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N ATEPUAAOBEAYECKME
U TEXHOAOTUYECKUE OCcHOBbI MHCT

S CIENCE OF MATERIALS
AND TECHNOLOGICAL BASICS OF MINST

YAK 661.571.1 + 539.23 + 621.3.049.771 + 681.586 DOI: 10.17587/nmst.21.3-13

B. 10. BacuibeB, 1-p xuM. Hayk, npod., e-mail: vasilev@corp.nstu.ru,
HoBocubupckuii rocynapcTBEHHbIM TEXHUUECKUI YHUBEPCUTET, 3aM. TeH. gupekropa OO0 "CudbUC",
r. HoBocubupck

TEXHOAOIUU NMOAYHEHNA TOHKNX NMAEHOK HUTPUAA KPEMHUA
AAl MUKPODSAEKTPOHUKNU U MUKPOCUCTEMHOM TEXHUKM.
YACTb 6. KATAAUTUYHECKOE OCAXAEHUE B NMPOTOYHbLIX PEAKTOPAX

Ilocmynuna e pedaxyuro 27.06.2018

B uacmu 6 0630pa npoanasuzuposarvi cocmosiHue U HAnPaAeHUs pa3eumusi MexHOA0U NOAYYEHUSI HUBKOMEMNEePamypHbiX
MOHKUX NACHOK HUMPUOA KPemHUsi 0451 MUKPOINEKMPOHHBIX U MUKDOCUCIEMHBIX NPUAONCEHUT NPU KAMAAUMUYECKOU aKmueayuu
"eopauei Humbio " UCXOOHbIX PeazeHmos8 6 peaKmopax nPomo4rHo2o muna. Paccmompenst pesyavmamot uccaedo8anuii, 0Co0eHHOC-
mu u npeuMyuiecmea Kamanumu4ecKo20 XumMu4eck020 0Caicoenus us 2azoeot gaszot. Ipeumymwecmeamu 6110mcs 603MONCHOCMb
NOAYYEHUS MOHKUX NACHOK C WUPOKUM OUANA30HOM COCMABO8, 8 MOM HUCAE OAUSKUM K CIEeXUOMEMPUU U C HUSKUM COOePICaHUem
6000p00a; 603MONCHOCMb UCNONB308AHUS HUSKUX MeMNepamyp 0CancoeHus 05 N00A0NCeK Pa3HO0OPA3HOU (hopmbl U pasmepos, 6
mom yucne 2uOKUX noON0NCEK,; BbICOKAS IPPHeKMUBHOCMb UCNOAb308AHUS UCXOOHBIX Pea2eHmos (6 OCHOBHOM MOHOCUAAHA U AM-
muaka). Hedocmamkom npoyeccos kamaiumu4ecko20 XumMu4ecko2o 0Caxicoerus u3 2a3oeoil Qazsl A645emcs nioxas KOHQopm-
HOCMb 0CANCOCHUsl MOHKUX NACHOK.

Karoueeuvie caosa: Humpud KPeMHUA, MOHKUe NAeHKU, Kamaiumu4ecKkoe ocamdeHue, akmueauus eopﬂwezi HUMbK, NPOMOYHbLE

peaxkmopesl, UuHmeepaabHsvle MUKPOCXeMbl, MUKDOCUCMEMHAA MEeXHUKA

BBenenune

Panee B paborax [1—5] aBTOpOM OBLIIO TIpOAHAIN-
3UPOBAHO COCTOSTHUE TEXHOJIOTUI TTOJTyUYeHUsT TOHKUX
ieHok HuTpuaa kpemHus (TTTHK) B peakTopax ripo-
TOYHOTO U IIUKJIMYECKOTO THUTIA IJIT IPUMEHEHUS B TeX-
HOJIOTUSIX UHTerpaibHbIX MukpocxeM (MMC) 1 HaHo-
U MUKpodJieKTpoMexaHuyeckux cucrem (MBOMCOC).
B pabote [1] paccMOTpeHbl MpoLEecChl XUMUYECKOTO
ocaxmeHus u3 razoBoii ¢assl (XOI'® i CVD) nipu
temneparypax (7,) 650...850 °C B peakTopax npoToy-
Horo tura Hu3koro nasieHust (PHJI wiu Low Pressure
Chemical Vapor Deposition, LPCVD) ¢ Tepmuueckoit
aKTUBaLMel XMMUYECKUX peakLnii aMMoHomM3a SiHy,
SiCly u SiH,Cl,. B pa6ore [2] npoaHajin3upoOBaHbI
texHosoruu mnojiyaeHuss TITHK B peakTopax LIMKIIM-
YeCKOro JIEMCTBUSI C MOCJeI0BATEIbHO-UMITYIbCHBIM
HAIyCKOM HMCXOJIHBIX XMMUYECKMX peareHToB. B ciy-
yae peanu3aliyd pexrMa aTOMHO-CJI0€BOrO OCaxJe-
Hus (ACO) npu temneparypax 300...650 °C ckopocTb
HapauMBaHuss W cocTaBisila MeHee MOHOCIOS 3a
ONIMH LIMKJT ocaxneHus. I1py 3ToM 10361 peareHTOB Ha
HECKOJIbKO MOPSIIKOB IMPEBbILIATN PacueTHO-HE00X0-

JIMbIe IJIs1 JOCTUXXEHUSI TaKUX 3HAYEHUI CKOpOCTei,
YTO yKa3blBaeT Ha Ype3BblYaliHO HU3KYI0 3(h(HEeKTUB-
HOCTb MCCJIEIOBAHHBIX UMITYJIbCHBIX IMPOLIECCOB OCaXK-
JeHUSI.

Metoab! [1, 2] ¢ OTHOCUTENBHO BBICOKOTEMIIEpa-
TYPHOW TEPMUYECKOW aKTUBALMEN TTO3BOJSIOT MOy~
yath TITHK, 61u3Kkue 1mo cocrtaBy K CTEXMOMETPUY-
HbIM SisNy4 (C-TITHK), 4To oTBE4aeT COOTHOLIEHUIO
Si/N = 0,75. OgHako BBICOKME TeMIlepaTyphbl OTpaHu-
YyMBaIOT MX IpuMeHeHue. B paborax [3—5] paccMor-
peHbl HuU3KoTemnepatypHbie Tipoiecchl (<400 °C)
iasMoxummuyeckoro ocaxaeHust (ITXO) [3] u ocax-
IeHus ¢ miasmoil Beicokoi rtotHoctu (ITBIT) [4] B
peakTopax MPOTOYHOIO TUMA, a TAKXKe MIa3MOaKTHUBH -
POBAHHOTO OCAXIEHMS B MUKIMYECKUX peakTopax [5].
ITpu ITXO gocturaiorcst BHICOKHME CKOPOCTU Hapalllu-
BaHus [3], oqHaKO (POPMUPYIOTCSI HECTEXMOMETPUYHbBIC
MaTrepurajbl, 0003HaUYeHHBIE aBTOPOM "KPEMHUIT-a30T-
Bojopojacoaepxaimue TtoHkue ruieHku" (KAB-TII).
OCHOBHBIM HeXeNTaTebHBIM IJII TEXHOJIOTUH KOM-
noHeHToM KAB-TII saBisieTcs BOOOpoa ¢ CyMMapHOit
KoHIIeHTpamueir 1o 40 aT. %, KOTOPBIi yXyAIlaeT Ta-
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KH€ TEXHOJIOTMYECKM BaxKHBIE CBOMCTBA IJIEHOK, KaK
IUTOTHOCTh, CKOPOCTh PacTBOPeHUs U T. A. Mcronb3o-
BaHue [1XO c I1BII obecneunBaeT B pa3bl MEHBILUNA U
MpUeMJIEeMO HU3KUI [JI1 TEXHOJIOTUU YPOBEHb CONEp-
>KaHUSI BOJOPOJA, CYLIECTBEHHO OOJIbIIUE TJIOTHOCTU
IUIEHOK M MEHbLIINE CKOPOCTH pacTBopeHus [4]. On-
Hako HeycTpaHuMoii npoonemoii ITXO (B ToM uucie
¢ TIBIT) gBnasieTca HempuemyieMO HU3Kast KOH(POPM-
HOCTB TTOKPBITHIA (<50 %) B cpaBHEHUHU C TAKOBOI IIJIST
BeIcoKoTemIiepatypHbIX C-TITHK (oxomo 100 %). ITox
KOH(MOPMHOCTBIO B MpocTeilieM U HanboJiee MpUuHSI -
TOM cJIydae moapasymeBaeTcs oTHolueHue (%) Tom-
HbI MOKPHITUSI HA OOKOBOW MOBEPXHOCTU CTYNMEHbKHU
peibeda K TAKOBOI Ha ITIOCKOM BepXHEM IMTOBEPXHOC-
™. JIns1 yaydiieHusi KOHMOPMHOCTU OCaXIEeHUS U
dopMUpoOBaHMS 3aITOJTHEHHBIX MaTEpPUaOM 3a30pOB
B pelibede CIOXHBIX CTPYKTYp IPUOOPOB MCIIOJIb3Y-
10T MeToasl 1 arnapartypy [1XO c I1BI1, coueratoiiue
npouecchl ocaxaeHusi TII U ee OZHOBpPEMEHHOIO
pacnbuieHUs B Tipouecce pocta [4]. ast perieHust
mpo6eM KOH(GOPMHOCTH IIPEAI0KEHO UCI0Ib30BaTh
HusKotemIiepaTypHbiii Meton ACO ¢ "npsmoit” unu
"yoaneHHoi" mmasmeHHo#t aktuBanuein (ITA-ACO).
B Takux peakTtopax LMKIWYECKOTO AEWCTBUS aM-
MUaK WM a30T MOJAI0T B peaKTOp aKTUBUPOBAHHBIMU.
ITA-ACO paetr nmpeumyliecTBa Mo KOH(MPOPMHOCTU B
cpaBHeHun c¢ I1XO.

