [17] 1 ipu UCTIOIB30BaHUU OT-
paxareJisi, pacIioJIOKEHHOIO C 3a30pOM OKOJIO 2,5 MKM,
(hopMUpYyET MUK TOMJIOLIEHUSI ¢ MAKCUMYMOM B JIMa-
na3zoHe AauH BOJH 11...13 MxM. TommIuMHBI TUIEHOK
OIpeesiIoT abCcoMI0THOE 3HaUYeHHe KOod(hhUILIMeHTa
MOTJIOIIeHUs, a 3HaUeH1e 3a30pa — MOJOXEHNE MaK-
CUMYMOB MUKOB IornomeHus. Takum oOpa3oM, u3-
MEHEHUE TOJILIMHBI COCTABISIIOLINX CJI0EB MEMOPaHbI
M 3a30pa MexXay MeMOpaHO M oTpaxaTesleM OIpe-
JIeJISIIOT TOTJIOLIEHUE MUKPOOOJIOMETPUYECKOTro Je-
TEKTOopa.

YMeHblIeHUEe TEIUIOEMKOCTHA HarpeBaeMoii MeMO-
paHbl MUKCeJs] BO3MOXHO 3a CUeT YMEHbILIEHUS Teo-
METPUYECKUX pPasMepoB IUKCEIEH W YMEHBIICHMS
TOJIIMHBI COCTABJISIIOIIMX CJOEB. YMEHbIIEHUE pa3-
MEpOB MUKCEJST OTPAHUYEHO TEeXHOJIOTUYSCKUMH BO3-
MOXHOCTSIMA M3TOTOBJICHMSI, @ CHUXKEHUE TOJIIMHBI
COCTaBHBIX 3JIEMEHTOB — IMajaeHueM Kod(hhULMeHTa
TOJIOLIEHUST MEMOPaHBI.

Ha puc. 4 npeacrasieHbl CIEKTPhI MOMIOLIEHUS U
BpeMeHHbBIE TUarpaMMbl HarpeBa-oxJIaXIeHUs ITUKCe-
JisI, U3 KOTOPBIX BUAHO, UYTO CHUXKEHUE TOMILMHBI CJIO-
€B MPUBOAUT K YBEJIMUYEHUIO TeMIlepaTyphl MUKCEIs
B 3 pa3a ¢ COOTBETCTBEHHBIM YBEJIMUYEHUEM UYBCTBU-
TEJIbHOCTU OoJioMeTpa, MPU COXpaHEHWM ero JuHa-
MHYECKUX XapaKTepucTuK. Mcmosib3oBaHMEe TOHKOM
IJIGHKU TaHTaJla B Ka4eCTBe MOTJI0OUIA0Iero MaTepu-
aja TI03BOJIMJIO CHU3UTHh HEOTHOPOIHOCTb BHYTPHU
CIIEKTPaJIbHOIO THana3oHa.

DKCMepUMEeHTaJbHO TOJYYEHO, UYTO HCITOJIb30Ba-
HUE TUICHOK TaHTaja TOJIIMHON MeHee 3 HM Hellese-
CO00pa3HO BCJEACTBUE CHUXKEHUSI 3HAYEHUS U TOBBI-
1IeHUSI HEOAHOPOAHOCTU KO3(hdUIIMEHTa MOrollIe-
Hus. [lpu TonuuHe MiieHKU TaHTaua 6osee 20 HM, U
MPUMEHEHUM TUIEHOK HUTPUAA KPEMHUS TOJIIMHOMU
6onee 210 HM Bo3pacTaeT HEOAHOPOIHOCTh KO3 hu-
LIMEeHTa TMOMIOIIEHNSI U CHUXAETCsl ObICTpONeiiCTBIE
nukcens. TonmHa OKcHIa BaHAgWs TakxKe orpa-
HUYeHa BO3pacTalolleil TermI0eMKOCTbI0 MeMOpaHbI
TTUKCEJIS.

IIpyu U3roTOBIEHUU MUKPOOOJIOMETPUUECKOIO JIe-
TEKTOpa MCMOJb30BAIM XOPOIIO U3BECTHbIE B MUKPO-
5JIEKTPOHUKE OIepalliU TOCIeA0BaTEIbHOIO HaHeCe-
HUSI TIOKPBITUIA, oToauTorpaduu U TpaBjeHUS, OC-
HOBHBIE TIOJIOXKEHUST KOTOPBIX MPEACTaBICHBI B pabo-
Tax [18—24].
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Fig. 4. Spectrum of absorption (a) and heating-cooling time (b) of the
prototype pixels [15] (1) and the developed design (2)

B HUII nanorexunonoruit @IyYI1 "HHUMUXM" co-
3MaHa TeXHOJOTMYecKasl JIMHUS 110 pa3paboTKe W U3-
TOTOBJICHUIO MUHMATIOPHBIX MUKPOIJIEKTPOMEXaHM -
yeckux cucteM (MOMC) (puc. 5, cM. TPeTbIO CTOPO-
Hy 0010KH). JInHus pazmeleHa Ha 840 M2, COCTOUT
U3 YMCTBIX MPOU3BOACTBEHHBIX MOMEIIEHUI Kiacca
ISO 5—8. OTauuuTeabHBIM MNPU3HAKOM CO3IaHHOM
TEXHOJIOTMYECKOW JIMHUM SIBJISIETCSI €€ BbICOKAsl YHU-
BepCaJIbHOCTb U TMOKOCTb. O0Opya0oBaHNE MO3BOJISIET
00pabaTbiBaTh MJIACTUMHBI AMAMETpoM OT 25 o 150 Mm
1 HeCTaHIAPTHEIC, BIUCHIBaOIIMecs B auametp 150 mm.
Co3gaHHasg TexXHOJOTWUYeCcKasT JIMHUS B HaACTOSIIee
BpeMsI TTO3BOJISIET M3TOTaBIMBAaTh OOBEMHEBIE MUKPO-
cTpykTypel MOMC. B TOM uuncie UMEIOTCSI BCe TeX-
HOJIOTMYECKHE TPOLECCHl ISl U3TOTOBJIEHUS MUKPO-
OoJoMeTpuUYeCcKMX MaTpull. MiMeeTcs MaTepuaaoBe-
YECKO-TEXHOJOTMYECKUI 3amesl IO M3TOTOBJIECHUIO
CTPYKTYpP KaK Ha TBEpPIBIX, TAK M HAa TMOKUX ITOIUIOX-
Kax. JImHUS ocHalleHa TuTorpadmIecKM, MIOHHO-Ba-
KYYMHBIM, TUTa3MEHHBIM ¥ U3MEPUTEIHLHBIM 000pYI0-
BaHMEM BeIylIMX MUPOBBIX MpousBoauteneit (SUSS,
EVG, Sawatec, Carl Zeiss, Load Point u 1p.). Munu-
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MaJIbHBIN pa3Mep MHUKPOIJIEMEHTOB, (OPMUPYEMBIX
Ha JIMHUH, cocTaBisger 0,6 MKM, a HAHO3JIEMEHTOB —
10 uM Ha rwomwamy 1 cm2.

OI'YIT "HHUMUXM" coBmectHo ¢ OAO "HHUMN
"lluxnon" OblTa pa3paboTaHa TEXHOJOTHUS H3TOTOB-
JIEHUSI YyBCTBUTEILHBIX 3JIEMEHTOB MHKPOOOJIOMET-
PUYECKUX MaTpUlL CIOCOOOM MOBEPXHOCTHON MUKPO-
obpaborku MOMC [18]. OnpeneneHsl, pa3pabOTaHbI
1 ONTUMU3UPOBAHBI KPUTUUYECKHUE TEXHOJOIMYECKHUE
rporuecchl. PazpaboTaHHbBIE TEXHOJOTUM M TPOILIECCHI
00ecrneunBaloT Co3IaHue CTPYKTYP Ha YPOBHE JIYUIIMX
MUpOBbIX MOMC-npousBoacTB (MUHUMAJIbHBIN pa3-
Mep 2JieMeHTOB 0,5 MKM, TOYHOCTb BOCIIPOM3BEAECHUS
pucyHka 10 HM, TOUHOCTh coBMellleHUs 20 HM, OHO-
POIHOCTh HAHECEHUS CJIOEB 10 TUIACTHHE THAMETPOM
150 MM 0,6...1,2 %, cTetieHb qeopMaIii MOCTHKA He
6osee 0,1 %). OnTUMU3MPOBAHA TEXHOJIOTHUSI (HOPMU-
pOBaHUsI TEPMOPE3UCTUBHOIO CJios. TeMIepaTypHbIi
Koa(dumeHT conpotuBieHus cocrasmr 1,7...2,1 %.

B cooTBeTCTBMY C TEXHOJIOTMYECKHUM MPOIIECCOM pe-
aJM30BaHa ClieAyoLIas Mocaea0BaTeIbHOCTh OMNepalivii:
e Ha IMOBEPXHOCThb MPEIBAPUTEIbHO M3rOTOBJIEHHOM

TJIACTUHBI C JIEKTPOHHOM TMOACUCTEMOI HAHOCST

JKEPTBEHHBIN CJIOM — CJION MOJIUMUMMAA, TOJIIAHA

KOTOPOTO TOCJIe Mpoliecca UMUAM3ALUU paBHA Bbl-

COT€ PEe30HAHCHOI'0 3a30pa, OJHOBPEMEHHO CJIOK

MOJMAMHUAA WUTPaeT PoJib IJIaHAPU3YIOIIEeTo ITOK-

PEITHS;

e OCYULIECTBJISIIOT TpaBJieHUE MOJUMMUIA C UCMONb-
30BaHUEM 3alIMTHOM MAacKM; MPU TOJYyYeHUHU 3a-
IIMTHON MacKu sl TpaBJIeHUS! MOJUUMUAA MPU-
MEHSIIOT METaJIbl WJIM OUDJIEKTPUKHU TUIIA OKCUAA
KpPEeMHMUSI, OKCHJa aTIOMUHUS U HUTPUIA KpeM-
HUS,

e (GOPMUPYIOT HUTPUJ KPEMHUS TOMIIMHON 150 HM;

e BCKPBIBAIOT KOHTAKTHbIE OKHA B HUTPUIE KPEMHMSI
0 MeTajula KOHTaKTOB, IPU 3TOM HCIOJb3YETCS
TpaBjieHHe yepe3 DOTOPE3UCTUBHYIO MAaCKYy;

e 19 (GOpMUPOBaHUSI KOHTAKTOB HAMbUISIOT Me-
TaJJI — HUXPOM TOJIIMHOM 60 HM C IOC/IeIYIOIIM
TpaBJieHUEM 4Yepe3 (POTOPEe3UCTUBHYIO MacCKYy;

e B KayecTBe TEPMOPE3UCTUBHOTO CJIOS MCITOJIb30BaH
OKCHUJI BaHaausl, HaMbUISIEMbIl ¢ MUILIEHU BaHaAUsI
METOIOM PEeaKTUBHOTO HAaHECEHWs B KMCIOPOIHOMN
Mja3Me ¢ MarHeTpoHa, TOMOJOIMYeCKMI PUCYHOK
BBITMIOJTHSIETCS METOOM (hoTOMUTOrpaduu;

e Ha OKCHI BaHaaus HAHOCST MOCJIEeI0BATEIbHO Clie-
JIVIOIIYE CJIOW: HUTPUJI KpeMHMS ToMIuHoi 50 HM,
TaHTajJa 7 HM, HUTpUO KpeMHUs1 30 HM ¢ mocieay-
IOLLIMM TPABJIEHUEM MHOTOCIONHON CTPYKTYpPHI Ye-
pe3 GOTOPEe3NCTUBHYIO MAcKy IIa3MOXUMMUIECKUM
MeTonoM. Jlajgee mpoBOIST TpaBjieHUE KEePTBEHHO-
ro CJIOSl Yepe3 HUTPUIHYIO MacKy B KHUCJIOPOIHOM
rJa3Me Mpu ONIHOBPEMEHHOM CTpaBIMBaHUM (POTO-
pe3rcTa ¢ MOBEPXHOCTU HUTPUIA KPEMHUSI.

ITo yka3zaHHOM TEXHOJOTMU OBLIM MOJYy4YEHBI 00-
paslbl MUKPOOOJOMETPUUECKUX MaTpUIl JuUana3zoHa




XapakTepuCTHKH MATPHYHBIX TEPMOJETEKTOPOB (HEOXJIAKIAEMBIX MACCHBOB TEPMOJETEKTHDPYIOIMX 3jieMeHTOB B (hokabHoil mwiockoctn, IRFPA),
W3roTaBmBaeMbix Mo TexHoaornn MOMC u npemiaraembix U paspadarsiBaeMbix (R&D) ocHoBHbiME npoussBomutensivi, 11 UK cnekTpanabHoi
oonactu 8...14 Mkm u padoueii Temnepatypnl 0k0J0 300 K (NETD — mMuHuMaibHas 9KBUBAJIEHTHAS IIYMY Pa3HOCTb TEMNEPATyp)

Characteristics of the foreign analogs and the developed samples

[MpouzBonuTens/cTpaHa, Pasmep Pasmep nukcens, NETD, mK
BeO cailT (4MciIo muKceneit) MKM Tun/marepuan nerekropa (F=1, 20...60 T')
Producer/country, Size Size of a pixel, Type/material of detector NETD, mK
website (number of pixels) micrometers (F=1, 20..60 Hz)

BAE Systems/CIIA [4] 320 % 240—640 %480 28 %28 TepmopesnctusHbIi/ VO, 30...50
BAE Systems/USA 4] 160 % 120—640% 480 /R&D 17%x17 Thermoresistive/VO,, 50
ULIS/®panuus [5] 1024 X768 17%x17 TepMmope3ucTUBHBI/aMOpdHBII 35...100
ULIS/ France |5] 25%25—50%50 | kpeMHUIA

Thermoresistive/amorphous silicon
NEC/SAnonus [6] 320240 23,5%23,5 TepmopesuctuBHbIil/VO, 75
NEC/Japan (6] Thermoresistive/VO,.
SCD/Israel [7] 384 %288 17x17 TepmopesnctusHbIi/ VO, 50
SCD/ Israel 7] 1920 x 1536 25%25 Thermoresistive/V O,
FLIR Systems/CLLA [8] 160 % 120—640 x 480, 512 25%25 TepmopesnuctuBHbIil/VO, 35
FLIR Systems/USA 8] 17x17 Thermoresistive/VO,,
DRS Technologies/CILA [9] 1024 %768 25%25 TepmopesuctuBHblil/VO, 35
DRS Technologies/ USA 9] 17x17 Thermoresistive/VO,. 50
L-3/CIIA [10] 320%240 37,5%37,5 TepmopesnctusHbIi/ VO, 50
L-3/USA [10] 160 X% 120—320 % 240 30%30 TepMope3ucTuBHbIN/aMOPOHBII 50

KPEeMHUI

Thermoresistive/VO,.

Thermoresistive/amorphous
DOTYIT «<HHUUXM»/ 160 % 120—640 x 480 25%25 TepmopesnuctuBHbIi/VO, 50...70
OAO «IHHM «llyxion» Thermoresistive/VO,.
TsNIIKhM/ Cyclone Co.

8...14 mxm dopmarom 640 X 480 Touyek ¢ pasMepoM
nmKcend 25 X 25 MKM (puc. 6, CM. TPETbIO CTOPOHY 00-
JIOXXKM). XapaKTepUCTUKM 3apyOeKHBIX aHaJIOTOB M
CO3IaHHBIX 00pa3loB IIpeICcTaBIeHbl B TAOIMIIE.

Takum obGpa3oM, pa3paboTaHa KOHCTPYKLMS ITUK-
ceJisi MUKPOOOJIOMETPUYECKOTro AETEKTOPa, OCHOBHBIM
OTJIMYMEM OT aHAJIOTMYHBIX U3BECTHBIX KOHCTPYKITUIA
KOTOPOTO SIBJISIETCS] UCTIOJIb30BAHME HAHOTOJIIMHHBIX
IJICHOK TaHTaja B KaUeCTBe MOTJIOIIAIONIeTO MaTepH-
aja, 4yTo MO3BOJISIET YMEHBIIUTD TOJIIMHBI COCTaBIs-
IOIIUX CJIOEB, YBEJIIMYUTH OBICTPOIOCUCTBHE 3a CUET
CHUXXEHMS TETUIOEMKOCTU 1 YBEJIMYUTD KOG PUIIUEHT
noryioleHus: nukcenst. PazpaGoTraHHasi TeXHOJOTIMS
MMO3BOJISIET M3TOTABIMBATh Ha 0a3e TEXHOJOTMYECKOMH
JIMHUM HaHO- U MUKPOIJIEKTPOMEXaHUYECKUX CUCTEM
HWII nanorexnonoruit ®I'YIT "LIHUMUXM" Mukpo-
0oJioMeTpruYeCKre MaTpUIbl ¢ MUHUMAJIBHBIM pa3me-
POM eIMHUYHOTIO 3JIeMeHTa 25 X 25 MKM MaKCHUMallb-
HbIM dopmaToMm 640 X 480 mukcesei.
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Sensitive Elements for the Infrared Machine Vision Systems Based
on Microbolometer Matrices of 640 X 480 Pixel Format
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Manufacture of modern Russian uncooled microbolometer matrices with characteristics comparable with the foreign analogues
is an urgent issue, because they constitute the main sensitive element, characteristics of which determine performance of the infrared
machine vision systems: target detection, acquisition and tracking systems, passive infrared missile homing guidance, optical location
Stations, heat source direction finding systems, night vision binoculars and goggles, thermal imaging sights and sighting systems for
military equipment.

The aim of the present work is to provide a technological foundation for production of uncooled microbolometer matrices with
640 x 480 pixel format and 25 um pixel size employing innovative technological solutions and nanotechnologies allowing us to
achieve high sensitivity of the microbolometers in order to ensure import substitution for the main component of the infrared machine
vision Systems.

One of the directions in development of microbolometers is improvement of the operating speed of a pixel and elaboration of a
pixel design characterized by high values of IR absorption and absorption uniformity in the §— 14 um spectral band and decreased
thermal capacity, resulting in an increase of the microbolometer sensitivity and speed of response.

This paper presents a new configuration of the microbolometer pixel with a tantalum thin film used as an IR absorbing layer
with high value of IR absorption (98 %) and low absorption non-uniformity (2.5 %). It was discovered that a reduction of the pixel
layers' thicknesses causes a threefold increase of the microbolometer sensitivity, with the dynamic range remaining constant.

The pixel design was realized by TsNIIKhM in collaboration with Cyclone Central Research Institute. Critically important tech-
nological processes were developed and optimized. Surface micromachining processes were used to obtain the prototypes of the mi-
crobolometer matrices with a 25 um pixel pitch and a 640 X 480 pixel format for the §— 14 um spectral range.

Keywords: microbolometer matrix, infrared imager, MEMS, sacrificial layer, IR detector, vanadium oxide, thermoresistive lay-
er, surface micromachining, pixel
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The major manufacturers and consumers of the in-
fra-red detectors prefer the designs of the matrix un-
cooled arrays of the detecting elements (microbolo-
meter matrices), sensitive in the wavelength range of
8...14 um. The main advantages of the detectors are
small weight, reliability, low cost, normal working tem-
peratures, and compatibility of their productions with
the basic microelectronic technologies. The microbo-
lometer matrices are intended for use as the basic sensor
elements of IR technical sights: systems of detection,
recognition, identification, capture and target tracking,
passive IR homing heads, optical-location stations, ther-
mal finders, field-glasses and night vision glasses, ther-
mal image sights and sighting devices for weapons [1].

The key parameters of such matrices are sensitivity,
resolution and signal-noise ratio. At an identical reso-
lution of the pixels a matrix of a bigger format allows to
grasp a larger area of the view with the least distortions,
therefore, an increase of the format and reduction of
the size of a pixel are the basic vectors for development
of the microbolometer technologies. A pixel is an indi-
vidual element, an indivisible object of a photosensitive
matrix. A set of pixels forms an image. A pitch of the
pixels is the distance between two identical points of the
closely located pixels. The pitch can be on axis x and on
axis y, because a microbolometer matrix is 2-dimen-
tional from the point of view of formation of images.

Production of the microbolometer matrices is a hi-
tech and expensive process, only few companies are ca-
pable to manufacture them. Most of the uncooled pho-
todetector productions are based on the technologies
developed by foreign companies. The leaders are USA
(Flir Systems, Raytheon, UTC Aerospace Systems) and
Israel (SemiConductor Devices). The most well-known
European companies are Sofradir and Ulis, its affiliated
company. The domestic industry lags far behind the
foreign companies in this area. It produces uncooled
photodetectors of 160 X 120 and 320 x 240 formats
with a pitch of 51 X 51 um [2, 3], whereas the foreign
manufacturers offer to the market the matrices of
640 x 480 pixel formats and over, with a pixel pitch of
25 and 17 um [4—12], which are widely used by the do-
mestic developers and equipment manufacturers.

The aim of the work is creation of a scientific and
technical basis for manufacture of Russian microbo-
lometer matrices of 640 x 480 pixel format with a pitch
of 25 um, employing new solutions and nanotechnol-
ogies, allowing us to reach high sensitivity and to ensure
import substitution for the basic IR components in the
technical vision.

As a prototype the authors accepted the bridge and
film structures of the thermoresistive thin-film micro-
bolometers on the basis of vanadium oxides developed
by Honeywell Co. in late 1980s (fig. 1 and 2) [13—15].
The sensitive membrane element suspended over the
electronic circuit on a silicon plate, received by CMOS
(metal-oxide semiconductor) technology, was manu-

factured by volume or surface microprocessing with the
use of the sacrificial layers. The connecting conductor,
which supported the sensitive element and connected it
with the electronic circuit, was supposed to combine a
high thermoresistance with electroconductivity and
mechanical stability, including resistance to shocks.

As a thermoresistive element, a layer of the poly-
crystalline vanadium oxide was used with thickness of
about 0.5 um, which was placed between two layers of
the bridge membrane in its centre. The bridge mem-
brane and two narrow legs, supporting it over the sur-
face of the silicon substrate at the height of about 2 um,
were made of two layers of silicon nitride with thickness
of 0.5 um and with low heat conductivity. A thin layer
of aluminum was sprayed on the legs to ensure an elec-
tric contact of the bridge structure with the electronic
circuit, which was a bipolar amplifier of the input sig-
nal, made by CMOS technology (with the use of bipo-
lar and CMOS transistors). A reflecting layer of alumi-
num was sprayed on the surface of the silicon substrate
under the bridge membrane in order to increase the ab-
sorption of the IR radiation by the active layer. The
peak efficiency of the absorption is ensured at the dis-
tance between the absorbing and reflecting layers equal
to 1/4 of the length of the falling radiation 2, and it is
defined by the following correlation

nt = Mﬂ .

4
where n — indicator of refraction of the environment;
t — distance between the layers; kK — order of the res-
onant mode. At n =1 (vacuum), = 2.5 um and k =0
A, =10 pm. The matrix of the microbolometers is lo-
cated in a vacuum-tight case and is under the pressure
of about 107°...107° Pa.

One of the ways for improvement of the microbo-
lometer detectors is an increase of the pixel speed and
development of a pixel design of a highly homogeneous
coefficient of absorption of IR radiation in the range of
8—14 um, at a decrease of the thermal capacity of the
design and increase of the speed and sensitivity of the
device.

The work presents the results of development and
realization of a new design version of a microbolometer
pixel, the basic difference of which from the known de-
signs is the use of thin films of tantalum as the absorbing
material [16]. This allows to reduce the thicknesses of
the layers and to increase the coefficient of absorption
of the pixels due to a lower thermal capacity. In order
to ensure a correct construction of an image by a mi-
crobolometer detector it is necessary to have the min-
imal heterogeneity of the pixel absorption in all the spec-
tral range. "Heterogeneity of absorption" is understood as
the relation of the difference between the maximal and
minimal values to the average value of the absorption co-
efficient in the set spectral range. In this case the image
distortion due to the heterogeneity of absorption on the

(1.1)
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spectral range will be minimal. The use of the proposed
materials and thicknesses of the layers comprising a pix-
el allows us to increase the uniformity of the absorp-
tion and to reach the level of 8...14 um in the spectral
range, and to raise the sensitivity.

A microbolometer detector is an array of pixels
(fig. 3, see the 3-rd side of cover) on the substrate, in
which a circuit for control and reading of the indica-
tions of pixels is formed. A pixel is a membrane sus-
pended on the legs over a substrate. Under a membrane
a reflector is located. The membrane contains three
structural layers from the silicon nitride, a layer detect-
ing radiation from the vanadium oxide and a tantalum
layer absorbing the falling IR radiation. The thickness
of the silicon nitride layer does not exceed 210 nm, the
layer of vanadium oxide does not exceed 170 nm, the
absorbing layer of tantalum is 3...20 nm thick, the re-
flector made of gold or aluminum, does not exceed
100 nm. The membrane is suspended over the reflector
with a gap of 2.2...2.8 um. For prevention of losses of
warmth due to heat conductivity of the surrounding gas,
an array of pixels is vacuumed and sealed in a case, which
has a window, transparent for the detected radiation.

The microbolometer detector works as follows: the
IR radiation falling on the surface of the membrane is
absorbed by a thin layer of tantalum and layers of sili-
con nitride, which are heated up together with the layer
of the vanadium oxide. With an increase of the tem-
perature of the membrane, the resistance of the detect-
ing layer of the vanadium oxide decreases, at that, the
higher is the speed of heating of the pixel, the more is
its sensitivity at identical times. The changing resistance
of the detecting layer is recorded by the reading system,
which periodically reads the values of the pixels’ resist-
ance. During interruption of the radiation the pixel is
cooled due to the heat removal through the legs.

During the use of a reflector with a gap of 2.5 um,
the tantalum film forms a wide peak of absorption with
the maximum in the range of 8...9 um. The silicon ni-
tride, which is a part of the membrane, absorbs IR ra-
diation in the range of the wavelengths of 9...13.5 um
[17] and, during the use of the reflector with a gap of
about 2.5 um, forms a peak of absorption with the max-
imum in the range of the wavelengths of 11...13 pum.
The thicknesses of the films determine the absolute co-
efficient of absorption, and the value of the gap — the
position of the maxima of the peaks of absorption.
Thus, a change of the thickness of the component layers
of the membrane and of the size of the gap between the
membrane and the reflector determine the absorption
of the microbolometer detector.

Reduction of the thermal capacity of the warmed
membrane of the pixel is possible due to reduction of
the geometrical sizes of the pixels and the thickness of
the component layers. Reduction of the dimensions of
a pixel is limited by the technological possibilities of the
manufacturers, while the thickness of the components
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is limited by falling of the absorption coefficient of the
membrane.

Fig. 4 presents the spectra of absorption and time di-
agrams of heating-cooling of a pixel, from which it is
visible, that a decrease of the thickness of the layers
leads to a three-fold increase of the temperature of the
pixel with increase of sensitivity of the bolometer and
preservation of its dynamic characteristics. The use of
a thin film of tantalum as an absorbing material allowed
us to lower the heterogeneity inside the spectral range.

According to the obtained results, the use of the tan-
talum films with thickness less than 3 nm is inexpedient
because it lowers the value and raises the heterogeneity
of the absorption coefficient. At the thickness of the
tantalum film over 20 nm and application of the films
of silicon nitride with thickness over 210 nm, the het-
erogeneity of the absorption coefficient increases and
the pixel speed decreases. The thickness the vanadium
oxide is also limited by the increasing thermal capacity
of the pixel membrane.

For manufacturing of the microbolometer detector
the well-known microelectronic technologies were used:
operations of the consecutive deposition of coatings,
photolithography and etching, the essence of which is
presented in [18—24].

TsNIIKhM developed a technological line for pro-
duction of tiny microelectromechanical systems
(MEMS) (fig. 5, see the 3-rd side of cover). The line
occupies 840 m? of floor space and consists of clean in-
dustrial premises of class ISO 5—8. A distinctive feature
of the line is its universality and flexibility. Its equip-
ment allows it to process the plates with diameter from
25 up to 150 mm and non-standard plates, which in-
scribe into 150 mm diameter. The created line allows
us to manufacture volume MEMS microstructures. It
makes available the technological processes for manu-
facture of microbolometer matrices. There is a materi-
al-technological potential for manufacture of the struc-
tures on solid and flexible substrates. The line is equipped
with the lithographic, ion-vacuum, plasma and meas-
uring equipment from the leading world manufacturers
(SUSS, EVG, Sawatec, Carl Zeiss, Load Point, etc.).
The minimal size of the microelements formed on the
line is 0.6 pm, and of the nanoelements — 10 nm on the
area of 1 cm?.