OO01IMM HeIOCTaTKOM BCeX ILIa3MOaKTUBUPOBAH-
HBIX METOIOB OCAXIECHUS sIBIsIeTCs (MU MOTeHLIUATb-
HO CYILIeCTBYeT) B OOJIblIEH WM MEHbIIEH CTereHU
HeXeJaTeJbHOE BO3ACHCTBUE IJIa3Mbl Ha IIPUOOPHI.
B cBs131 ¢ 3TUM O4YEBUIHBINA MHTEPEC BHI3BIBAIOT BO3-
moxHoctu noaydeHuss TITHK B ycaoBusix HU3KMX
TeMIlepaTyp HarpeBa 0ObeKTOB MpPU OTCYTCTBUM ILIA3-
MEHHO# aKTWBALIMM MCXOJHBLIX peareHTOB, T. €. INpH
HU3KOTEMIIEPATyYPHOM OCAXIECHUM C TEPMUYECKOM aK-
TUBALUEN.

ITocranoBka 3ama4 0630])2

B xoniie 1980-x rogoB GbLT MpeAaoKeH METON, MOy-
yeHust TITHK, HazBaunsbiii Catalytic CVD (Cat-CVD)
[6]. CyTb MeTOma cocTosuia B ocaxkaeHnu TI1 B 0ObIU-
HBIX IPOTOYHBIX (DOPBAKYYMHBIX peakTopax Ha Harpe-
Ty10 10 HU3KO# (06b1uHO MeHee 400 °C) TeMmnepaTyphl
MOJUIOXKKY TYyTEM OCYIIECTBICHUSI XUMUYECKON peak-
uuu MoHocuiaaHa SiH, co cMechlo a3oTa U ruapasuHa
N,Hy. Ilpu 5TOM, B OTIIMYME OT KJIACCUYECKUX METO-
noB XOI'D, noToK cMecH ra3oB MOAaBaJICs K MOIIOX-
ke uepe3 Harperyo 10 1200...1400 °C BoabdhpaMoBylo
HUTb, HAXOAIIYIOCS Ha PACCTOSIHUM HECKOJIBKMX CaH-
TUMETPOB OT MOMIOXKU. B pesysbTaTe Ha MOMIOXKKaX
CO 3HAYMMOI CKOPOCTHIO HapallnBaHUsS (popMHUpOBa-
quch TITHK. TTpu 3TOM KauecTBO IJIEHOK OKa3ajoCh
OIM3KMM K IUIA3MEHHBIM METOIAM IToJy4YeHus (T. €. K
KAB-TII) u nmpuemieMbIM ISl pa3iuyHbIX MPUOOP-
HBIX MIPUMEHEHU I, TPEeOYIOIIMX HU3KUE TeMITePaTyphl.
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bnaromapst 10BOJIbHO BEICOKOMY pabouyeMy JaBJISHUIO
(ropsinka AecsITKOB-COTEeH Mackajeil) MeTol oKasa-
csI armapaTypHO MPOCTHIM, He TPeOYIOIINM CIIOXHBIX
(IOPOroCTOSIIIMX) CUCTEM BaKyyMHOI OTKAuyKU U, CJie-
JIOBaTeJIbHO, OTHOCUTEJNILHO JAelleBbIM. JlaHHbBII Me-
ton nojydeHuss TITHK B mpoTouyHbIX peakTopax, na-
Jlee B paboTe HasbIBaeMblil KaTanutudeckuM XOI'd
(K-XOTI'®), npusnex 600JbllI0e BHUMAaHUE UCCIIETOBA-
TeJiell U akTyaseH Mo HacTtosuuee BpeMsi. Huzkas tem-
reparypa HarpeBa MOIJIOXEK O3HAYaeT BO3MOXHOCTh
HaHecenus TITHK Ha mmpokuit Kpyr maTepuasos,
MpUYeM C caMOii pa3HOOOpa3Hoi (opMOIi MOITOXKEK.
Kpome Catalytic CVD Takoii MeTOl aKTUBallUU "TO-
psdeit HUTBIO" Takke cTanu HaswiBath Hot Wire CVD
(HWCVD) unu Hot Filament CVD (HFCVD). Meton
MPUMEHSIETCSI B HacTosIIee BpeMsl IJIsl TMOJTyYeHMUS
pasnuyHbix TII MaTepuanos.

Ilens paboThl — aHaIM3 U 0000IIEHNE SKCIIEPUMEH -
TaJbHBIX PE3YJIbTATOB IT0 BO3MOXHOCTSIM M HallpaBJie-
HUSIM VICCIIeIOBaHMI, OTIpeaeSieHIe BOZMOXHOCTEH Me-
toga K-XOI'®D, o ocobeHHOCTSM ero anmnapaTypHOit
pearm3anuy 1 OCHOBHBIM cBolicTBam TII.

Kpatkue cBenenns 00 OCHOBHBIX THIIAX PEAKTOPOB
s K-XOro

PeakTtopnl p1g K-XOT'® gBnsitorcsi MPOTOYHBIMU
peakTopamu, (PYHKLIMOHUPYIOLIMMU B peXUMe AWHA-
Muyeckoro ¢opBakyyma. B o0CHOBHOM B ITyOJIMKALIMSIX
orcanbl o0brYHEBIE Wit XOI'®D mpoTovYHbIe KaMephl
13 HepKaBeollel cTaau, pacCUMTaHHBIC HA ONHY WJIN
HECKOJIbKO MojyIokeK. Takue KaMephl JIErKO MoJep-
HusupywTcsa noa K-XOI'd nmyrem BBeieHUS MOIYJIS C
akTUBMpYlolei HuThio. [IprMep 10CTaTOYHO TUITOBOM
VIPOILIEHHONW KOHCTPYKLMU peakTopa misd K-XOI'®d
MpuBeAcH Ha puc. 1.