TsNIIKhM jointly with Cyclone Central Research
Institute developed a technology for production of sen-
sitive elements for microbolometer matrices by means of
MEMS surface microprocessing [18]. The critical tech-
nological processes were defined, developed and opti-
mized. The technologies and processes ensure creation of
structures at the level of the best world MEMS manu-
factures (the minimal size of elements is 0.5 um, preci-
sion of drawing reproduction — 10 nm, accuracy of com-
bination — 20 nm, uniformity of deposition of layers on
a plate with diameter of 150 mm — 0.6...1.2 %, degree
of the bridge deformation — not more than 0.1 %). The




technology for formation of the thermoresistive layer was
optimized. The temperature coefficient of resistance is
1.7..2.1 %.

The sequence of operations is the following:

— a sacrificial layer is deposited on the surface of the
manufactured plate with an electronic subsystem — poly-
imide, the thickness of which after imidization is equal to
the height of the resonance gap, and simultaneously the
polyimide layer plays the role of a planarizing coating;

— etching of the polyimide is carried out with the
use of a protective mask; for obtaining of the protective
mask for etching of the polyimide, the metals or die-
lectrics of the silicon oxide, aluminum oxide or silicon
nitride type are applied;

— the silicon nitride with thickness of 150 nm is
formed;

— the contact windows in the silicon nitride up to
the metal of contacts are opened, at that, etching
through a photoresistive mask is used;

— for formation of the contacts, a 60 nm-thick layer
of metal-nichrome is deposited with the subsequent
etching through a photoresistive mask;

— as a thermoresistive layer the vanadium oxide is
used, sputtered from a vanadium target by the method
of the jet deposition in the oxygen plasma from a mag-
netron, and a topological drawing is made by the meth-
od of photolithography;

— the following layers are deposited consistently on
the vanadium oxide: 50 nm of the silicon nitride, 7 nm
of tantalum, 30 nm of the silicon nitride with a plasma-
chemical etching of the multilayered structure through
a photoresistive mask. Etching of the sacrificial layer is
done through a nitride mask in oxygen plasma with a si-
multaneous removal of the photoresist from the surface
of the silicon nitride.

The above specified technology was used to obtain
samples of microbolometer matrices in the range of
8...14 um with format of 640 X 480 points and the size
of a pixel of 25 X 25 um (fig. 6, see the 3-rd side of cov-
er). Characteristics of the foreign analogues and of the
developed samples are presented in the table.

Characteristics of the matrix thermodetectors (un-
cooled arrays of the thermodetecting elements in the
focal plane, IRFPA), made by MEMS technology and
developed and offered by the major manufacturers, for
IR spectral area of 8...14 um and the working temper-
ature about 300 K (NETD — minimal, equivalent to
noise, difference of temperatures).

A design of the pixel for a microbolometer detector
was developed, and its basic difference from the known
designs is the use of the nano-thick films of tantalum as
an absorbing material, which allows us to reduce the
thicknesses of the component layers, increase the speed
due to a decrease of the thermal capacity and the co-
efficient of absorption of a pixel. The technology makes
it possible to produce on the basis of the technological
line the nano- and microelectromechanical systems of

TsNITKhM the microbolometer matrices with the min-
imal size of an individual element of 25 X 25 pm and
the maximal format of 640 X 480 pixels.
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ABTOHOMHbIM MAAOMOILHBbIM UICTOYHUK SHEPTMM HA OCHOBE
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lIpedcmasaen makem agmoHOMHOO UCHIOYHUKA SHEPSUU HA OCHOBE UUPOKONOAOCHO20 Nbe309AeKmPU4ecK0o20 npeobpazoeamens.
Ilpeobpaszosanue mexanuueckux uOpayULl OCyuecmensiemcs Ha Yacmomax, COOMEEnCMEYIOUWUX Yacmomam nPoMbIUAEHHO20 000~
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Beenenune

Ha ceromusimHmii neH» HaOI0maeTcsl HeOBIBAJIBIN
pOCT MPUMEHEHMSI Pa3IMYHBIX CUCTEM U YCTPOMCTB
MUKPOCHUCTEMHOI TEXHUKM, B YACTHOCTH NATYMKOB.
BDTOT mpouecc o0yCIOBIEH IUPOKUM pacIpoOCTpaHe-
HUEM CUCTEeM KOHTPOJISI M 0€30IIaCHOCTHU B Pa3IMYHBIX
OTpaciIsIX MPOMBIILIEHHOCTU: aBTOMOOMJIBHOM, aBua-
LUOHHOM, CYIOCTPOUTEIbHON, HEPTEXMMUIECKOM,
KOCMMYECKOI M MUILEBOI, B TPAHCIIOPTHOM MH@pa-
CTPYKType, OBITOBOI 2JIeKTpOHMKE M T.n. CUCTEeMBI
KOHTPOJISI U cOopa MHGOPMALUU COCTOSIT U3 OOJb-
LIIOTO YMCa Pa3IMYHBIX U3MEPUTENbHBIX Y3JI0B, KO-
TOpPBIE PACHOJIOXEHBI ITOAYaC HAa JOCTAaTOYHO OOJIb-
LIOM yJAaJeHUuU APYr oT apyra. Ilostomy oaHum wu3
KJIFOUEBBIX BOIIPOCOB 110 Pa3BUTUIO TAKMX CEHCOPHBIX
CHUCTEM SIBJISIETCSI BOIIPOC O0ecneueHus MUTaHusI, KO-
TOPOE OCYIIECTBJISIETCS JIMOO MTOCPEACTBOM TTPOBOJIOB,
JIMOO0 C MOMOILBIO 3aMEHSIEMbIX UICTOYHUKOB ITUTaHUS,
TakKMX KakK Oarapeyd WM aKKyMyJsSITOpbl. B mepBom
cllyyae mpo0JieMOil SIBISIIOTCS OOJbIINE PACCTOSHUS,
Ha KOTOphIe HEOOXOAMMO MPOJIOXKUTh IPOBOAA, M KaK
CIIEACTBHE — pPOCT CTOMMOCTH cucteM. Bo BTOpom
cliydgae mpobieMa 3aKJII04aeTcs B HEOOXOAMMOCTH pe-
TYJSIPHOM 3aMEHBI 3JIEMEHTOB NMUTaHus [1], ocobeH-
HO, €CJIM YCTPOMCTBO pabOTaeT B KECTKUX KJIIMMAaTH-
YECKHUX YCJIOBUSIX M PACHOJIOKEHO B TPYAHOIOCTYITHOM
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Mmecte. B TO Xe Bpemss cpoku (HyHKIIMOHMPOBAHUS
OOJBLIMHCTBA MPOEKTUPYEMbBIX CUCTEM PAaCCUMTAHBI
Ha TOJBI, YTO TPEOYET peTyIsIpHON 3aMEHbI NCTOUHM -
KOB 3HEPruM IJIg TMOAAepKaHUSI UX (PYHKIIMOHUPO-
BaHUs. Takme orepamny 4acTO CHMJIBHO 3aTPYdHEHBI
U CYLIECTBEHHO ITOBBLIIIAIOT 3KCILUIyaTallMOHHbBIE W3-
JIIEPXKKH.

V316l CEHCOPHBIX CeTeil MOTYT ObITh pa3MelleHbl
Kak B OOJIbIIIOM 00beMe (HampuMmep, B MOMEILIeHUN),
TakK ¥ BHYTpU 00beMa B HECKOJBKO KyOMUECKUX MET-
poB. Ilo 3Toil mpUUKMHE CEHCOPHbIE CETU MPUMEHSIIOT
B aBTOMOOMJISIX ¥ OBITOBOM TEXHUKE.

Cpeau npuOOpoOB OBITOBOI TEXHUKU CTOUT BbI-
IeUTh CTUpaJbHYI0 MalumHy. JIio0asg coBpemMeHHas
CTUpajJbHasl MalllMHA COAEPXKUT OOJIbIIIOE KOJIUUECT-
BO 2JIEKTPOHMKM. B cocTaB 371eKTpOHUKM CTUPAILHOMN
MAallMHBI BXOISIT pa3anyHble JaTYNKK, KOHTPOJIUPYIO-
e paboTy OBITOBOrO NMprbopa, HAIIpUMEP, JaTYMKHU
TEMIIEpaTyphl, JATYMKKA MPOTEUYEK M BIAKHOCTH, JAT-
YMKHU YaCTOThI BpalleHus 6apadbana. [lutaHue Bcex aat-
YMKOB U nepegadya MHGOpMaLi OT HUX KOHTPOJUIEPY
BBIMOJIHSIETCSI TTOCPEACTBOM IpoBoaoB. CTOUT OTMe-
TUTh, YTO CTUpaJibHAs MalllMHa SIBJISICTCS OTHUM U3
CaMBbIX MOIIHBIX UCTOYHMKOB BUOpaLMii B YCJIOBMSIX
Ioma. BBuay aTOro, HeKOTOphle ITPOU3BOIUTENN ObI-
TOBOI TEXHUKM 3aMHTEPECOBAHKI B CO3JaHUN OeCIIpOo-
BOJIHBIX JaTYMKOB M MNepegaye MHPOpPMAIMM OT HUX




MoCpeaCcTBOM paauroKaHana. [luraHue 1aTYMKoB HEOO-
XOJMUMO OCYLIECTBJISITH ITyTEM MPEOOpa30BaHUS SHEP-
Ty MEXaHWYEeCKUX BUOpaluii, co3maBaeMBIX caMoOii
MAalIWHOM, B 3JIEKTPUYECKYIO.

ITosToMy B mocjeaHue roabl OOJBIIONH HMHTEpPEC
BBI3BIBAIOT pa3pabOTKW, HAIPABJICHHBIE HA CO3/IaHUE
aBTOHOMHBIX MICTOYHUKOB MUTaHUS, Mpeodpasyronux
SHEPIUIO OKPYKAIOIIEH Cpelibl B 2JIEKTPUUECKYIO SHEP-
TUMI0 JJI9 TIUTaHUS Pa3IMYHbIX MaJOMOILHBIX YCT-
poiicTB. B KauecTBe MCTOYHUKA SHEPTUU MOTYT OBITh
KCITOJIb30BaHbl pa3jIMyHble MeXaHUYECKUe BUOpaLIUY,
aKyCTMYEeCKUE KOoJebaHus, TeMIlepaTypHble TpaaveH-
Thl, KOJIeOAHUSI MATHUTHBIX U 3JIEKTPUUYECKUX TIOJIEH,
COJIHEYHOE UM TETUJIOBOE M3JIyUYeHWE U MHOTOE JpYyroe
[2—5]. OuyeBuaHO, YTO BHIOOP MCTOYHMKA SHEPIUH 3a-
BUCUT OT Cpelibl, B KOTOPOU TMpeacTouT (hyHKIIMOHU-
poBaThb cucteme. BoaMoxkHa KOMOMHAIIMS Pa3IAYHBIX
TUITOB YCTPOMCTB JJISI TIOBBILLIEHUST HAIEXKHOCTH.

[HanHast paboTa nmocssiuieHa pa3paboTKe aBTOHOM-
HOTO UCTOYHMKA BHEPTUU, UCIIOIb3YIOLIErO BUOpalvu,
BO3HUMKAOIIKWE NPU paboTe CTUPAIbHOW MallWHBI.

H3mepenne cneKTPoOB BHOpaIMii
ISl CTHPAJIbHOM MAIIMHBI

Ha nepBom 3Tare B LieJisIX ONpeAeeHUs] CeKTpa
BUOpaLMii ObLIU TIPOBEAEHBI U3MEPEHUS MEXaHUYeC-
KMX KOJIeOaHWM CTUPAJIbHOM MaIIMHBI.

st uccnenoBaHusl BUOPOYCKOPEHU ObL1 coOpaH
U3MEPUTENbHBIN TPUOOP, COCTOSIBILINUI U3 LIU(PPOBO-
ro akcenepomeTpa ADXL345 u koHTposiepa Arduino
Uno (puc. 1). [Inst KoHTposiepa Obljia HarKMcaHa Ipo-
rpaMma Ha s3bike Wiring B cpene pa3dpadbotku Arduino
IDE, no3BoJisiBLIas MOJy4YaTh JAHHEIE C aKCEJIEPOMET-
pa, o6pabaTbiBaTh MX U TepeaaBaThb Ha IEPCOHATbHbBIN
KOMITBIOTED.

AKceepoMeTp Kpenwiy Ha 3aHI0I0 CTeHKY. Buo-
palMu OT UCTOYHUKA (CTUPAJIbHON MalllMHBI) MOCTY-
ITaJId Ha aKCeJIepPOMETP, KOTOPBIH MpeoOpa3oBBIBAI UX
B AHAJIOTOBBIN 2JIEKTPUYECKUI CUTHAT, a 3aTeM oL -
poBbiBaj. OundpoBaHHbIE JaHHBIE C aKcelepoMeTpa
MOCTYNaJIM HAa KOHTPOJUIEP, KOTOPBII MX MepeCcUrThI-
BaJl B YCKOpPEHUE B €AMHMIIAX g U MepeaaBal Ha Tep-
COHAJIBHBIM KOMIIBIOTEP B BUIE MaccuBa Touek. s
OlpeneieHUs] YaCTOTHOIO CIIEKTpa B MPOrpaMMHOM
makere OriginPro 9 6b110 BhIMOTHEHO Dyphe-TIpeosd-
pasoBaHMe M3MEPEHHBIX BPEMEHHBIX 3aBMCUMOCTEN,
ITOCTPOCHHBIX Ha OCHOBE MacCHMBa TOYEK.

M3mepeHust BubOpaluii CTUpaibHONM MalllMHbBI TIPO-
BOIWJIY MpY pa3HOM CTEIIEHM 3arpy3Ku OapabaHa ma-
muHEL: 10 % 3arpy3ku (Tmodtn myctast MainmHa), 50 %
3arpy3ku 1 100 % 3arpy3ku mpu 4acToTe BpalleHMs
b6apabana 400, 700 u 1000 o6/muH. Ha puc. 2 u 3
MpeacTaBlieHbl pe3yabTarbl udMepeHuil npu 400 u
1000 06/MUH COOTBETCTBEHHO.

ITpu MakcMMaNbHON 3arpy3Ke MaIllMHBI B CIIEKTpPe
YETKO BbIpaxke€Hbl MUKKM, COOTBETCTBYIOIMIE YaCTOTaM

PC Hudporoii
aKceJiepoMeTp

Digital accelerometer

KonTpoanep
Controller

Puc. 1. Y3abl cxembl I H3MepeHus BUOpaumii
Fig. 1. Circuit nodes for vibration measurements
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Puc. 2. YacroTHble cneKTpbl BHOpanuii CTHPAJIbHONH MALIMHBI NPH
vyacrore Bpamenns 400 00/mMun

Fig. 2. Frequency vibration spectra of the washing machine at the
rotational speed of 400 rpm
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Puc. 3. YacTroTHble CHEKTPbl BHOPANMil CTHPATbHOW MAIIMHBI MPH
yacrore Bpamenus 1000 06/vun

Fig. 3. Frequency vibration spectra of the washing machine at the
rotational speed of 1000 rpm
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12, 25, 30 u 40 I'u. CaMble MHTEHCUBHBIE KOJIeOaHUST
¢ ammutyaoi 0,085 g HaGmomanu Ha yactote 12 I
Ha ocHoOBaHUM TpUBENEHHOrO YaCTOTHOI'O aHaIM3a
MOXHO 3aKJII0UUTh, YTO CTUPAIbHAS MalllHA SIBJISICT-
Csl ICTOYHUKOM HM3KOYAaCTOTHBIX BHOpanuii. OCHOB-
HbI€ YaCTOTHI BUOpaLIMii JiexXaT B OAUara3oHe OT eau-
Hut repur go 60 I'm. Kome6aHust Ha JaHHBIX YacTOTaX
CTAaHOBSATCS WHTEHCHBHEE C YBEJIMYECHUEM 4YaCTOThI
BpallleHUs U 3aMoJHeHUsT OapabaHa MalMHBI. Takxe
BUIHO, YTO C YBEJIMUEHHUEM YaCTOTHI BpallleHuUs 6apa-
0aHa yBEJIMYMBACTCS aMIUIMTYAA BBICOKOYACTOTHBIX
konebanmit (120, 200, 210 I'm).

CrenoBaTelbHO, CYIIECTBYeT HEOOXOAUMOCTb B
npeobpa3oBaTejie, CIOCOOHOM pPabOTaTh B IIMPOKOM
Jara3oHe 4YacToT, C BO3MOXKXHOCTbIO MOACTPOMKHU pe-
30HAHCHOM YaCTOTHI.

O0ocHOBaHHE KOHCTPYKIHH Mbe30NpeodpasoBaTeis

st apdexTuBHOM pabOTHI IIpeodpa3oBaTeicii He-
00X0IMMO MaKCUMaJIbHO pacllUpUTh pabouuii quana-
30H 4acToT. JIJist 3Toro B JaHHOI paboTe ObLT CO3daH
LIIMPOKOMOJIOCHBIN IIpeodpa3zoBarelib 0aJJOYHOTO TUIIA
C IByMs KosiebaTelbHbIMM 3BeHbsIMU. Hamuuue BTO-
poro KoJiebaTeIbHOTO 3BeHA MPUBOIUT K ITOSIBICHUIO
JIOTTOJTHUTEIbHBIX PE30HAHCHBIX YacTOT Mpeodpa3oBa-
TeJIsT, HA KOTOPBIX BO3MOXKHO 3 PeKTuBHOE ITpeodpa-
30BaHME.

Kak n3BecTHO, 3HaUeHUE 3JIEKTPUUECKON SHEPTUH,
Npeodpa3yeMoil NMbe303JIeKTPUKOM, MPOMOPLIMOHATb-
HO 3HAYEHMIO eTO MEXaHMUECKOM JedhopMallni.

B uensix mosydyeHMs1 JTaHHBIX O 3HAYEHUSIX COOCT-
BEHHBIX YaCTOT U paclipefcIeHUd MeXaHUYeCKUX Ha-
NpsDKeHW B KosebaTebHbIX dJeMEHTax Mpeodpaso-
BaTejisI OBUIO BBIITOJTHEHO KOHEYHO-3JIEMEHTHOE MO-
JenupoBaHue B iporpamMme ANSYS Multiphysics 15.

Ha ocHoBe 1aHHBIX O pacipeneieHnu aeopManuii
ObLIO BHIOPAHO ONTUMAJIbHOE MECTO KPEIUIeHUs Mbe-
303JIeMeHTa Ha mpeoOpa3oBatese. s moaydeHus Bbl-
COKMX 3HAYEHUI 3JIEKTPUUYECKOTO HANPSIKEHUs Tbe30-
3JIEMEHT JIOJDKeH KpEenuThCsd B MeCTe HauOOJbIIUX
nedopmauuii. OgHako 4151 6onee 3(PHEeKTUBHOIO IMpe-
0o0pa3zoBaHUsI IHEPTUM paclipeaeeHue aepopmaluii B
MecTe KpPeIUIeHUs Mbe303JeMeHTa JOJIKHO OBITh KakK
MOXHO 00Jiee paBHOMEPHBIM.

Haubonee pacnpocTpaHeHHBbII BapuaHT KOHCT-
pyKuUMU MpeobOpa3oBarteieil — 0ajaka MpsSIMOYTroJbHOM
dopmal. K coxaneHuio, Kak ObLIO IT0Ka3aHO B paboTax
[6—9], HEBO3MOXHO HOOMTLCS PABHOMEPHOIO pac-
MpeaeeHs MEXaHMIEeCKUX HAPsDKeHUH B OaJike TIpsi-
MOYTOJIbHO# (hOPMBI BBUIY TOTO, YTO MaKCHMAaJIbHbIC
HaNpsDKEHUST B TIPSIMOYTOJIBHON Oalike CKOHIIEHTPH-
pPOBaHbI JUIIb Y 3aKPEeIJICHHOTO OCHOBAHMUSL.

151 6oJiee paBHOMEPHOI'O pacpeaeseHUsI BEIOpa-
Ha TpareuueBuaHasg Qopma mnpeoOpa3oBatensd. Ha
puc. 4 (cM. 4YETBEPTYIO CTOPOHY OOJIOKKM) IIPeaCTaB-
JIEHBI pe3yabTaThl MOJAEIUPOBAHUSI MEXaHUUECKUX JIe-
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(opmaimii B mpeobpazoBarelsie TpaneueBUIHOMN hop-
Mbl. CUHMIA LIBET HA pUC. 4 COOTBETCTBYET MUHUMAaJb-
HOMY YPOBHIO MeXaHMYECKMX medopmalinii, a Kpac-
HBIi — MaKCHUMaJbHOMY. YBeJIMUYeHNEe MEXaHUUECKUX
Jedopmaliiii COOTBETCTBYET M3MEHEHMIO 1iBeTa OT
CHHEro K rojyoomMy, 3eJIeHOMY, XKEJITOMY U, B KOHIIE
KOHIIOB, K KpacHomy. Ha puc. 4, a mokazaHo pacmnpe-
JIeJieHne MeXaHM4YeCcKuX nepopMalirii Ha 4acToTe Oc-
HOBHOI MOAbI KojieOaHUil BHelIHero 3BeHa (47 '),
a Ha puc. 4, b — pacnpegeieHue gedhopMaluil Ipu
BO30YXXI€HUM OCHOBHOH MOJAbI BHYTPEHHEro 3BeHa
(109 I'r). I3 3TUX pUCYHKOB BUIIHO, UTO MPU Kosieba-
HUSIX 000MX 3BEHbEB MaKCHMaJbHbIE Ae(opMaliuy Ha-
OmonatoTcst y ocHoBaHUS 6anku. OCOOEeHHOCThIO TaH-
HOU KOHCTPYKIIUU SBJISIETCS TO, YTO OCHOBaHME Oa-
KU JIeopMUpPYeTCs KaK TMpU KOoJieOaHUSIX BHEILIHETro
3BE€HA, TaK U IIpU KojiebaHUSIX BHyTpeHHero. B Takom
cyyae IMbe303JIEMEHT, 3aKpeIUICHHbI Y OCHOBaHUS,
OyIeT OogHOBPEMEHHO nedOopMHpOBATLCS MOM ACICT-
BMEM KOJeOaHUI KakK BHEIIHEro 3BeHa, TaK U BHYT-
pEeHHeTo.

KoHCcTpyKuHs 1 M3MepeHHble XapaKTepuCTHKH
npeodpa3oBareis

Onupasgch Ha pe3yabTaTbl MOAEJIUPOBAHUS, ObLI
M3TOTOBJICH TIPe0o0pa3oBaTeNlb TpAIlelIMeBUIHON (op-
Mbl. KoHcTpykuus mnpeoOpa3oBarelisl IOKa3aHa Ha
puc. 5 (cM. 4eTBepTYIO CTOPOHY 00J10kKKM). [IpeoGpa-
30BaTesIb TIPEICTABIISUT COOOM CTPYKTYpPY, COMEPXKAIYIO
cTaibHyI0 6anKy pasMmepamu 100 X 60 X 0,6 MM ¢ IBY-
Ms KoJiebaTeIbHBIMU 3BEHBSIMM (BHYTpEHHEE 1 BHEIII-
Hee) U MJIacTUHKY U3 nbe3okepamuku LITC-19 pazme-
pamu 24 x 18 x 0,3 mMm. KoHenr Kaxxaoro 3seHa ObLT
3ayXeH. IIacTMHKY COeIMHSIIM APYT C APYTOM C I10-
MOIIBIO KJIes] Ha OCHOBE ITMaHOaKpHIaTa. 3a30p MeX-
Iy KojiebaTebHBIMU 3BEHbSIMU COCTABIISIT 2 MM.

HMccnenqoBaHusl aMIIUTYIHO-YACTOTHBIX U Harpy-
30YHBIX XapaKTEPUCTHUK The303JIEKTPUUYECKOTO Mpeosd-
pa3oBaTesisd ObUIM MpOBeAeHBI Ha BuOpocTeHae. M3-
MepeHus1 npoBoain B nuamna3oHe yactot 0...1000 I'x
npu (pUKCHUpOBaHHBIX BUOpoyckopeHusax 10 u 20 M/C2,
OIHAKO OCHOBHBIE PE30HAHCHBIE YaCTOThI MPeodpa3o-
BaTesIsa HaOmomanu B auamnasone g0 200 I'm. g u3-
MEHEHHSI COOCTBEHHBIX YAaCTOT Ha CBOOOJHOM KOHIIE
KaxJ0To U3 KoJjiebaTeIbHbIX 3BEHbEB KPEMUIN MaCChl
m; u m,. Ha puc. 6 npusenen npumep AUX as tpa-
NELMEBUIHOIO NMPeodpasoBaTesd U my = m, = ST U
BuGpoyckopeHuu 10 M/C2.

W3 puc. 6 BUAHO, 4TO MPU JAHHBIX 3HAYEHUSIX MACC
MaKCHMYMbl T€HEpPUPYEMOTro IIpeobpa3oBaTeieM Ha-
npstkeHus 6,5 u 22 B HabmomaoTes Ha yactoTax 18 u
40 I'tl COOTBETCTBEHHO.

Ha puc. 7 npencrasieHbl rpad@uku cMelIeHUs pe-
30HAHCHBIX YaCTOT f U f, TpaneleBUIHOro rnpeodpa-
30Batelisl B 3aBUCUMOCTH OT MAacc m; U m,, TOJTy4YeH-
HbIe B pe3ysibTaTe usMepeHust AYX npeobpasoBaresis.




Puc. 6. AUX Tpanenuesunoro npeodpasosarens npu my; = my = 5T

u yckopennu a = 10 M/Cz. IMudppamu 1 u 2 Ha rpaduKe 0003HAYEHBI
pe3onancHbie yactotbl 18 u 40 ' cooTBeTCTBEHHO
Fig. 6. AFC of the trapezoidal transducer at masses m; = m, = 5 g and

acceleration a = 10 m/sz, Figures 1 and 2 on the diagram correspond
to the resonant frequencies of 18 and 40 Hz, respectively
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Puc. 7. I'padmk cMenmieHns: OCHOBHBIX YACTOT 3BeHbEB TPaNeMeBH/I-
HOro npeodpasoBarels f] U f, B 3aBUCHMOCTH OT Macc my U m,

Fig. 7. Diagram of displacement of the basic frequencies of the segments
of the trapezoidal transducer f; u f, depending on masses m; u m,

W3 puc. 7 caenyer, 4to myteM noabopa mMacc m; u
m, o1 0 10 10 r BO3MOXXHO HaCTPOUThL BHELIHEE 3BEHO
Ha JIo0y10 4acToTy f; BHyTpu auanasoHa 14...36 I'u, a
BHYTPEHHEE 3BEHO Ha JII00YI0 4acToTy f, BHYTpU [ua-
na3oHa 28...108 T'm.

Ha puc. 8 (cM. 4eTBEepTYIO CTOPOHY OOIOXKKH)
MpeacTaBieH rpaduk, Ha KOTOPOM COOpaHbl BCe W3-
MepeHHBIE YaCTOTHBIE XapaKTepUCTUKM TS Tparrel-
eBMIHOro npeodpasonatens. Ha rpaduke mocrpoeHa
oru0aroliasi, oTpaxaroliias BeCb BO3MOXKHBIN padouunii
JIWara3oH 4YacToT IpeobpaszoBaTesieil B 3aBUCHMOCTH
OT 3HAYEHMI WCTOJNBL30BAaHHBIX Macc my U my. Jua
CpaBHEHMSI Ha puUC. 8 MpuBeJeHa 3aBUCUMOCTb aMIl-

JIUTYIbl BUOPOYCKOPEHMS CTUPAJIbHOM MALIUHBI OT
4acTOThl BO3OYXXICHUS TIPU 4aCTOTE BpalleHUs Gapa-
6ana 1000 06/muH u 100 % 3arpy3ku GapabaHa.

BuaHo, yTo paboyuii AMana3oH 4acTOT Mpeodpas3o-
BaTeJisi YaCTUYHO TMepeKpbiBaeT 4acTOThl BUOpaLUU
CTUPAJIbHOU MAallIMHBI.