ABTOD XOTeJ1 Obl OTMETUTD [1BE€ NyOIMKALKUU, B KO-
TOPBIX PacCMaTPUBAIOTCS BOMPOCHI ammaparypbl st
K-XOI'®. B 0630pHoii pabore [7] mpoaHanu3upoBa-
HbI Pe3yJIbTaThl MPOMBIILIEHHOIO OCBOEHUSI KOMMEP-
YeCKHX YCTaHOBOK mis moaydyeHus TII paznmumyHOoro
HaszHaueHus (B ToM uucie KAB-TII), a Takxe mpo-
BeleHO cpaBHeHMe ocobeHHOCTel ocaxknenuss TITHK
1751 npoueccoB K-XOI'd u [1XO. be3ycinoBHO uHTe-
PECHBIMU MPOMBILIJIEHHBIMU BapUaHTaMU SIBJISTIOTCSI
CHUCTEMbl OCAXKIACHMS UIST OOJIBIIMX IMPSIMOYTOJBHBIX
1o (popMe OOBEKTOB, a TAKXKE PYJTOHHBIX MaTEpHUaJIoB,
peanu3oBaHHBIE IO TIpuHLIUMIY "roll-to-roll".

IIpencraBiser Takke MHTEPEC aHAJINU3 aBTOPOB CO-
BOKYITHOCTHU BOIIPOCOB IO MCIIOJIb30BAHUIO aKTUBUPY-
olux Huteil. B pabore [8] paccMOTpeHbI BOIMPOCHI
BJIMSIHUSI TEOMETPUM PACIIONOXKEHHUS B peaKTOpe HUTU
Ha TeMrepaTypy NoajoxXKu (06e3 ee JOMOJTHUTEILHOIO
HarpeBa), CKOPOCTb OCaXIeHHUS U €€ OJHOPOTHOCTDH
IO TIJIOIIAAM MOIJOXKHU. B yacTHOCTH, TTpy 3HAUEHUU
3a30pa HUTb—ITOMIOXKA OKOJIO 5 CM TOCIHEIHsIST Ha-
rpesajach B mpoiecce ocaxaeHust no 190...250 °C B
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Puc. 1. Ynpomennas cxema peakropa s K-XOI'®. O6o03HaueHMs:
1 — BBOI peareHTOB; 2 — BBIBOJ MOOOYHBIX MTPOAYKTOB PEaKIINH;
3 — HarpeBarelb; 4 — TIOIJIOXKA; 5 — pacrpele/IeHHbI BBOI pe-
areHTOB; 6 — aKTUBUPYIOLIAs HUTh C KPEIUICHUSIMU 110 KPasiM JUIst
MMOJICOEAMHEHMST K UCTOUHUKY 3JIeKTporuTaHust. CTpesKy MoKa3bl-
BalOT HAIpaBJIEHUE IBIKCHUS Ta30BOM CMeCH 4epe3 aKTHBUPYIO-
LIYIO TOPSIYYIO HUTh

Fig. 1. Simplified design of a Cat-CVD reactor: 1 — input of the reagents;
2 — output of the reaction by-products; 3 — heater; 4 — substrate; 5 —
gas mixture assembly or showerhead; 6 — hot wire with the edge
connectors to power supply. Arrows indicate the gas flow direction through
the hot wire

Puc. 2. IIpumepsl BADHAHTOB PACHOJIOKEHHS AKTUBHPYIOLIEH HUTH
HAJ MOAJI0XKKO0i. O603HaUeHUST: [ — MOMJTOXKKA; 2 — aKTUBUPYIOLIAsT
HUTb C KPETUICHUSIMU 110 KpasiM JJIs1 TIOACOSAMHEHUST K UCTOYHUKY
3JIEKTPOTIUTAHYS

Fig. 2. Examples of hot wire arrangement over the substrate. Definitions:
1 — substrate; 2 — hot wire with the edge connectors to the power supply

3aBUCUMOCTH OT JUIMHBI HUTU M CII0CO0a ee pacrioio-
JKEHUS HaJ TMOJUIOXKKON (BapUaHThl PACIOOXEHMS
NpUBEAeHBI Ha puc. 2). OnHaKo MpU yBEJIMYEHUH 3a30-
pa mpuMepHO BABOE TeMIlepaTypa CHUXKaaach B 3,5 pa-
3a. TakuMm oOpa3oM, HarpeB OOBEKTOB J0 MPUMEPHO
200 °C mpoucxoguT ¢ IMOMOUIbIO CaMOii aKTUBUPYIO-
IIe HUTH, a IIJIsT MCITOJIb30BaHUSI MEHBIINX TeMITepa-
TYp MOIUIOKEK HEOOXOAMMO MX MPUHYIUTEIBHOE OX-
JIaxIeHue.

KpaTtkuii 0030p OCHOBHBIX Pe3yJIbTATOB HCCJIEI0BAHMIA
npoueccoB K-XOI'® u cpoiicte KAB-TII

®dakTueckne maHHele o mpoueccax K-XOI'®d n
cBoiictBa KAB-TII npuBenens! B Tabd. 1. B onHolt 13
caMbIx nepBbIX pador nmo K-XOT'®D [6] HarpeB cmecu
TUApasvHa W a30Ta OCYILIECTBISIICS HUTHIO COCTaBa
2 % Th—W nuamerpom 0,45 MM ¢ 0O0lLEH TUIOIIAABIO
B mpedenax 15...42 cm?2. PaccrosiHue MEXAy MOMIOX-
KaMu M Harpetoi HuThio coctapisio 3...4 cm. CocTaB
mieHok (rmo otHoueHuto Si/N) BapbUpoOBaJiCcs B 1IK-
pPOKUX TIpemesiax B 3aBUCUMOCTA OT COOTHOIICHWUS
KOMITOHEHTOB: C YMEHBILIIEHUEM TTapLMaIbHOTO JaBJie-
HUSI a30TCoAepKalIMX BEUIECTB MPOUCXOAUIO obora-
menue TII kpemHuem. B uHppakpacHBIX crieKTpax 00-
HapyXeHbl UKM MOIJIOIICHUS CBSI3U ¢ MAaKCUMyMaMU
qutst esiseit Si—N mpu 830 em™ !, N—H mipu 3320 em ™!
n Si—H nopu 2180 cm L Conporusnenune KAB-TITI
cocrasmsuio 1013...101 Om - em, uro MPUMEPHO COOT-
BETCTBYET IJIeHKaM, noyydeHHbIM Tipu [1XO. Kon-
(opMHOCTH MOKPHITHSA TSI IPSIMOYTOJIEHOM 110 (popMe
KaHaBKU ¢ IIMpUHON 10 MKM 1 acCIIeKTHBIM OTHOIIIE-
HUEM ~5 OblIa HeydOBJETBOPUTEIbHOM, MOCKOJbKY
cocTasJsiia Bcero okoio 50 %. B pabore [9] ucmonb-
30BaHa BoJib()paMoBasi HUTh ToaluHoi 0,25 MM co
3HAUYEHUEM 3a30pa 10 MOMJIOXKHU auameTrpoM 50 MM
okoJio 4 cMm. KoHlleHTpalus Boaopoaa CHUXKalIAch C
TOBBIIIIEHUEM TEeMIIepaTyphl TOIIOKEK W yYMEHBIIe-
HUEM COOTHOIIICHUsI aMMHUaKa K MOHOCUJIaHy. B ruieH-
Kax OOHapy>XeHO MPUCYTCTBUE KUCIOPOAA B 0OJACTSIX
OJIIKe K TTOBEPXHOCTH M TpaHUIIAM paseia ¢ IPYyTuMU
TUIEHKaMU.