IIbe303/1eKTpUYECKHii MICTOYHUK SHEPTUH

Co3maHHBII TTbE302JIEKTPUIECKUIT TIpeodpa3oBa-
TeJIb UCIIOJIb30BAJICS B KAUYeCTBE OCHOBHOIO BJIEMEH-
Ta IThe303JICKTPUUECKOTO aBTOHOMHOTO WCTOYHHMKA
sHeprun. MICTOYHUK 3HEpruy BKIIOYAET B CeOsl Mbe30-
BJICKTPUYECKUI TTpeobpa3oBaTeib, CXeMY BBITPSIMIIC-
HUSI HaMpsDKeHUS U YCTPOMCTBO XpPaHEHUS 3JICKTPU-
YeCKOM BHEPrUH, K KOTOPOMY TTOAKIIIOYACTCS HArpy3-
Ka. BeImpssMuTeslb MOCTPOEH IO CXeMe C YABOSHUEM
HAPSDKEHMS, YTO TTO3BOJIMIIO YBEJIMUUTh AMIUIUTYIY
reHepUpyeMoOro HampstkeHusi. BblIM MCIoJb30BaHbI
auoabsl Mapku 1N5818, nMmerolue mpsMoe HaIIpsmKe-
HUE UHp = 0,33 B u MakcUMaJIbHbII BBITPSIMIICHHBIN
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Puc. 9. Harpy3ounble XapakTepuCTHKH MCTOYHMKA SHEPrdM HA OC-
HOBe Mbe303JIeKTPHYECKOro npeodpa3oBaTe.is TpanenueBuIHoi Gop-

MbI NpH yckopenun a = 10 M/CZ! a — Ha vacrore f; = 50 I'u; b —
Ha vactote f, = 105 '
Fig. 9. Load characteristics of the power supply source based on a

piezoelectric trapezoidal transducer at acceleration a = 10 m/sZ: a—
at the resonant frequency f; = 50 Hz; b — at the resonant frequency

f, =105 Hz
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3HaueHMsI Mace BrixomHoe BrixomHasi MolII-
mpnmy 1T Hanpsixenue U, B | HocTb P, MKBT
Values of the masses Output voltage Output power
myand my, g uv P, uWw
ml = mz =5 0,6 1,1
m =0;m=>5 0,5 0,7
my=10; my =5 1,3 5,1

IpSIMOIA TOK Iy = 1 AL B KauecTBe Hakornuresneit
SHEPIUU UCTIOIB30BaHbBI 3JIEKTPOJTUTUYECKHME KOHIEH-

catopbl eMKocTbio 0,47 MKD.

Ha puc. 9 npencraBieHbl 3aBUCUMOCTH BBIPSIM-
JIEHHOTO HaIps>KeHUsI U BbIXOJHOW MOIIHOCTU OT CO-
MPOTUBJEHUSI Harpy3Ku TparnelueBUIHOro Ipeodpa-
30Baresisl B OTCYTCTBUE Macc m; U m;.

Ha pwuc. 9, a TokazaHbBI 3aBUCHUMOCTH, N3MEPEHHEIC
Ha 4acTOTe Pe30HaHca BHellHero 3BeHa f; = 50 I'm.
HampskeHme Ha Harpyske JTOCTUTAIO HACBIIICHUS
npu 11 B. MakcuManbHasg MOIIHOCTh, OTIaBaeMasi B
Harpy3ky, coctaBmia 23 MKBT.

Ha puc. 9, b nokazaHbl 3aBUCUMOCTU HAIPSIXKEHUS
M MOILHOCTH, U3MEPEHHBIE Ha PE30HAHCHON YacTOTe
BHYTpeHHero 3BeHa f, = 108 'l . MakcumanbHOe ma-
JIeHVe HaIMIpsDKeHMS Ha Harpy3ke coctaBwio 33 B, a mak-
CAMaJibHasi MOIIHOCTh JocTurana 3HadeHus 0,45 MBT
Ha Harpy3ke R = 330 kOm. B o0oux ciydasix yckope-
HUE TOIEePXKUBAIOCH MOCTOSIHHBIM a = 10 M/C2.

s TpanenueBUaHOro Ipeodpa3oBaTesss MaKCH-
MaJIbHO€ 3HaYeHME BbIXOAHON MoltHocT — 0,45 MBT
nmpu odobeMme Ipeobpa3oBaTesisi, paBHOM 2,4 oM. Pas-
JIeJIMB MOILIHOCTh Ha 00bEM, TMOJIYYUM, YTO yaeabHast
MOIIIHOCTH cocTanster 0,19 MBT/CM3.

ITomumo ucnbITaHUIA, HA BUOPOCTEHAE ObLIN MPO-
BeJEHbI U3MEPEHUST TEHEPUPYEMOTO Mbe303JIeKTPUYEC-
KMM MCTOYHMUKOM SHEPTUU HAIPSDKEHUS TP UCITONb-
30BaHMU CTUPAJIbHON MalllMHbI B KAYECTBE NCTOYHMKA
BuoOpauuii. [Tbe3027eKTpUUECKNii UCTOYHUK KPEeTUIu
Ha 3aJHeil CTeHKe CTHpajbHOM MalluuHbl. M3MepeHus
IIPOBOJMJIM IIPU PA3TMYHBIX COOTHOLIEHUSAX MAcCC m| U
m, Ha KOJeOaTeJbHbIX 3BEHbSX, YACTOTE BpallEHUs
b6apabaHa npu oTxume 1000 06/MUH M MOJHON 3a-
rpy3ke OapabaHa. BrixogHoe HallpsDKeHHE M3MEPsUIU
Ha Harpy3ke R = 330 kOwm. [TonyyeHHbIe TaHHBIE IPH-
BeICHBI B TaOIuUIIE.

MaxkcumaiabHasi JOCTUTHYTas MOIIHOCTh COCTaBU-
aa 5,1 MxBr npu m; = 10 r, m, = 5 r 1 3HaYeHue yc-
KopeHus okoJjio 0,5 g.

3akmouyenue

I[IpoBeneHHOE SKCHEPUMEHTANbHOE UCCIEN0Ba-
HUEe MEXaHMYEeCKMX KOJIeOaHWI1 T0Ka3aji0, YTO CIEKTP
YacTOT MEXaHMYECKMX KOJIeOaHMI OBITOBOM TEXHUKU
(cTupanbHas MallWHa) JEXUT B AUana3oHe 4acTOT OT
enuuull repi; 1o 60 I'u. st mpeobpa3oBaHUs Mexa-
HUYECKMX KoJieOaHWil B MCCJIeJOBAaHHOM aWaria3oHe
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YacTOT CO3MaH MaKeT MaJOMOIIHOTO Ibe303JeKTPH-
YeCKOro MCTOYHMKA SHEPruM ¢ AByMsl KojieOaTeIbHbI-
MU 3BEHbSIMU, UCITOJIB3YIOIIETO SHEPTUI0 MeXaHNUYeC-
KMX KoJieOaHUi. ICTOYHMK MOXET OBITh HACTPOEH Ha
OTHOBPEMEHHYIO pabOTy IIpH JIOOBIX ABYX OCHOBHBIX
yacToTax BHYTpHM nmamnaszoHa 14...36 'y u 28...108 '
MpU KCIOJb30BAHUM TpalelUeBUIHOIO Mpeodopas3o-
BaTess. MakcuMaibHasi MOIIHOCTh, JOCTUTHYTAsI IIpU
HCIIOJIb30BAaHUM TpamneleBUIHOrO Npeodpa3oBaTes
Ha ygacrtore 105 T, cocrasmsia 0,45 mBr. Makcu-
MaJIbHasl JTOCTUTHYTask MOIIHOCTb Ibe303JeKTpUYEC-
KOro MCTOYHMKA IIPY MCIIOJb30BAaHUM CTUPAIbLHON
MalllMHbI B KAYeCTBE MCTOYHMKA BUOpaLIMii COCTaBUIA
5,1 MKBT. DddheKTMBHOCTh TTpeodpa3oBaHUsI MOXHO
CYIIECTBEHHO IOBBICUTh HECKOJBKMMHU CIOCOOAMU:
MyTeM CJBUIa 4YacTOT Pe30HaHca MpeoOpasoBaTes
O11XKe K pe30HAHCHBIM YacTOTaM CTUPAJIbHOM Malllu-
HBI ITOCPEJICTBOM U3MEHEHUS Macc m U m,, GOpMbL U
KOHCTPYKIIMY ITpeoOpa3oBatesis 1 IyTeM HUCIOIb30Ba-
HUSI MIbe303JIEKTPUIYSCKUX MaTepraioB ¢ 0oJjiee BhICO-
KUMU 3HAYCHUSIMU TIHE30MOIYJIEH.

Paboma evinoanena npu noodepucke PODU (epanm
No 15-32-70006 "Pazpabomia npunyunog co30anus ma-
AOMOWHBIX ABIMOHOMHBIX UCMOYHUKOE 3HACKMPUHECKOU
SHepeuu HA OCHOBe Nbe30IAeKMPUHecKUX U MAeHUmo-
AEKMPUHECKUX KOMNOZUMHBIX CIMPYKmMYp").
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Introduction

We observe a growing trend for application of the
systems and devices of the microsystem technologies,
sensors in particular. This is due to the spread of the
control and safety systems in various branches: auto-
mobile, aviation, ship-building, petrochemical, space
and food industries, in the transport infrastructure,
household electronics, etc. The control and data gath-
ering systems consist of a big number of nodes, some-
times located far away from each other. Therefore, one
of the key questions in development of the sensor sys-
tems is the power supply, which can be ensured by
means of wires or by replaceable sources such as bat-
teries or accumulators. In the first case the problem is
the big distances, on which it is necessary to lay wires,
and the growth of the systems’ costs. In the second case
the problem is the necessity of a regular replacement of
the batteries [1], especially, if a device works in rigid
climatic conditions and is located in a remote place. At
the same time, the lifetime of most of the designed sys-
tems is expected to last for years, which demands a reg-
ular replacement of the energy sources for their func-
tioning. Such operations are complicated and increase
the operating expenses.

The nodes of the sensor networks can be placed in
a great volume (indoors, for example) and inside of sev-
eral cubic meters. For this reason the sensor networks
are applied in cars and home appliances.

Among the home appliances it is necessary to single
out a washing machine. Any washing machine contains
a considerable quantity of electronics. The electronics
includes various sensors, controlling operation of the
device, for example, temperature, leakage, humidity,
and rotational speed of the drum sensors. The power

supply for the sensors and transfer of information from
them to the controller is carried out by means of wires.
It is necessary to point out that in home conditions a
washing machine is one of the most powerful sources of
vibrations. Therefore, some manufacturers of home ap-
pliances are interested in development of wireless sen-
sors and transfer of information from them by means of
a radio channel. A power supply should be provided by
transformation of the energy of the mechanical vibra-
tions, created by a machine, into the electric energy.

Therefore, of great interest is development of auton-
omous power supplies, transforming the environmental
energy of the environment into the electric energy for a
power supply of the low-power devices. As a power source
we can use mechanical vibrations, acoustic vibrations,
temperature gradients, fluctuations of the magnetic and
electric fields, solar and thermal radiation, etc. [2—5]. Se-
lection of the energy source depends on the environment,
in which a system has to operate. A combination of the
devices is possible for increasing their reliability.

The given work is devoted to development of an au-
tonomous energy source using the vibrations, arising
during operation of a washing machine.

Measurement of the spectra of vibrations
for a washing machine

At the first stage for determination of the spectrum
of the vibrations, measurements of the mechanical fluc-
tuations of a washing machine were done. For research
of the vibration accelerations a device consisting of
ADXL345 digital accelerometer and Arduino Uno con-
troller was assembled (fig. 1). A program for the con-
troller was written in Wiring language, in Arduino IDE
development environment, allowing to obtain data
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from the accelerometer, process it and transfer then to
a personal computer (PC).

The accelerometer was fixed on the back side of the
washing machine. Vibrations came from the washing
machine to the accelerometer, which transformed them
into an analogue electric signal, and then digitized them.
The digitized data arrived to the controller, which recal-
culated them into acceleration in g units and transferred
them to the personal computer in the form of an array
of points. For determination of the frequency spec-
trum, Fourier transform of the time dependences based
on the array of points was done in OriginPro 9 software.
Measurements of the vibrations of a washing machine
were done at different loads on the drum of the ma-
chine: 10 % of load (almost empty), 50 % of load and
100 % of load at the rotational speed of the drum of
400 rpm, 700 rpm and 1000 rpm. Fig. 2 and 3 present
the measurements performed at 400 and 1000 rpm.

At the maximal load the peaks are expressed in the
spectrum corresponding to the frequencies of 12, 25, 30
and 40 Hz. The most intensive fluctuations with the
amplitude of 0.085 g were observed on the frequency of
12 Hz. On the basis of the frequency analysis it is possible
to conclude, that the washing machine is a source of the
low-frequency vibrations. The basic frequencies lay with-
in the range from several units up to 60 Hz. The fluctu-
ations become more intensive with an increase of the ro-
tational speed and of the load of the drum of the machine.
Also, as can be seen, that with an increase of the frequen-
cy of rotation of the drum the amplitude of the high-fre-
quency fluctuations (120, 200, 210 Hz) also increases.

Hence, there is a necessity in a transducer, capable
to work in a wide frequency range with a possibility of
fine tuning of the resonant frequency.

Substantiation for the design
of a piezoelectric transducer

For an effective work of the transducers it is necessary
to expand as much as possible the working range of the
frequencies. The given work presents a wideband trans-
ducer of a beam-type with two oscillatory segments.
Presence of the second oscillatory segment leads to oc-
currence of additional resonant frequencies of the trans-
ducer, on which an effective transformation is possible.

As is known, the electric energy, transformed by a
piezoelectric, is proportional to the mechanical defor-
mation.

In order to obtain data on the fundamental fre-
quencies and distribution of the mechanical stresses in
the oscillatory elements of the transducer a finite-el-
ement modeling was carried out in ANSYS Multiphys-
ics 15 software.

On the basis of the data concerning distribution of
deformations the optimal place for fastening of a pie-
zoelement on the transducer was chosen. For obtaining
of high values of the electric voltage the piezoelement
should be fastened on the place of the greatest defor-
mations. However, for a more effective transformation
of the energy the distribution of the deformations on
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the place of fastening of the piezoelement should be
uniform as much as possible.

The most widespread version of the design of the
transducers is a beam of a rectangular form. Unfortu-
nately, as it was demonstrated in [6—9], it is impossible
to achieve a uniform distribution of the mechanical
stresses in a beam of a rectangular form, because the
maximal stresses in it are concentrated only in the vi-
cinity of the fixed basis.

For a more uniform distribution a trapezoid form
was chosen for the transducer. Fig. 4 (see the 4-th side
of cover) presents the results of modeling of the me-
chanical deformations in the transducer of the trape-
zoid form. The blue color in fig. 4 corresponds to the
minimal level of deformations, and red color — to the
maximal level of them. An increase in deformations
corresponds to a change of color from dark blue to
light blue, green, yellow and, eventually, to the red
one. Fig. 4, a presents the distribution of the mechan-
ical deformations on the frequency of the basic mode
of oscillations of the external segment (47 Hz), and
fig. 4, b — the distribution of the deformations at the
excitation of the basic mode of the internal segment
(109 Hz). It can be seen that at oscillations of both seg-
ments the maximal deformations are observed at the
basis of the beam. A specific feature of the design is that
the beam basis is deformed at oscillations of the exter-
nal segment and at oscillations of the internal one. In
that case the piezoelement fixed at the basis will be si-
multaneously deformed under the influence of oscilla-
tions of the external and the internal segments.

Design and the measured characteristics
of the transducer

Relying on the results of modeling, a transducer of
a trapezoid form was manufactured. Its design is shown
in fig. 5 (see the 4-th side of cover). The transducer was
a structure containing a metal beam with the size of
100 x 60 X 0.6 mm and two oscillating segments (in-
ternal and external) and PZT-19 piezoceramic plate
with the size of 24 X 18 X 0.3 mm. The end of each seg-
ment was made narrower. The plates were connected by
means of cyanoacrylate adhesive. The gap between the
oscillatory segments was 2 mm.

The research of the amplitude-frequency and load
characteristics of the transducer were done on a shaker in
the range of 0...1000 Hz at fixed vibration accelerations of
10 and 20 m/s2, however, the basic resonant frequen-
cies of the transducer were observed in the range below
200 Hz. For a change of the own frequencies masses m;
and m, were fixed on the free ends of the oscillatory seg-
ments. Fig. 6 presents an example of the amplitude-fre-
quency characteristics (AFC) for the trapezoid transducer
at my = m, = 5 g and vibration accelerations of 10 m/s?.

It can be seen that at the given masses the maxima
of voltage of 6.5 V and 22 V generated by the transducer
is observed at frequencies of 18 Hz and 40 Hz.

Fig. 7 presents diagrams of displacement of the res-
onant frequencies f| and f, of the trapeziform transduc-




er depending on masses m;| and m,, received as a result
of measurement of AFC of the transducer.

Hence, by selecting masses m; and m, from 0 up to
10 g it is possible to tune the external segment to fre-
quency f; inside the band of 14...36 Hz, and the in-
ternal segment — to frequency f; inside the band of
28...108 Hz.

Fig. 8 (see the 4-th side of cover) presents the dia-
gram, which demonstrates all the measured characteris-
tics for the trapeziform transducer. The diagram shows an
envelope line, reflecting the possible working frequency
band of the transducer depending on the used masses of
my and m,. For comparison AFC of vibration accelera-
tion of washing machine is presented at the rotational
speed of the drum of 1000 rpm and 100 % of its load.

It can be seen, that the operating frequency band of
the transducer overlaps partially the vibrational spectra
of the washing machine.

Piezoelectric energy source

The created piezoelectric transducer was used as a
basic element of a piezoelectric autonomous energy
source, which comprised a piezoelectric transducer, a
rectification circuit and a device for storage of the elec-
tric energy, to which the load was connected. The rec-
tifier was constructed in accordance with the voltage
doubling circuit, which made it possible to increase the
amplitude of the generated voltage. 1N5818 diodes,
with a forward voltage drop U,= 0.33 V and a maximal
forward current /., = 1 A were employed. The elec-
trolytic capacitors with capacity of 0.47 uF were used as
the energy storage units.

Fig. 9 presents the dependences of the rectified volt-
age and the output power on the load resistance of the
trapeziform transducer in absence of masses m; and m,.

Fig. 9, a presents the dependencies measured on
the frequency of resonance of the external segment of
J1 = 50 Hz. The voltage on the load reached the level
of saturation at 11 V. The maximal power given to the
load was 23 uW. Fig. 9, b presents the dependencies of
the voltage and power measured on the resonance fre-
quency of the internal segment of f, = 108 Hz. The
maximal voltage drop on load was 33 V, and the max-
imal power reached the value of 0.45 mW on the load
of R =330 kQ. In both cases the acceleration was sup-
ported by constant a = 10 M/Cz.

For the trapeziform transducer the maximum output
power is 0.45 mW at the volume of the transducer equal
to 2.4 cm?. By dividing the power on the volume we will
receive the specific power equal to 0.19 mW/cm3 .

Besides the tests on the shaker the voltage generated
by a piezoelectric energy source was measured using the
washing machine as a source of vibrations. The piezo-
electric source was fastened on the back side of the
washing machine. Measurements were fulfilled at var-
ious ratio between masses m; and m, on the oscillatory
segments, at rotational speed of the drum at spin speed
of 1000 rpm and a full load. The output voltage was

measured on the load R = 330 kQ. The obtained data
are presented in the table.

The maximal reached power was 5.1 uW at m; = 10 g;
m, =5 g and acceleration of about 0.5 g.

Conclusion

The experimental research of the mechanical vibra-
tions showed, that the vibrational spectrum of home
appliances (a washing machine) was within the fre-
quency range of from units up to 60 Hz. For transfor-
mation of the mechanical vibrations in the investigated
frequency range of a model of a low-power piezoelec-
tric energy source with two oscillatory segments using
the energy of the mechanical fluctuations was designed.
The source could be adjusted for a simultaneous oper-
ation at any two basic frequencies within the range of
14...36 Hz and 28...108 Hz using a trapeziform trans-
ducer. The maximum power at use of the trapeziform
transducer on frequency of 105 Hz was 0.45 mW. The
maximal reached power of the piezoelectric source at
the use of a washing machine as the source of vibrations
was 5.1 uW. The efficiency of transformation can be
raised by several methods: a shift of the resonant fre-
quencies of the transducer closer to the resonant fre-
quencies of a washing machine by changing masses m,;
and m,, form and design of the transducer and by using
the piezoelectric materials with higher piezoelectric
modules.

The work was supported by RFBR (grant Ne 15-32-
70006 "Development of principles for creation of low-pow-
er autonomous sources of energy on the basis of the pie-
zoelectric and magnetoelectric composite structures”).
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depepanbHOE TOCYIAPCTBEHHOE OIOMKETHOE 00pa30BaTe/IbHOE YUPEXKICHUE BBICILIErO 00pa30BaHUs

"VIIBIHOBCKMIA TOCYIapCTBEHHBI YHUBEPCUTET"

AUHENHbIN MOAYMPOBOAHMUKOBbBIM KOOPAMHATHO-YYBCTBUTEAbHbIN
OOTOIMPUEMHUK C NMEPEMEHHbBIM HATPAXEHMEM TNMUTAHUA

Ilocmynuna 6 pedaxuyuro 12.07.2016

Hccnedosarb 6bIX00HbIe XAPAKMEPUCIMUKY KPEMHUEB020 PACHPEOeNeHHO20 KOOPOUHAMHO-1Y8CMBUMENbHO20 (POMONPUEMHUKA HA
0CHOBe MUHEUHHOU MPEXCAOUHOU P-N-D-CIMPYKMYPbL C NEPEMEHHbIM CUHYCOUOANbHBIM, NPSIMOY20AbHbIM U NUA00OPAZHBIM HARPANCEHUEM
nUMarus 8 pevcume omonomernyuomempa. BoixoOHoU cueHan pomonpuemMHuKa AUHEHHo 3a8UCUm Om KOOPOUHAMbL CEeM08020 30H0A
6 onpedeseHHOM YacCmomHOM OUanasoxe numaroweeo Hanpsxycenus. Tlokazana 603mMoONCHOCHb UCNONB306AHUS KOOPOUHAMHO-YY8C~
MeumenbHo20 OMonpuemMHUKa 0451 nPeooPaz8anus KOOPOUHAM 8 NeKMPUHECKULl CUSHAA NPU NePeMeHHOM HANPANCeHUU NUMAHUS.

Karouesnie caosa: pacnpedenennulii pomonpuemMHuK, UCMOYHUK NEePeMEeHHO020 HANPAJICeHUs NUMAHUsl, KOOPOUHAMHAS 4Y6CH -

6UMeNbHOCMb

B cucremax KoHTpoJisl nmepeMelieHus, MTO3ULNO-
HUPOBaHUS, OMNpeAeeHUs] JMHEHHBIX U YIJIOBBIX
KOOpAMHAT IIMPOKO WCIOJb3YIOT TBEepAOTEJIbHbIE
(oToanexkTpuyeckre mpeodpazoBaTeSM KOOPAUHAT B
nudpoBLIe MM aHaJoroBble curHanbl [1]. JaHHbIe
Mpeodpa3oBaTe/ii MOTYT MPEACTaBIISATL COOOM KaK auc-
KpeTHbIE KOOPAMHATHO-YYBCTBUTEJIbHbBIE IPUOOPHI,
Hanmpumep, [13C-Marpuibl, UHTETpaJbHbIe JTUHEHKU
U MaTpulibl (GOTOAUOIOB U (POTOTPAH3UCTOPOB, TaK U
aHaJIOroBbie MPUOOPHI C MIPOTIKEHHOI (POTOYYBCTBU-
TeJIbHOI TOBepXHOCThIO. [Ipu 3TOM aHayioroBbie ¢o-
TONPUEMHUKU UMEIOT BBICOKME UYYBCTBUTEIbHOCTD,
paspelialyo CIOoCOOHOCTh, M ObICTponeiicTBUE, a
TaKkxXe HeoOXxoauMble (PYHKUMU Mpeodpa3oBaHUsT KO-
OpAMHAT B TOKM WM HanpstkeHus [2]. OnHako Takue
(oronpuemMHuku 1 GoTonpeodpazoBaTesy MpeaHa3Ha-
YeHbl IS pabOThl B LIEMSIX MOCTOSIHHOIO TOKAa M Ha-
npsokeHus. nst pellieHUs] 3aauyd ONTUMU3ALUM U
CHUXXEHMST MaccorabapuTHBIX TToKa3aTesell anmapary-
pBI, paboTaolleil Ha TTIepeEMEHHOM TOKE U yIpaBJsie-
MO BHEITHUMHU ONTUYECKUMU C(HOKYCUPOBAHHBIMU
Jlyuamu, HeoOxoauma pa3paboTka aHajoroBbIX (PoTO-
3JIEKTpUUECKUX Mpeodpa3oBaTeneil, padoTamlux mpu
MepeMEeHHOM HaMpsKeHUM MUTAHUS.

st mojiydeHUs1 KOOPAMHATHO-YYBCTBUTEJIHHOTO
dorompuemurka (KYd), paboraroiero mpu rnepeMeH-
HOM HalpsKeHUM NMUTaHUs, Oblla M3TOTOBJIEHA IMPO-
TSDKeHHasl JIMHEeHHas TpexcloiHasi p-n-p-CTPYKTypa
Ha OCHOBE KpeMHUs n-Tuna [3] ¢ rabapuTHBIMU pa3Me-
pamu 1,2 X 35 MM u TomuuHoi 180 Mxm. /IBa p-n-te-
pexoja peaan30BaHbl HAa MIyoMHax 53 u 227 MKM Ipu
TOJILLIMHE CTPYKTYpPHI 280 MKM B 00beMe ITOJIYIIPOBO/ -
HHUKa A-TUTA TPOBOAUMOCTU C ITOBEPXHOCTHBIM CO-
npotusiaeHueMm 70 Om * cM. YaenbHOe COpOTUBIIEHNE
p-obmacreit cocrapnser 250 Om/O. Jluaetnbit KU®
“MeeT TPU OMUUYECKUX KOHTAKTa, IBa U3 KOTOPBIX pac-
MOJIOXKEHBI MO KpasiM BEpXHETo (DOTOUYBCTBUTEILHOTO
CJI0$1, CJIY>Kalllero SMUTTEPOM U OJJHOBPEMEHHO JEJIM -
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TeJleM MUTALIEro HampsKeHUs B pexume (oToro-
TeHurometpa (puc. 1). TpeTtuii siBasieTCss KOHTAaKTOM K
S5KBUMOTEHIMAJIIBHOW HWXHEN 00JIaCTU TOJYITPOBO/I -
HMKa, CJIyXalllel KOJJIEKTOPOM.

M3zrorosneHHblii KY® ObLT KCCIENOBAH B peXuMe
¢oronoreHIMOMeTpa ((poTOympaBIsieMOro pe3uCTUB-
HOTO JCJIUTES) MPU TIepeMEHHOM HaIpsKEHUU MUTa-
Hud. [{1g 5TOro Mexay SMUTTEPHBIMUA KOHTaKTaMu B
1 D, BEPXHETO NMPOTAKEHHOTO (POTOUYBCTBUTEILHOTO
cios (puc. 1) NpUKIaabIBAIM CUHYCOMAAIBLHOE HaMpsI-
KeHue ¢ amrunTynoii 0,5 B, a ammurynHoe 3HaueHUe
BBIXOJTHOTO HAIPSDKEHUS M3MEPSIA Ha KOJUIEKTOpe
(hoTonpreMHUKA OTHOCUTEJIBHO OAHOTO U3 3MUTTEP-
HBIX KOHTAaKTOB (). B KauecTse CBETOBOro 30HIA B
JaHHOW KOHCTPYKUUU TPUMEHEH apCeHUATATUEBBIN
Me3asnuTakcuaabHbli nanyvawomii MK nuon Mmapku
AJ1107 pu Toxke 3acBeTku I = 40 MA. UK nuon us-
JiyyaeTt Ha JJiuHe BoJIHbI 950 HM, quameTp objacTu 3a-
cBeTKM Ha mmoBepxHocT KU®D cocraBmsieT ~3 MM.

CeetoBoii 30HO
Light emitter
o &

Puc. 1. Cxema Bkmioyenns KUYD B pexxnme ¢oTonorenuuomerpa ¢
nepeMeHHbIM HaNpPsIKeHHeM MUTAHUA

Fig. 1. Circuit of connection of CSP in the mode of a photopotentiometer
with a an alternating voltage of the power supply




400

3TOM y4yacTKe. BrIxomHoe Hampsike-
nue U, (x) ¢doronoreHunoOMeTpa
3aBUCHUT OT HaNPSIKCHUS TMTaHUS U
TTOJIOKEHUsI CBETOBOTO 30Ha Ha (o-
TOCJIOE:
_ X

Uoul®) = kU7 , (D

rae U,,; — BBIXOIHOE CHMHYCOMIA/b-

U, mVv

Puc. 2. 3aBHCHMMOCTH BBIXOJHOTO HANPSIKEHHSI OT NMOJIOKEHHS CBETOBOTO 30HIA HA MO-
pepxHocTn KUD ¢ cunyconaaibHbIM HANPSKEHHEM NUTaHus npu yacrorax: /, /* — 50 Hz;

2, 2 — 500 Hz; 3, 3* — 1 kHz; 4, 4° — 50 kHz

Fig. 2. Dependence of the output voltage on position of the light probe on CSP surface with a U
sinusoidal voltage of the power supply at frequencies: 1, 1" — 50 Hz; 2, 2 — 500 Hz; 3, 3* —

1 kHz; 4, 4° — 50 kHz

Ha puc. 2 npuBeneHa aMIuiMTyaHasl 3aBUCUMOCTh
BBIXOJHOIO HampsKeHUs] OT KOOPIUHATHI CBETOBOIO
30HAa TIPU Pa3HBIX YaCTOTaX CHHYCOMIAJIBbHOTO Ha-
npskeHus nmutanus KY®. I'padpyky BEIXOAHBIX 3aBU-
CUMOCTEU TUHEHHBI MMPU YACTOTAX HAIPSIKEHUs MUTa-
Hus 50 TI'm...1 x['u. C yBenuuyeHUeM 4acTOThI CHUKa-
€TCSI YPOBEHb BBIXOAHOTO CHUTHAJIA Y HAPYIIACTCS JIN-
HEMHOCTb BBIXOJAHON 3aBUCUMOCTH. B MOJOXUTENBbHOMI
MOJYIJIOCKOCTY OCU OpIMHAT MPUBEAEHbI TIpaduku
aMIUIUTYJIHOTO 3HAY€HUsI BBIXOAHOIO CUTHaJa IOJIO-
XKUTEJIBHOU MOJTYBOJIHBI, 4 B OTPULIATEILHON — OTpHU-
LIATEJIbHOW TTOJTYBOJIHBI.