Tabnuua 1
Table 1
PesynbTaTel uccienosannii pocta KAB-TII s K-XOI'®
Results of the research of growth of SiNH-TF for Cat-CVD
Jurepatypa PeareHThI . . Py Ta W, HM/MUH . H], ar. %
RejI’.) Nsolp Reactants T,,"C Ta'C P, Pa W, nm//min Si/N " [[H]], at. %

[6] SiHy,, N,, N,H, 1200...1390 | 230...380 7...1000 20...90 0,6...3,3 ~1,8 —

[9] SiH4, NH;, H, 1747 393...636 66,5 50...250 0,8...0,9 1,86...1,99 2,4..34
[10—12] Si,Hg, NH;3, Hy, Ar | 1500...1850 | 245...370 66,5 61...171 0,88 1,86...2,42 6..17,7
[13, 14] SiH,, NH; 1700...1800 | 200...400 0,13...5,3 4.8 0,75...2,5 1,9..2,5 —

[15] SiH,, NH; 1800...1900 300 1,33 — 0,75 2,0 —

[16] SiH,, NH; 1900 300...500 1...10 3..21 0,71...0,95 1,88...2,3 10...15

[17] SiH4, NH;3 2100 450 20 180...240 1,33...2,5 1,95...2,55 9..16

[18] SiH4(He), NH3 1800 300 2,66...13,3 — 0,99...2,5 1,8..2,5 9,3...16

[19] SiH4, NH3, H, 1650 100 8 — 0,77...0,8 — —
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ABtopbl cepuu padoT [10—12] B KauecTBe UCTOYHM-
Ka KpeMHUs uccaenosanu aucwiad SioHg. Ckopoctsb
pactBopeHus B TpaBuTtene wis okcuaa BOE (Buffered
Oxide Etchant) — B nuanasone 2,5...7,9 HM/MUH 1151
KAB-TII ¢ nokasareyieM IIpeJIOMJICHUSI B THarna30He
2,08...2,04. ITpu sToMm B oOpa3ue cpaBHeHus1 KAB-TTI,
nojsyyeHHoMm Tipu [1XO, ¢ mokazarteneMm Ipeyomie-
Hug 1,88 1 KoHLEHTpaLueil Bogopoaa okojo 12 ar. %,
CKOpPOCTb pacTBOPEHMSI Oblla MHOTOKPATHO BBILIE U
cocrasisiia 51,8 HM/MUH.

B paborax [13—15] mpoBeneHHI ncciiemoBaHUS Ha
OCHOBE MOHOCHJIaHA M aMMMaKa Ha YCTAaHOBKE U B TOM
YHUCJIE TI0 aJITOPUTMY paboTHI [6], B KOTOPOI1 MCCIen0-
Basicst TuapasuH. OLIEHKM KOHIIEHTpalMu BOIOPOAA,
conpotuneHusi KAB-TII u koH(GOPMHOCTU UX Ocaxk-
JICHUSI Ha TeX Xe CTPYKTypax Jajlid MPUMEPHO aHaIo-
TMYHBIE Pe3yJbTathl ¢ [6]. ABTOpHI [16] MccienoBaIn
nBa Tnia KAB-TTI, Ha3BaHHbBIe "MHEPTHBIMU" (ITOJTY-
yeHbl nipu 430 °C npu MajaoM M30BITKE aMMUakKa) U
"mopucteiMu” (TrosrydeHsI Tipu 340 °C B GOJBIIOM M3-
OBITKE aMMMaKa). 3HaYCHMST AUBNEKTPUIECKOI TTOCTO-
SIHHOM IIJ11 3TUX TUITOB OKA3aJIMCh Ha ypoBHeE 6,3 1 7,9,
COOTBETCTBEHHO, 3HaUeHUE (PUKCUPOBAHHOTO 3apsiia
st mopucteix TIT coctaBmno 5,8 * 1016 cm3 , OIHAKO
takue TII okazanuch CKIIOHHBIMU K OKMCIEHUIO IOC-
Jie mpoliecca Ha Bosayxe. B paGote [18] ucrmonab3o-
BaJiM HUTH ToawuHou 0,5 MM gnuHO# 12 cM ¢ 3a30-
POM OT HUTHU JI0 TOJJIOXKEK 5 cM. DHeprus akTUBaLuu
peakuuu oueHeHa B 31 kkan/monb. B padote [19]
HCCIIe0BaHa KOPPEISILIMS HEKOTOPBIX IEKTPUYECKUX
CBOMCTB 1 mmapaMeTpoB Iporecca K-XOI'®d. Hampu-
Mep, nIpoOuBHOEe HampstkeHue — (4...8) 100 B/cm,
yaenbHoe conporuBierue 1,0 + 1011...1,5 102 0m - CM,
3HAYeHME AUDBJIEKTPUUECKOM MOCTOSHHON — 4,8...6,8.
B pab6orax [20, 21] mpuBeaeHbl JaHHBIE IO TTOBEPX-
HOCTHO IIEpOXOBATOCTH M MEXaHWMUECKUM HaTpsKe -
HusiMm B KAB-TII, mojydeHHBIX CO CBEpXOOJIbIINMU
cKopocTsaMU ocaxiaeHust, 10 430 HM/MuH. g 6au3-
KUX K CTEeXMOMETPUU COCTaBaM IIEPOXOBATOCThb CO-
cTaBisiia 0KoJ0o 1 HM. ABTOpPBI YCTAaHOBUJIU, YTO JIJIst
COCTaBa, OXapaKTepu30BaHHOTO Kak SiH,, B uHTepBa-
ae 1,2 < x < 1,6 HanpsoKeHUd B IJIEHKE MMEIOT pac-
TATUBAIOLINI XapakTep, NP 3TOM C YBEIMYCHUEM
KOHLEHTpAlMM a30Ta HaIpsKeHUs Bo3pacTaioT. s
o6pasuoB ¢ Si/N = 0,8 3HaueHHe HamNpsiKeHUU co-
craBuiio 16 MIla, 4To CylleCTBEHHO MEHBIIIE, YeM IS
X0 KAB-TIT [3].

0O06006111asT pacCCMOTPEHHbIE pe3yJIbTaThl MOXKHO 3a-
KJTIIOUUTh ClieAytoliee. ANmnapaTypHO peaanu3alus Onm-
caHHBIX B Jquteparype mnpoueccoB K-XOI'd opraHu-
30BaHa MIPUMEPHO OIMHAKOBO, MPU 3TOM KITIOUEBBIM
rmapamMeTpoM SIBIISIETCS] 3a30p MEXAY aKTUBUPYIOLIEH
ropsiyeil HUTHIO U TMOMJIOXKKOMN, COCTaBISIOIIMNIA OKOJIO
4 cMm. OTMETHUM, 4TO 3TO B pa3bl OOJIbIIIE, YeM 3a30PbI
MexXay ajekTpogaMu mist ycraHoBok IT1XO. Packa-
JIEHHAs] HUTb BBI3BIBAET HArpeB oOpaslia A0 TeMIlepa-
Typ Boile 200 °C, B CBSI3U C YeM JUIST JOCTUKEHMST 00-
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Jiee BBICOKUX TeMITepaTyp MOII0XEK HeOOXOMUMBI JIU-
00 onTMMU3alMs pa3Mepa 3a30pa, JTMO00 CrelIbHBIN
JIOTTOJTHUTEILHBIM HarpeBaTelb, a IJII JOCTUKEHUS
OoJiee HU3KHUX TeMIepaTryp TpeOyeTcsl creuuralbHas
CUCTEeMa OXJIAXICHUS MOAJTOXEK. B 11e10M pe3yabTaThl
MOKa3bIBalOT BO3MOXHOCTh nonydyeHus: KAB-TII nipu
K-XOI'® ¢ moBONMBHO IMPOKUM AUATTA30HOM COOTHO-
meHuit Si/N, B TOM uncie OIU3KUM K CTEXUOMETPUY -
HoMy 0,75.

KpaTkue cBejeHnsi 0 3aKOHOMEPHOCTAX POCTa
u mexanusme peaknmii K-XOTI'®

Mudopmalium o pesyiabTarax UcclieIoBaHUN Mexa-
HuaMa pocta KAB-TII nmpu K-XOI'®d nemnoro. B pa-
oote [21] 2 PeKTUBHOCTh UCMOJIB30BAHUSI PEareHTOB
OllcHEHa Ha OYeHb BBHICOKOM ypoBHE — 10 98 % mist
SiHy, oxono 50 % nna NHj (mns caydas Manbix mo-
TOKOB ra3oB) 1 okouso 70 % s SiH, mis ciyydast Bbl-
COKHX CKOpocTeil moTokoB. B pabote [22] uccneno-
BaHbl MPOAYKTHI pacliaza MOHOCUJIaHA Ha HarpeTomn
HUTU ¥ OCHOBHBIMU ycTaHOBIeHbI Si, SiH;, SiyHg.
B paborte [23] 0000111€HBI HEKOTOPHIE JaHHbIE 110 KU-
Hetuke pocta TITHK u nccinenoBanmii ra3oBoii ¢a3bl
B Ipoliecce pocTta. ABTOPHI pabOTHI [24] mpuBeIn 3K-
CIiepUMEHTaJIbHbIE JaHHbIE 10 00PA30BAHUIO MPOIYK-
TOB peakIIM¥ MOHOCHJIaHA ¢ aMMHAKOM C COOTHOIIIE-
HueMm 1:1...200 Ha ropsuYeil HUTU C UCMHOJb30BAHUEM
uzorona ND;. YcTaHOBIEHO, YTO COCTaB NPOMYKTOB
orpeeNsieTcsl COOTHOLIeHWeM peareHToB. [Ipu BbI-
COKOM COJIepXKaHMM aMMuaKa MaplIpyT peakluuu B
OCHOBHOM OIIMCBIBAaeTCs uepe3 obpaszoBanue NH, u
aMMHocujaHoB. [1pu HegO0CTaTOUHOM U30BITKE aMMMU-
aKka IIPOMCXOMAT TIPOIECCH pacliaga MOHOCHJIAHA C
obpaszosanueM SiH; u nanee Si)H¢ u Siz;Hg. KocsenHo
3TO yKa3bIBa€T HA BO3MOXHOCTb 0OOralieHusl MieHK!
o KkpemMHu1o. Takum o0Gpa3oM, IJIs IOJydYeHUsT 0Ir3-
KHUX K CTEXMOMETPUU COCTABOB lI€JeCOO0pPa3HO HC-
TOJIb30BaTh CYILIECTBEHHBIE U30BITKM aMMMaKa.

Cpasuenne npoueccos K-XOI'® u IIXO
naa KAB-TII

ITpu aHanM3e COBOKYIMHOCTU OMYOJMKOBAaHHBIX 3K-
criepuMeHTaabHbIX JaHHBIX 10 KAB-TII npu K-XOI'®
MOXHO OTMETUTh MX MaJiblii 00b€M U OTCYTCTBUE Ka-
KUX-TMO0 0000I11AI0IINX CPABHUTEIbHBIX PadoT, Kak
3TO MMEET MECTO IJisl IJIEHOK, TMOJYYEeHHbIX MHBIMU
Metogamu [1—5]. CyluecTBeHHOIM 0COOEHHOCTBIO IIPO-
meccoB K-XOI'®® MOXHO CuUMTaTh MCIIOJIb30BaHUE
OOJIBIIMHCTBOM aBTOPOB CAMBIX TIPOCTHIX M TTPOMBIIII-
JIEHHBIX peareHTOB — MOHOCHJIaHA M aMMHaKa B OU€Hb
OJIM3KUX MO KOHCTPYKLIMU peakTopax.

B uenom cBoiicTBa MiIeHOK OJIM3KU K HU3KOTEM-
neparypHbiM [1XO, oqHaKO KOHILIEHTpALIUs BOAOPOIa
B KAB-TII npn K-XOI'®D B cpeaHeM He MpeBHITIIAET
15 ar. %, uto cyuiecTBeHHO HuXe, yeM masg [1XO
(mo 40 at. %) [3] m mpuMepHO Ha YpOBHE IPOIIECCOB




I1XO c IIBII [4]. Ha ocHoBaHuu pab6ort [12, 20, 21] B
TabJI. 2 IpUBEIEHO CpaBHEHNE 00OOIIEHHBIX XapaKTe-
puctuk npoueccoB I1XO u K-XOI'dD, uz koroporo
MOKHO BUIECTh HEKOTOPBIE OYCBUIHBIC TTPEUMYIIIECT-
Ba nocienHux. IIpexne Bcero, 3To Kacaetcs HOpMbI
U pa3MepoB TOIJIOXEK, BO3MOXHOCTU MPUMEHEHMS
MPOLIECCOB TSI TMOKUX TTOMIOXEK, BO3ICHCTBHS aK-
TUBHBIX YaCTUIl Ha IpUOOPHI, a TakKxKe 3(PPeKTUBHOC-
TH WCTIOJIb30BAHUSI PEarcHTOB.

KonuyecTBeHHOE  CcOMOCTaBlieHHWE  IIPOIIECCOB
K-XOI'®D ¢ ocTambHBIMU TIpOAHATU3NPOBAHHBEIMU B
paborax [1—5] npoueccamu 3arpyaHeHo. IIpexie Bce-
TO MO/ TAKUM CPABHEHUEM aBTOP MOAPA3yMEBAET OLICH-
Ky 9 GheKTUBHON KOHCTAHThl CKOPOCTHU Mpoliecca s
K-XOI'® (keﬁc), KOTOpast TPeACTaBIIsIeT COOO OTHO-
LIEHUEe CKOPOCTU HapaluBaHUusl W K KOHLEHTpaluu
KpeMHUiiconepxaliero peareHra B ra3opoii dase [ Cg;l:
ko = W/[ Cg;l. Mt meputenbix npouecco XOI'D oxa

Tabaua 2
Table 2

OcHosublie oTanunsa Mexay npoueccamu ITXO u K-XOTI'®
Basic differences between Cat-CVD and PECVD processes