Ha rpacguke BbIXOZHOH 3aBUCUMOCTM pHC. 2 Ha-
OsromaeTcs HaJlMurMe MOCTOSIHHOTO CMElaloulero Ha-
MPSKEHUsI, YTO OOBSICHSIETCSI MPUCYTCTBUEM B TpeX-
clIoiiHOM cTpyKType mnomnepeyHoir poTtoBC, okoio
80 MB, npu 3acBeTKe CBETOBBIM 30HAOM (DOTOUYYBCT-
BUTEJIBHOTO CJIOSI.

DxBUBaNleHTHasA cxema BkimoueHuss KU® B pexu-
Me (HOTOIOTEHLIMOMETPA NPUBEIEHA Ha puc. 3, rae Ry n
R, — comnpoTuBieHNs PE3UCTUBHOIO IETUTENIS SMUT-
TePHOI 00sacTH; Ry — CONPOTUBIIEHUE 3aCBETKU; Ry —
COIMPOTUBJIEHUE HATPy3KH.

ConpoTuBieHne NMPOBOJALIEI0 KOHTAKTa R 3aBU-
CHUT OT UHTEHCUBHOCTHU M3JIyY€HUsI CBETOBOTO 30HAA J,
R, = R(1—=¢&)u Ry, = Rg, rie € = x/L — oTHOCUTE IbHAS
KOOpJMHATa CBETOBOIO 30HJa Ha (DOTOUYBCTBUTEIbHOM
MOBEPXHOCTU CTPYKTYpPhI IinHOU L (cM. puc. 1); L —
JIUTMHA (POTOUYBCTBUTEIBLHOTO CJIOST; X — KOOpAMWHATA
LIEHTpa TMsTHAa CBETOBOrO 30HJAa Ha ITOBEPXHOCTHU
KU®D; R — conpoTUBIIEHUE MEXIY DMUTTEPAMMU.

CBeTOBOI 30H]1 CO3/1a€T HA OTPAHUYEHHOM y4acTKe
(oTOCTI0ST TTOBHIIIIEHHYIO TTPOBOIMMOCTD, BCIIEICTBUE
Yero BO3HMKAET MPOBOISIIMI KOHTAKT MEXIY KOJUIeK-
TOPOM M 3MUTTEPHBIM PE3UCTUBHBIM JACIUTENEM Ha

HOE HampsbKeHue, W3MEpeHHOe Ha
KOJUIEKTOPE OTHOCUTEIBHO OJJHOTO U3
SMUTTEPHBIX KOHTAKTOB (D1); U,
MepeMeHHOe CHHYCOUJAIbHOE Ha-
MpsiKeHUe, MPUKIAIbIBAEMOE MEXITY
SMUTTEPHBIMU KOHTakTamMn KYD;
k — KOHCTPYKTHUBHBII TTapaMeTp, 3a-
pucsnii ot reometpunn KU® u un-
* TEHCHUBHOCTHU U3JIy4yeHMUs.
Hanpsxenue Ha Harpyske U, ¢
YYETOM CONPOTUBIIEHUS R; paBHO

_ (1-9R.U,
ut .
(&-&")R+ Ry())+ R

()

Hcxons u3 BeIpaxeHus: (2) BU-
JMM, YTO Ha MOrPEIIHOCTb U3MEPEHUS BBIXOJAHOIO Ha-
MPSIKEHMST BIMSIIOT CTaOMJIBHOCTh MCTOYHMKA MUTa-
HHSI, TOYHOCTb NEPEMEILEHNUST 1 NHTEHCUBHOCTD W3JTy-
YEHWsI CBETOBOTO 30HIA.
[Morpewnocts AU, siBisgeTCs HYHKLUUEH HE3aBU-
CUMMBIX NTapaMeTPOB:

Ui U,” R, R, & R)

ou 1

3)

OTHOCUTEIbHOE OTKJIOHEHUE Ay/y GyHKUUU y =
= y(x, Xy, ..., X,,) B 3aBUCUMOCTH OT OTKJIOHEHUH Ia-
paMeTpoB Ax;/x;, tae i = 1, 2, ..., n, ONpenenserca B

BUJIE
no(dyx.\Ax; noAX;
» (l_lj__l = ¥ AN (4)
i—1\dx;y) x; i=1 X

Ay -
y

'y x; .
rae A; = E;l — Ko3(pPULIMEHT BAUSIHUSA i-TO napa-

i
MeTpa Ha (PYHKLMIO .

Puc. 3. OxBuBasentHas cxema Bkmodenuss KU® B pexume ¢oto-
NOTEHIHOMETpa

Fig. 3. Equivalent circuit of connection of CSP in the mode of a
photopotentiometer
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XOOIHOM HaIIpS2KEHUU U out- Puc. 4. 3aBucHMOCTb AMILTTY/IbI BHIXOHOTO HANIPSZKEHHS OT MOJIOXKEHNS CBETOBOr0 30HIa HA
nosepxuocT KUD ¢ HanpszkeHHeM NUTaHUSA B BUIE Meanapa npu yacrorax: /, I* — 50 Hz;
dU U. 2, 2* — 500 Hz; 3, 3* — 1 kHz; 4, 4° — 50 kHz
1= —_our _in = 1; (6) Fig. 4. Dependence of the amplitude of the output voltage on the position of the light probe on
d U U CSP surface with the voltage of the power supply in the form of a meander at frequencies:
1, I"— 50 Hz; 2, 2* — 500 Hz; 3, 3* — 1 kHz; 4, 4" — 50 kHz
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L Ha nosepxHoctd KU®D ¢ HanpszkeHHeM NMUTAHUSA TPEYroJibHoi (opmbl npu yacrorax: /, I* —
dUout R 50 Hz; 2, 2 — 500 Hz; 3, 3* — 1 kHz; 4, 4" — 50 kHz
5= W U_ = Fig. 5. Dependence of the amplitude of the output voltage on the position of the light probe on
out CSP surface with the voltage of the power supply in a triangular form at frequencies: 1, 1* —
. —(1-8)ER (10) 50 Hz; 2, 2 — 500 Hz; 3, 3* — 1 kHz; 4, 4° — 50 kHz
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W3 cootHolieHus (5) ¢ y4eToM 4mcC-
JIOBBIX 3HaueHMII Koa(dduireHTa BIusI-
HUS TOJTYYUM

AU AU, AR
out = | — + (=0,000028) —= +
Uout in R3
AR
+ (0,00086) —L + (—2,5)45 +

+ (—0,00083)%. (11)

W3 (11) caenyer, uro HauboJiee CUIb-
HOE BJIMSIHHE Ha TTOTPEITHOCTD OMpeaesie-
Husa U, 0Ka3bIBaIOT IIOrPELIHOCTY Napa-

U.
MeTpoB —2 ~ 1 % un AS . 0,72 % (mipu

AU;, = 5 MB n AE = 0,25). U3 cooTHO-
mweHust (5) HaxomauM, YTO CyMMapHoe
3HAYCHNE OTHOCHTEIBHOTO OTKJIOHEHWUS
BBIXOJHOTO HATIPSDKEHUSI YMCIEHHO paB-

AU
HO U"”’ ~2,8 %.

out
Ha puc. 4 npuBeaeHbl 3aBUCMMOCTU aMILIATYIbI

BbIXOJHOTO HamnpspkeHusi KYM oT KoopauHaThl CBe-
TOBOT'O 30HIa MPU Pa3IMYHBIX YACTOTAX HAIPSLKEHUS
MUTaHUS TIPSIMOYTroJibHOM (OpMbI B BuUAEe MeaHApa.
DTH 3aBUCUMOCTHU JUHEHHI pu yactotax 50, 500 I'g
u 1 xI'u. I1pu panpHeiileM TOBBILIEHUN YaCTOTHI M1~
Talollero HamnpskeHus:, HaunHas ¢ 50 kI, nuHelHas
3aBUCUMOCTD BBIXOJHOIO CUTHAJIa HapyllIaeTcsl, Bepo-
SITHO, BCJICACTBME IIYHTUPOBAHUS BHIXOAHOI'O CUTHA-
Jla COOCTBEHHO Mapa3suTHOW eMKOCThIO ITPOTSIXKEHHO-
ro KU®.

IToxoxuit BUA MMEIOT BBIXOAHBIE 3aBUCUMOCTU MPU
HanpsDKEHUU TITAHUST TPEeYyroJibHOM (hopMbl (puc. S).

JIMHeHOCTh BBIXOMHOTO CUTHAJIA COXpaHsIeTCs TaK-
Ke mpu yactorax curHana ot 50 I'u mo 1 xI', a mpu
JaJbHEeMIIeM MOBBIIIEHWM YacTOThl MUTAIOLIEro Ha-
NPsKeHUS] IMHEeHHAsl 3aBUCUMOCTb BBIXOJHOI'O CUTHA-
Jila OT KOOpAMHATHI CBETOBOIO 30Ha HapyllaeTcsl.

3aBUCUMOCTb aMILJIUTY/Ibl BBIXOAHOTO HAIIPSIKEHUS
OT TIOJIOKEHUsI CBETOBOTO 30HIA Ha ITOBEPXHOCTU
KY® npu naMeHeHUY aMILIMTYAbI ITUTAIOLIETO CUHY-
couAaabHOIO HampsKeHus ¢ yactoToit 1 kI, mpuBe-
aeHa Ha puc. 6. Tox UK ceetonunona I, = 40 MA. Ilo-
JIVUWIIU, YTO C YBEJIMUCHUEM aMIUTUTYIbl HAMTPSKEHUST
MUTaHUS YBEJMUMBAETCS HAKJIOH BBIXOJHOU XapakTe-
PUCTUKM C COXpaHeHueM JuHelHocTu. Hebombline
OTKJIOHEHUsI Ha TIepeaaToyHoON (PYHKIIMM CBS3aHBI B
OCHOBHOM C HEOTHOPOIHOCTBIO KOHLIEHTPAIIMU HOCU -
TeJiell 3apsiia B BepxHeil (OTOUYyBCTBUTEILHOM OBEP-
XHOCTU CTPYKTYphbI (poTompueMHuka (puc. 7).

Taxkum 006pa3zoM, ITpU UCCAEAOBAHUU MPOTSIKEHHO-
ro juHeitHoro KY® B pexuMe hoTonoTeHIIMOMETpa
YCTaHOBJIEHO:

Uin g Lo

Puc. 6. 3aBucuMocTh aMILTUTY/IbI BBIXOJHOTO HANPSIKEHUS OT MOJIOXKEHHSI CBETOBOTO
30n1a Ha noBepxHocTH KUD ¢ cunyconnaabubiM Hanpsokenuem nutanusa 1 kHz, npu
3aJaHHBIX AMIUIMTYJHBIX 3HAYEHUAX HANpspKeHns mutanus: / — 250 mV; 2— 500 mV;
3 — 800 mV

Fig. 6. Dependence of the amplitude of the output voltage on the position of the light probe
on CSP surface with a sinusoidal voltage of the power supply of 1 kHz, at the set amplitude
values of the voltage of the power supply: 1 — 250 mV; 2 — 500 mV; 3 — 800 mV

— TIpU NepeMeHHOM HarnpsikeHuu nuraHust KY®
CUHYCOUJIAJIbHOM, TPIMOYIOJbHOM U TPEYrOJIbHOU
(opmbl HabOMaeTCs JIMHEHAss 3aBUCKMOCTb BbIXO/I-
HOTrO HaNpsKEHMS OT TTOJIOKEHUST CBETOBOTO 30Ha IMPU
yacTtoTax HampsbkeHus nuraHus oT 50 I'm mo 1 kI
ITpu nanpHeIEM yBEIMYEHUN YACTOTHI MUTAIOLIETO
HaIps>KEHUS IMHEMHOCTh BBIXOJIHOW XapaKTepUCTUKU
Hapyllaercsi, YTo 0O0YCJIOBJIEHO HAJIMYMEM COOCTBEH-
HOI mapa3uTHON eMKOCTU IpoTsikeHHoro KU®, mryH-
TUPYIOLLIEH aMIUIMTYAY BBIXOAHOTO CUTHAJA;

— C YBEJIMYCHUEM aAMIUIUTYAbl CUHYCOUIAIBHOTO
HanpsikeHusl MuTaHus, ¢ yactoroi 1 k1, yBeauuu-

| I
| I
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Puc. 7. Ilepenarounaa ¢ynkumusa U,,(U;,), npn (puKcHpoBaHHBIX
3HAYEHUAX KOOPIMHATHI CBETOBOrO 30H1a: X; = 4 mm, X, = 17 mm,
X3 = 30 mm

Fig. 7. Transfer function U,,(U,,) at a fixed value the coordinate of the
light probe: X; = 4 mm, X, = 17 mm, X3 = 30 mm
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BAaeTCs HAKJIOH BBIXOJHOU XapaKTepUCTUKU IPU CO-
XpaHEHWUU JIMHEMHOCTH BBIXOJHOUN 3aBUCUMOCTH.