No K-XOIro [TXO ¢ eMKOCTHO-CBSI3aHHOM IJ1a3MOit
N Cat-CVD PECVD with the capacityively coupled plasma
1 | MHuIIMUpoBaHUe peakiMKi OCYLLECTBIISIETCS IMTyTeM KaTaTUTUIECKOTO HMHunimupoBaHye peakiiil OCyIIECTBISIETCSI ObICTPBIMU
KPEKMHIa MOJIEKYJl Ha ropsiueil MeTaJuIMYeCKOil HUTU 9JIeKTPOHAMM B PaJMOYyacCTOTHOM MO0JIe
A reaction is initiated by a catalytic cracking of molecules on a hot metal wire | A reaction is initiated by fast electrons in a radio-frequency field
2 | l'azoBas (a3a mpolecca He COAEPXKUT UOHOB T'azoBast (haza mpoiiecca BKIIIOYAET paauKaibl, HEUTpaIb-
The gas phase of the process does not contain ions HbIE YaCTHIIbl, JIEKTPOHBI U UOHBI
The gas phase of the process includes radicals, neutral
particles, electrons and ions
3 | INomnoxka He yyacTBYeT B TpoLiecce TepMopaciaaa UCXOMHBIX peareHTOB | [Tomtoxka siBsieTcsl 4acThlo Mpolecca U A0JKHA UMETh
The substrate does not participate in the process of the thermal SKBUTIOTEHIIMAIBHYIO TTOBEPXHOCTh JIJISI CO3MaHUST OTHO-
disintegration of the initial reagents POIHOI TIIa3MBbl
The substrate is a part of the process and should have an
equipotential surface for creation of a homogeneous plasma
4 | Obpa3oBaHMe paAMKAIOB MPOUCXOIUT MPU CTOJIKHOBEHUM MOJIEKYJ pe- | st oOpa3oBaHusl paauKaaoB HEOOXOAMMbI TOUEUHbIE
areHTOB C TrOpsiueil HUTHIO, MO CYILECTBY MO PEaKIMM ra3a CO CTEHKOW | CTOJKHOBEHMs 4aCTHUI] B TPEXMEPHOM MPOCTPAHCTBE
Formation of radicals occurs during collision of the molecules of the Dot collisions are necessary for formation of the radicals in the
reagents with a hot wire, in essence, by the reaction of the gas with the wall| three-dimensional space
5 | HexenatenbHble MMKPOYACTUIIBI MOTYT 0OPa30BBIBATHCS TOJBKO MPU OTpuuaTenbHO 3apsKeHHbIE YACTUIBI MOTYT OBbITh 3axBaue-
BBICOKOM JIaBJIEHUU HbI B 00J1aCTb MOJIOXKUTEIBHOMN TJ1a3Mbl U TIOCTYKUTh UCTOY-
Undesirable microparticles can be formed only at a high pressure HUKOM (DOPMUPOBAHMST HEXeEJATeIbHBIX MUKPOYACTHUIL
Negatively charged particles can be captured in the area of the
positive plasma and become a source for formation of the
undesirable microparticles
6 | Pactyiiue cyiion He TMoABepraloTCcss MOHHON GoMOapIUpOBKe Pactyniue TI1 MCTIBITHIBAIOT MOHHYIO 6OMOApPIUPOBKY
The growing layers are not subjected to the ionic bombardment The growing thin films are subjected to the ionic bombardment
7 | Ha TeMrnieparypy MoIoXKHY BIMSIET HArPEB HUTH, OMLIMOHATBHO MOXeT | TeMreparypa MoaaoXKy 3alaeTcs CrelMaJbHbIM Harpesa-
MCIIOJIb30BaThCsl CHIEIUANIbHBIN HarpeBaTesib/OXJIaauTeNb TesneM
The substrate temperature is influenced by the wire heating, optionally, The substrate temperature is set by a special heater
a special heater/cooler can be used
8 | I'padKM OUMCTKM ¥ TEXHUYECKOTO OOCTYy>KMBAHUs TIOKa He YCTaHOBJIe- | M3BeCTHBI MpOLeAypbl OYUCTKU U rpadUKU TEXHUYECKOTO
HBI U SIBJISIIOTCSL PEe3YJIbTaTOM SKCIePUMEHTAIbHBIX UcCIenoBaHuii. beutn | o6cyxxuBaHus, obecneunBatoie Kayectso TI1
OITyOJIMKOBAHBI JaHHBIE O MPeAeIbHBIX TOIIIMHAX 0K0JI0 500 MKM The cleaning procedures and maintenance service schedules,
Cleaning and maintenance service schedules are not established yet and are | which ensure the quality of TF, are known
a result of the experimental research. Data about the limit thickness of
about 500 mm were published
9 | PeakTopbl JIerko MacIITabUpyIoTCs 1O MHOM pasmep U ¢opMy Momioxek | MaciutabupoBaHre peakTOpoB MO MHbIe pa3mepbl U (op-
The reactors are scaled easily for any sizes and forms of the substrates My TIOIITOKEK TPEOYIOT CYIECTBEHHBIX YCUIIMIA
Scaling of the reactors for the other sizes and forms of the
substrates demand essential efforts
10 | Bo3aMoxxHa paboTa ¢ TMOKMMM MOUIOXKAMU M PYJIOHHBIMU Matepuaiamu| PaboTta ¢ ruOKMMM MOIJIOXKAMM 3aTpyIHEHA
The work with the flexible substrates and rolled materials is possible The work with the flexible substrates is complicated
11 | DddekTUBHOCTH UCTIONB30BaHUS peareHToB Ha ypoBHe 10 70...90 % 1o | DddeKTUBHOCTD UCTIONBL30BAHUS PEATeHTOB HA YPOBHE
MOHOCUIaHy U 0Ko0Jio 50 % 1o aMMHaKy 15...20 %
Efficiency of the use of the reagents is at the level of up to 70...90 % on Efficiency of the use of the reagents is at the level of 15...20 %
monosilane and about 50 % on ammonia
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onu1a oneHeHa Ha yposHe 0,05 cM/c, a s OBICTPBIX,
C TJIa3MEHHBIM BO30ykIeHueM — Ha ypoBHe 10 cMm/c
[25]. 3aTtpynHenus oueHku 1151 K-XOI'®D oO0bsICHSIOT-
cs IByMSI TIpUUMHAMH. Bo-TiepBBIX, B TUTEpaType OT-
CYTCTBYIOT TOYHBIE JAaHHbIE O pa3Mepax pPeaKTOPOB.
Bo-BTOpBIX, TPUHIWIIHAILHEIM OTIMYMEM peaan3a-
uuu Meroga K-XOI'D gpnserca HarpeB aKTUBUPYIO-
el HUTU A0 OYE€Hb BBICOKOI TeMIepaTypbl U Harpes
TaKOi HUTbIO MOJJIOXKKHU A0 HU3KUX TeMIlepaTyp B 3a-
BUCHMOCTH OT 3HAYeHMS 3a30pa HUTb—ITOIJIOXKA.
ABTOp NpennpuHsUI MOMBITKY BeCbMa MPUOIUZUTEIb-
HO OLIEHUTb IOPSIIOK 3HAYCHUIA kg 10 COBOKYITHOCTH
JIAaHHBIX O TIpolieccax, IPUBEICHHBIX B paboTax [9, 14].
[Tonb3ysich METOAMKAMU OLIEHOK MPOIIECCOB B padoTe
[25], 3HaueHUE keﬁr aBTOp OLIEHWJT Ha YpoBHe ~70 cM/C
1o naHHbIM [9] u ~240 cM/c 1o JaHHBIM [14], 4yTO MOY-
TH Ha TIOPSAOOK TIPEBBINIACT 3HAYECHUS, TOJYYeHHBIE
IUIST  TUTA3MOAKTHBMPOBAHHBIX IIpolleccoB. JlanHas
OLICHKA IIPY BCEH CBOEU YCJIOBHOCTU BaxKHa MpPEXIE
BCETo TeM, YTO OJHO3HAYHO YKa3bIBaeT Ha CYIIECTBEH-
HO 0oJiee BBICOKME keﬂ» npu K-XOI'd. Bro, ¢ ogHOIT
CTOPOHBI, MPSIMO KOppeaupyeT ¢ 3(pdeKTUBHOCTHIO
KCIIOJIb30BaHUS PeareHToB, a C APYroil CTOPOHBI, Mpsi-
MO yKa3bIBaeT Ha MPUHINITNATLHYIO HEKOH(POPMHOCTD
ocaxnenus TITHK B manHOM mpolecce, MOCKOJIbKY
KoH(MopMHOCTh TIp XOI'D KoMMUecTBEHHO CBsA3aHa
C keﬁc [25]. TToaTBepkaeHUEM BTOTO SBJISIIOTCS Kaye-
CTBEHHBIE 3KCITEpUMEHTaIbHEIE JaHHbIE [6, 13, 14].

Hanpagsaenus pa3sutusa meroga K-XOI'®

OdeBUIHBIE HAIpaBAEHMSI PAa3BUTHSI CBSI3aHBI C
penmylectBaMu TiporieccoB K-XOI'®D, mpuseneH-
HbIMU B Ta0J. 2. K HUM MOXHO OTHECTU pa3BUTHE all-
rnapaTypbl JJisl MOJy4YeHUS MOKPBITUM Ha TOIIOXKAX
OOJIBLLIMX Pa3MEPOB U PYJIOHHBIX MaTepuaiax, COBep-
LLIEHCTBOBAHUE CUCTEM PACHOJIOKEHUS, KPETUIEHUST U
3aM€Hbl aKTUBUPYIOLIMX HUTEH, YIy4yllIEeHWE BOCIIPO-
U3BOJMMOCTU U PABHOMEPHOCTU OCAXKIEHUS TIJIEHOK.
ITo-BuaMMoMy, C TOUKM 3peHHUS M3BECTHBIX 3a1ay
MUKPOBJEKTPOHHBIX TEXHOJIOTUM, MpPeXIe BCEro, IMo-
JIydeHUsI KOH(POPMHBIX MOKPBITUN Ha CJIOXHBIX PeJibe-
¢ax UMC, npumeHeHHe 3TOro MeToda IJisi MUKPO-
3JIEKTPOHUKUA MaJIOBEpOSITHO. BO3MOXHOCTH ToJyye-
HUSI TIOKPBITUM TIPU HU3KUX TeMIlepaTypax ¢ HU3KUM
YPOBHEM MEXAaHUYECKUX HAIMPSKEHUNA MOXET Tpe-
CTaBIATh UHTepec Wit MOMC-TexHoI0ruit, OJHAKO
rnorpedyeT HaJWuyMsl CIELMabHOM ammapaTypbl s
ocaxaeHus. [Ipy 3TOM KOHCTPYKTMBHO Takas armapa-
Typa He TpeOyeT UCIOIb30BaAHUS KAaKUX-TM0O YHUKAIb-
HBIX MaTEepUaJIOB WJIU YCTPOMUCTB, T. €. BIIOJIHE MOXET
OBbITh CIIPOEKTMPOBAHA W M3rOTOBJIEHA MOJ KOHKPET-
Hble 337a4yni. NHTEpeCHO TakXe OTMETUTb, YTO OYEHb
BbICOKHE 2(PHEKTUBHOCTU UCMOJb30BAHUST UCXOTHBIX
peareHTOB CHIDKAIOT IPOOJIeMbl YTUIM3ALMU BHIOPO-
COB TaKMX TEXHOJOTMYECKUX YCTAHOBOK.
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3akiouyeHue

IMpoueccwl karanutudyeckoro mnojydyeHuss TITHK
SIBJITIOTCSI BO MHOTOM YHUKAQJIBHBIMU, TIOCKOJIBKY T103-
BOJISIIOT TOJyYaTh OJU3KKE K CTEXUOMETPUYHBIM CO-
cTaBbl 0€3 MIa3MEHHOM aKTUBALIMY Ta30BbIX CMECei 1
BO3IEMCTBUS IJ1a3Mbl Ha TMOMIOXKKHU CO CTPYKTYpaMu
npubopoB. OUeBUAHBIMU TIPEUMYIIIECTBAMU IPOILIEC-
coB K-XOI'®D gBnsitoTcsl BO3MOXKHOCTb IOJYYEHUS
TOHKUX TIJIEHOK ¢ IIMPOKUM IMAINa30HOM COCTaBOB, B
TOM YMCJIe OJU3KUM K CTEXUOMETPUHU, U C HU3KUM CO-
Jep>XKaHWeM BOJOPOJA, BO3MOXHOCTb MCITOJIb30BaHUSI
HU3KHMX TeMIlepaTyp OCaXXIeHWs IS TTOMJIOXKEK pa3-
HOOOpPa3HOI (hOPMBI U Pa3MEPOB, B TOM YUCJIE THOKUX
MOJJIOXKEK, BblcoKas 3(P(eKTUBHOCTb MCMOJIb30Ba-
HUs UMCXOIHBIX MOHOCWJIaHa M aMmuaka. Hemocrat-
KoM TiporieccoB K-XOTI'®D sgssiercs Turoxast KOHGOPM-
HOCTb OCaXIEHMWs TOHKUX IUIEHOK. B cpaBHeHUM C
HU3KOTeMIiepaTypHbIMU mpoueccaMu [1XO TexHoJ0-
run K-XOI'®D B HacTrosiee BpeMsl HAXOISITCs cKopee
Ha CTaAuy pa3BUTHSI.
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Part 6 of the review presents the state and possible directions for development of the silicon nitride thin films (SNTF) intended
Jfor the integrated circuits (IC) and microelectromechanical systems (MEMS) applications. Information is analyzed for the low-tem-
perature SNTF, obtained by catalytic chemical vapor deposition (Cat-CVD) in the flow-type reactors. Advantages of Cat-CVD are
a wide range of the film compositions, including stoichiometric ones with a low content of hydrogen, a possibility to use samples of
different shapes and sizes, including the flexible substrates, and high effectiveness of the reagents utilization (preferably monosilane
and ammonia gas). The disadvantage of the Cat-CVD is a poor conformality of the deposited thin films.
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Introduction nano- and micromechanical systems (MEMS). In [1]
he presents the processes of the chemical vapor depo-
sition from the gas phase (CVD) at (7) 650...850 °C in
the low-pressure reactors of the flow type (Low Pres-

sure Chemical Vapor Deposition, LPCVD) with a ther-

In previous parts, [1—5], the author analyzed the
state of technologies for obtaining of silicon nitride thin
films (SNTF) in the reactors of the flow and cycle types
for the technologies of the integrated circuits (IC) and
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mal activation of the ammonolysis reactions of SiH,

SiCl, and SiH,Cl,. In [2] the author analyzes the tech-
nologies for obtaining of SNTF in the cyclic-type re-
actors with sequentially pulsed injection of the initial
chemical reagents. In case of the atomic-layer deposi-
tion mode (ALD) at 300...650 °C the rate of growth W
was less than that of a monolayer per one cycle of dep-
osition. At that, the doses of the reagents were by sev-
eral orders larger than the ones calculated as necessary
for achievement of such values of rates, which pointed
to an extremely low efficiency of the investigated pulsed
deposition processes.

The methods [1, 2] with a rather high-temper-
ature thermal activation allow us to receive SNTF,
close by their composition to the stoichiometric SizNy
(S-SNTF), which corresponds to the correlation of
Si/N = 0.75. However, high temperatures limit their
applications. In [3—35] the author considered the low-
temperature processes (<400 °C) of the plasma-en-
hanced chemical vapor deposition (PECVD) [3] and
deposition with high density plasma (HDP) [4] in the
flow type reactors, and also the plasma-activated dep-
osition in the cyclic reactors [5]. In case of PECVD
high rates of deposition are achieved [3], however, the
nonstoichiometric materials are formed, designated by
the author as "silicon-nitrogen-hydrogen containing
thin films" (SiNH-TF). The main undesirable SiNH-
TF component for the technology is hydrogen with
concentration up to 40 at. %, which deteriorates the
technologically important properties of the films (den-
sity, rate of dissolution, etc.). Use of PECVD with HDP
ensures many times lower and acceptable for the tech-
nology level of content of hydrogen, essentially higher
densities of the films and lower rates of dissolution [4].
However, an ineradicable problem of PECVD (includ-
ing that with HDP) is unacceptably low conformality of
the coatings (<50 %) in comparison with that for the
high-temperature S-SNTF (about 100 %). Under con-
formality term in the elementary and most accepted
case we mean correlation (%) of the thickness of a coat-
ing on the lateral surface of a step of a relief to that on
the flat top surface. For improvement of the confor-
mality of deposition and formation of the gaps filled
with a material in the relief of the complex structures of
the devices, the methods and equipment are used with
PECVD with HDP, combining the processes of thin
film deposition and its simultaneous sputtering in the
process of the growth [4]. For solving of the problems
of conformality it is proposed to use the low-tempera-
ture ALD method with a "direct" or "remote" plasma
activation (PA-ALD). In such reactors of the cyclic ac-
tion the already activated ammonia or nitrogen are sup-
plied to a reactor. The PA-ALD method provides ad-
vantages concerning conformality in comparison with
PECVD.

A common drawback of all the plasma-activated
deposition methods is (or potentially exists) a more or
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less undesirable influence of the plasma on the devices.
In this connection of interest are the opportunities for
obtaining of SNTF in the conditions of low tempera-
tures of heating of objects in absence of the plasma ac-
tivation of the initial reagents, i.e. during a low-tem-
perature deposition with a thermal activation.

Statement of problems of the review

In late 1980s a method was proposed for obtaining
of SNTF, dubbed as Catalytic CVD (Cat-CVD) [6].
The essence of the method consisted in deposition of
thin film in regular flow forevacuum reactors to the sub-
strate heated up to a low (usually less than 400°) tem-
perature by realization of a chemical reaction of mon-
osilane SiH, with a mix of nitrogen and hydrazine,
N,H,. At that, unlike in the classical methods of CVD,
a flow of a mix of gases was supplied to the substrate
through a tungsten wire heated up to 1200...1400 °C
and situated at the distance of several centimeters from
the substrate. As a result, SNTF were formed on the
substrates with significant rate of growth. At that, the
quality of the films was close to that of the plasma
methods for their obtaining (that is, to SINH-TF) and
acceptable to various instrument applications, demand-
ing low temperatures. Due to a rather high working
pressure (about dozens-hundreds of Pascals) the meth-
od appeared to be rather simple in the hardware re-
spect, not demanding complex (expensive) vacuum
pumping systems, and, hence, relatively inexpensive.
The given method for reception of SNTF in the flow re-
actors hereinafter called "catalytic CVD", attracted a lot
of attention of the researchers and is topical even now.
A low temperature of the substrates’ heating means a
possibility of deposition of SNTF on a wide range of
materials, and with most diversified forms of the sub-
strates. Besides the Catalytic CVD such method of ac-
tivation by "a hot wire" was also called Hot Wire CVD
(HWCVD) or Hot Filament CVD (HFCVD). The
method is applied for obtaining of various TF materials.