HccnenoBannbiit tnHeitHbiilt KY® ¢ nepeMeHHBIM
HarpsLKeHUEM MUTaHKSI MOXKHO UCTIOIb30BaTh B CUCTe-
Max KOHTPOJISI ITEPEMEILICHU M, YCTPOMCTBAX 3alIUTHO-
ro OTKJIIOYEHMUS 1IeTIEN TIEPEMEHHOTO TOKa, YCTPOMCT-
Bax yIpaBJieHUs IBUTATEISIMU TIEPEMEHHOIO TOKa U JIp.
IIpuMeHeHWEe TakKuMX KOOPAWHATHO-YYBCTBUTEJIbHBIX
(oTONMPUEMHUKOB MOXET 00ecCneyruTb YMEHbIIECHUE
Macco-rabapuTHBIX MoOKa3aTesiel 3a CUeT OTCYTCTBUS
BTOPUYHBIX y3JI0B NPe00pa3oBaHus HAMPSDKEHUS M-
TaHUST (POTOMPUEMHMKA.
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In the present work the authors study the output characteristics of a distributed coordinate-sensitive photodetector based on a
three-layer p-n-p silicon structure. A manufactured sample of it was investigated in a photo-potentiometer mode at an alternating
voltage. They also studied a possibility of using the coordinate-sensitive photodetector for converting the coordinate of a light beam
into an electric signal with an alternating voltage. In the frequency range of the supply voltage from 50 Hz up to 1 kHz the studied
photodetector is characterized by the linear dependence of the output signal on the position of the light beam. With a further increase
of the frequency linearity of the output the characteristic is violated due to the presence of its own stray capacitance of the distributed
coordinate-sensitive photodetector.

With an increase of the AC supply voltage the amplitude increases the slope of the output characteristic, while preserving its linearity.
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In the systems for control of movement, positioning,
determination of the linear and angular coordinates the
solid-state photoelectric converters of the coordinates
into digital or analogue signals are used [1]. The con-
verters can be either discrete coordinate-sensitive de-
vices, for example, CCD-matrixes, integrated lines and
matrixes of the photo diodes and phototransistors, or
analogue devices with an extensive photosensitive sur-
face. The analogue photodetectors have high sensitivi-
ty, high resolution and high speed, and also the func-
tions necessary for transformation of the coordinates
into currents or voltages [2]. However, such photode-
tectors and photoconverters are intended for operation
in the circuits of direct current and voltage. For opti-
mization and decrease of the weight and dimensions of
the equipment working on an alternating current and
controlled by the external optical focused beams, it is
necessary to develop the analogue photo-electric con-
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verters working on the alternating voltage of the power
supply.

In order to obtain a coordinate-sensitive photode-
tector (CSP), working on an alternating voltage, a
lengthy linear three-layer p-n-p-structure was made
on the basis of silicon of n-type [3] with dimensions of
1.2 x 35 mm and thickness of 280 um. Two p-n-junc-
tions were realized on the depths of 53 um and 227 um
at the structure’s thickness of 280 um in the volume of
a semiconductor of n-type conductivity with the surface
resistance of 70 Q - cm. The specific resistance of p-ar-
eas is 250 /0. The linear CSP had three ohmic con-
tacts, two of which were located along the edges of the
top photosensitive layer serving as an emitter and si-
multaneously as a divider of the feeding voltage in the
mode of a photopotentiometer (fig. 1). The third one
was the contact to the equipotential bottom area of the
semiconductor serving as a collector.




CSP was investigated in a photopotentiometer mode
(a photo-controlled resistive divider) at an alternating
voltage of the power supply. Between the emitter con-
tacts £; and E, of the top lengthy photosensitive layer
(fig. 1) a sinusoidal voltage was applied with the am-
plitude of 0.5 V, while the peak value of the output volt-
age was measured on the collector of the photodetector
in relation to one of the emitter contacts (£}). The role
of the light probe in the design was played by AL107 ar-
senide-gallium mesaepitaxial radiating IR diode at the
exposure current of /, = 40 mA. IR diode radiated at
the wavelength of 950 nm, the diameter of the exposed
area on surface of CSP was ~3 mm.

Fig. 2 presents the amplitude dependence of the
output voltage on the coordinate of a light probe at dif-
ferent frequencies of the sinusoidal voltage of the power
supply of CSP. The diagrams of the output dependenc-
es are linear at the voltage frequencies of the power sup-
ply of 50 Hz...1 kHz. With a frequency increase the lev-
el of the output signal decreases and the linearity of the
output dependence is broken. In the positive semiplane
of the axis of the ordinates the diagrams of the ampli-
tude value of the output signal of the positive half-wave
are presented, and in negative one — of the negative
half-wave.

On the diagram of the output dependence, a con-
stantly displacing voltage is observed, which is explained
by the presence in the three-layer structure of a cross-
section photoelectromotive force of about 80 mV, during
exposure by a light probe of the photosensitive layer.

The equivalent circuit of connection of CSP in the
photopotentiometer mode is presented in fig. 3, where
R, and R, — resistances of the resistive divider of the
emitter area, R; — resistance of the exposure, R; — re-
sistance of the load.

Resistance of the conducting contact R; depends
on the intensity of radiation of the light probe J,
Rl = R(1 —¢) and R2 = R&, where § = x/L — relative
coordinate of the light probe on the photosensitive sur-
face of the structure with the length of L (see fig. 1).
L — length of the photosensitive layer, x — coordinate
of the centre of the spot of the light probe on the surface
of CSP; R — resistance between the emitters.

The light probe creates higher conductivity on a lim-
ited site of the photolayer, a conducting contact ap-
pears between the collector and the emitter resistive di-
vider on this region. The output voltage U,,(x) of the
photopotentiometer depends on the voltage of the pow-
er supply and position of the light probe on the pho-
tolayer:

Upurl®) = kUm%, (D
where U,,, — the output sinusoidal voltage measured
on the collector in relation to one of the emitter con-
tacts (£)); U,, — alternating sinusoidal voltage applied
between the emitter contacts of CSP; &k — the design
parameter depending on the geometry of CSP and the
intensity of radiation.

The voltage on load U,,, with account of resistance
Rj5 is equal to:

(1-&)R, Uy,

U, 5 .
(E-&)R+R3(NH+ R,

out

2

Proceeding from expression (2) we see, that the er-
ror of measurement of the output voltage is influenced
by the stability of the power supply, accuracy of move-
ment and intensity of the radiation of the light probe.

The error AU, is the function of the independent
parameters:

AUy — (AUm AR3. A_RL AE. A_RJ

s Tp s s (3)
U,us U. Ry R, & R

n

Relative deviation Ay/y of function y = y(x;, x,, ..., X,,)
depending on deviations of parameters Ax;/x;, where

i=1,2, .., n,is defined in the following way:
Ay — % (ﬂﬁjéﬁ = iAé_xl 4)
y i—1\dx;y) x; i=1 lxi ’
dy x; . . .
where 4; = ——— — coefficient of influence of i pa-
dx;y

rameter on function y.

According to it, the dependence of a relative devi-
ation of the output voltage U,,, on the deviations of pa-
rameters can be written down in the following way:

AUous =A1AUi” +A2A_R3 +A3A_RL +
Uout Uin R3 RL
A AR
+ A4§ + 4538 5)

Using expression (4), we will define the influence
AU,

coefficients A, Ay, A3, A4, A5 of the parameters U_’” ;

in

on the output voltage U,,,

AR, AR
_3‘ L. Aj andAT{e

Ry R’ ¢
= dUOlll‘ Uin — 1.

AT, T, " ©®
e O
IR Vo (¢~ )R+ Ry()+ R,
3= dUpy Ry _ E&-eHR+ Ry(D) )
dRL Uout (éf‘:z)R+R3(1)+RL

dUu
A, = —out &
v T,
= — RLUing _ (1 *2§)R§ . (9)
(1-9R, U, (§—§2)R+R3(1)+RL
dU e
45 = dloemui - 2(1 SER . (10)
out (E-&)R+ R3(1)+RL
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Let us estimate the numerical values of the influ-
ence coefficients at the end of site U, at U;, = 0.5V,
R, =1MQ, Ry =28 Q, x =25 mm, L =35 mm and
R =4.11 kQ. By substituting the values we will receive:

Al = 1,
o 4.11-10° _
0.7-0.7%-4.11-10%+28 +1- 10°
= —0.000028;
2 3
4= QT 0T) 411107428 hinec

0.7-0.7%-4.11-10°+28+1-10°

6
4= — 110 .0.5.60.7
(1-0.7)1-10%.0.5
(1-2-0.7)0.7-4.11-10° _
(0.7-0.7%)-4.11-10>+28 + 1. 10°

—2.5;

= —0.00084.

3
4s = ~(1+0.7)-0.7-4.11 - 10

(0.7-0.7%-4.11-10>+28+1- 10°

From correlation (5) taking into account the numer-
ical values of the influence coefficient we will receive:

AU AU, AR
—o = |+ (~0,000028) —= +
Uout Uin R3
AR
+ (0,00086) —L + (—2.5)48 + (=0,00083)28 (11)
R, g R

From (11) it follows that the error in determination
of U,, is most influenced by the errors of parameters
AU,

—# <1 9% and AEE-» ~0.72 % (at AU, = 5 mV and
in

AE = 0.25). From correlation (5) we find that the total

value of the relative deviation of the output voltage

equals to é—g——"”’ ~2.8 %.
out

Fig. 4 presents the dependences of the amplitude of
the output voltage CSP on the co-ordinate of the light
probe at various frequencies of the voltage of the power
supply of a rectangular form in a kind of a meander.
These dependences are linear at 50, 500 Hz and 1 kHz.
With the further increase of the frequency of the feeding
voltage, beginning from 50 kHz, the linear dependence
of the output signal is broken, possibly, owing to shunt-
ing of the output signal by the own parasitic capacity of
lengthy CSP.

The output dependences at the voltage of a power
supply of a triangular form look in a similar way (fig. 5).

The linearity of the output signal remains at the sig-
nal frequencies from 50 Hz up to 1 kHz, and in case of
the further increase of the frequency of the feeding volt-
age the dependence of the output signal on the co-or-
dinate of a light probe is broken.

Dependence of the amplitude of the output voltage
on the position of the light probe on CSP surface at the
change of the amplitude of the feeding sinusoidal voltage
with frequency of 1 kHz is presented in fig. 6. Current of
IR light-emitting diode is 1;, = 40 mA. With an increase
of the amplitude of voltage of the power supply the in-
clination of the output characteristic also increases with
preservation of linearity. Small deviations on the transfer
function are connected mainly with the heterogeneity of
the concentration of the charge carriers in the top pho-
tosensitive surface of the structure of the photodetector.

Thus, during the research of the lengthy linear CSP in
the mode of a photopotentiometer it was established that:

— at an alternating voltage of the power supply of
CSP of the sinusoidal, rectangular and triangular forms
a linear dependence was observed of the output voltage
on the position of a light probe at the frequencies of the
voltage of the power supply from 50 Hz up to 1 kHz.
At a further increase of the frequency of the feeding
voltage the linearity of the output characteristic was
broken, which was due to the presence of the own par-
asitic capacity of lengthy CSP, shunting the amplitude
of the output signal;

— with an increase of the amplitude of the sinusoi-
dal voltage of the power supply, at frequency of 1 kHz the
inclination of the output characteristic increased with
preservation of the linearity of the output dependence.

The investigated linear CSP with an alternating volt-
age of the power supply can be used in the movement
control systems, devices of protective switching-off of
the circuits with alternating current, control systems for
the engines of an alternating current, etc. Application
of such coordinate-sensitive photodetectors can ensure
reduction of the weight-dimensional indicators due to
absence of the secondary units for transformation of the
voltage of the power supply for the photodetector.
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Pucynox x cratbe C. A. Xykosoii, B. E. Typkosa, C. A. lemnna, 0. C. UetBepona, A. A. ConopkoBa

«HYBCTBUTEJIBHBIE SJAEMEHTBI MTHOPAKPACHBIX CUCTEM TEXHUYECKOI'O 3PEHUA
HA OCHOBE MUKPOBOJIOMETPNTYECKUX MATPUILL ®OPMATA 640x480 IMMUKCEJIEN»
S. A. Zhukova, V. E. Turkov, S. A. Demin, Y. S. Chetverov, A. A. Solodkov

«SENSITIVE ELEMENTS FOR THE INFRARED MACHINE VISION SYSTEMS BASED
ON MICROBOLOMETER MATRICES OF 640x480 PIXEL FORMAT»

Puc. 3. TemoBasi Mojieb B cxeMaTHYecKoe H300paxkeHHe (pparmMeHTa MEKpoOOJIOMEeTPHIECKOro JIETEKTopa

Fig. 3. Thermal model and the schematic image of a fragment of a microbolometer detector

Puc. 5. Texnojiornueckast JIMHUsI HAHO- H MHKp O3JIeKTpoMeXxanndyeckux cucrem HATT
HaHoTexHoJoruii ®I'YII « [ THANXM»

Fig. 5. Technological line of nano- and microelectromechanical systems from TsNIIKhM

Puc. 6. ®oro pparmenta Mmatpuiibl popmara 640480 ¢ pazmepom nukcesst 25 MKM,
MOJTyYeHHOE ¢ MOMOIIBIO 3JIEKTPOHHOTO MHKPOCKona (&) u obpasen B kopiyce (b)

Fig. 6. Photo of a fragment of a matrix of 640x<480 format with the size of a pixel of 25
micrometers, received by means of an electronic microscope (a), sample in the case (b)




Pucynku x cratbe ©. A. Depynopa, JI. 10. Getncora, [I. B. Yanmna
«ABTOHOMHBIN MAJIOMOH.[HI)IPI NCTOUYHUK SHEPI'M HA OCHOBE
IIMMPOKOIOJOCHOI'O NHBE3ODJIEKTPUYECKOI'O ITPEOBPA3OBATEJI»

E A. Fedulov, L. Yu. Fetisov, D. V. Chashin

«LOW POWER ENERGY HARVESTING DEVICE BASED ON
A BROADBAND PIEZOELECTRIC TRANSDUCER»

Puc. 4. Pacupenesienne MexaHndecknx JiechopMaliyii B TpanenueBHIHOH Oake:
a — Ha 9acToTe pe3oHaHca f1 =47 I'm; b — Ha HacTOTE pe3oHaHCA f2 =109 I'n

Fig 4. Distribution of the mechanical deformations in the trapezoidal beam.
a — at the resonant frequency f, =47 Hz, b — at the resonant frequency f, = 109 Hz
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Puc. 5. KoHcrpykimsi TpaneneBHIHOIO peodpa3oBarelist g
Fig. 5. Design of the trapezoidal transducer %
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Puc. 8. Bo3amoxHbIii pabounii Jinana3oH YacToT TpallelHeBHIHOrO Ipeobpa3oBaTtelist

Fig. 8. Possible range of the operating frequencies of the trapezoidal transducer
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