The aim of the work is analysis and generalization of
the experimental results by the potentials and directions
of the research works, opportunities provided by the
Cat-CVD method, specific features of its hardware re-
alization and main results of the research.

Brief data concerning the basic types of reactors
for Cat-CVD

The reactors for Cat-CVD are the flow reactors
functioning in the mode of the dynamic forevacuum.
Mainly, the publications describe regular for CVD flow
chambers from a stainless steel, intended for one or sev-
eral substrates. Such chambers can be modernized eas-
ily for Cat-CVD by introduction of a module with an
activating wire. An example of a rather typical simplified
design of a reactor for Cat-CVD is presented in fig. 1.




The author would like to single out two publications,
in which the questions of equipment for Cat-CVD are
considered. In [7] the results of industrial commission-
ing of the commercial installations for reception of dif-
ferent-purpose thin films (including — SiNH-TF) are
analyzed, and also a comparison is done of the specific
features of deposition of SNTF for the Cat-CVD and
PECVD processes. Certainly, of interest are the indus-
trial variants of the deposition systems for large rectan-
gular-form objects, and also rolled materials, realized
on the "roll-to-roll" principle.

Also of interest is the authors’ analysis of a set of the
questions concerning the use of the activating wires. In
[8] the questions are considered of the influence of the
geometry of the arrangement of a wire in a reactor on
the substrate temperature (without its additional heat-
ing), the rate of deposition and its uniformity on the
substrate area. In particular, at the value of the gap of
about 5 cm the wire-substrate was heated in the course
of deposition up to 190...250 °C depending on the
length of the wire and the way of its arrangement over
the substrate (arrangement variants — fig. 2). However,
at an approximately double increase of the gap the tem-
perature decreased 3.5 times. Thus, heating of the ob-
jects up to approximately 200 °C occurs by means of the
activating wire itself, while for the use of the lower tem-
peratures of the substrates their compulsory cooling is
necessary.

Brief review of the basic results of the research
of the Cat-CVD processes and SiNH-TF properties

The actual data about the Cat-CVD processes and
SiNH-TF properties are presented in table 1. In one of
the first works on Cat-CVD [6] the heating of a hydra-
zine and nitrogen mix was carried out by a wire with
composition of 2 % Th—W, diameter of 0.45 mm and
with a total area within 15...42 cm?. The distance be-
tween the substrates and the heated wire was 3...4 cm.
The composition of the films (in terms of ratio Si/N)
varied within a wide range depending on the correlation
of the components: a reduction of the partial pressure
of the nitrogen-containing substances caused enrichment
of thin film with silicon. In the infra-red spectra the peaks
of the bond absorption were discovered with the maxi-
ma for Si—N bonds — at 830 cm_l, N—H bonds —
at 3320 cm™! and Si—H bonds — at 2180 cm ™. The re-
sistance of SINH—TF was 10'3...10"> Q- cm, which
roughly corresponded to the films received by PECVD.
The conformality of the coatings for a rectangular
form trench with the width of 10 um and aspect ratio
of ~5 was unsatisfactory, because that was just about
50 %. In [9] a tungsten wire of 0.25 mm was used with
the value of the substrate gap with diameter of 50 mm
and about 4 cm thickness. The concentration of hydro-
gen decreased with the rise of the temperature of the
substrates and reduction of the ratio of ammonia to mo-

nosilane. In the films the presence of oxygen was found
in the areas closer to the surface and the boundaries
with the other films.

As a source of silicon the authors [10—12] inves-
tigated disilane Si,Hg. The rate of dissolution in Buff-
ered Oxide Etchant (BOE) was within the range of
2.5...7.9 nm/min for SiNH-TF with a refraction index
within the range of 2.08...2.04. At that, in the compar-
ison sample of SiINH-TF received during PECVD with
the refractive index of 1.88 and concentration of hy-
drogen about 12 at. %, the rate of dissolution was many
times higher and equal to 51.8 nm/min.

In [13—15] a research was done on the installation
on the basis of monosilane and ammonia, including an
algorism [6], in which hydrazine was investigated. Es-
timations of the concentration of oxygen, the resistance
of SiNH-TF and conformality of their deposition on
the same structures gave similar results with [6]. The
authors [16] studied two so-called "inert" types of
SiNH-TF (which were obtained at 430 °C at a small ex-
cess of ammonia) and the "porous” ones (obtained at
340 °C at a large excess of ammonia). The values of the
dielectric constant for these types appeared to be at the
level of 6.3 and 7.9, accordingly, the value of the fixed
charge for porous films was 5.8 * 1016 cm_3, however,
such films turned out to be inclined to oxidation after the
process in the air. In [18] a wire was used with thickness
of 0.5 mm, length of 12 cm and a gap between the wire
and the substrate of 5 cm. The energy of the reaction ac-
tivation was estimated as 31 kcal/mol. In [19] the corre-
lation of certain electric properties and parameters of the
Cat-CVD process were investigated. For example, the
breakdown voltage was (4...8) * 10° V/cm, the specific re-
sistance equaled to 1.0 - 101, 1.5-102 - cm, and the
value of the dielectric constant — 4.8...6.8. In [20, 21]
the data are presented concerning the surface rough-
ness and mechanical stresses in SINH-TF, received
with super high rates of deposition, up to 430 nm/min.
For the compositions, close to the stoichiometric
ones, the roughness was about 1 nm. The authors dis-
covered that for the composition characterized as SiH,,
within the interval of 1.2 < x < 1.6 the stresses in the
films had a tensile character, at that, with an increase
of the concentration of nitrogen the stresses increased.
For the samples with Si/N = 0.8 the value of the stress-
es was 16 MPa, which was essentially less, than for
PECVD SiNH-TF [3].

Generalizing the results, we can conclude the fol-
lowing. The hardware realization of the Cat-CVD
processes described in literature was organized approx-
imately in the same way, at that, the key parameter was
the gap between the activating hot wire and the sub-
strate, which was about 4 cm. We should point out that
this was many times more than the gaps between the
electrodes in PECVD installations. A red-hot wire
heats a sample up to the temperatures over 200 °C,
which means that achievement of higher temperatures
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of the substrates requires either an optimization of the
size of the gap, or a special additional heater, while
achievement of lower temperatures requires a special
cooling system for the substrates. In general, the results
demonstrate a possibility of obtaining of SiNH-TF at
Cat-CVD with a rather wide range of Si/N correla-
tions, including the correlations, close to the stoichio-
metric one of 0.75.

Brief data concerning the regularities of the growth
and the mechanism of reactions of Cat-CVD

There is no sufficient information on the results of
the research of the mechanism of growth of SiNH-TF
at Cat-CVD. In [21] the efficiency of the utilization
(use) of the reagents was estimated at a very high level —
up to 98 % for SiH,, about 50 % for NH; (for the case
of small flows of gases) and about 70 % for SiH, for the
case of high speeds of the flows. In [22] the products of
decomposition of monosilane on a heated wire were in-
vestigated, and by the basic ones were established as Si,
SiH3, SiyHg. In [23] certain data on kinetics of the
growth of SINTF and research of the gas phase in the
course of the growth were generalized. The authors [24]
presented the experimental data concerning the forma-
tion of the products of reaction of monosilane with am-
monia with a correlation of 1: 1...200 on a hot wire with
the use of NDj isotope. It was established, that the
composition of the products was determined by a cor-
relation of the reagents. At a high content of ammonia
the reaction route was basically described through for-
mation of NH, and aminosilanes. In case of an insuf-
ficient excess of ammonia, the processes of decompo-
sition of monosilane occur with formation of SiH5 and
then of Si,Hg and Si;Hg. Indirectly this means a pos-
sibility of enrichment of a film by silicon. Thus, for ob-
taining of the compositions close to stoichiometry it is
expedient to use essential excess of ammonia.

Comparison of the Cat-CVD and PECVD processes
for SiINH-TF

As a result of analysis of a number of the published
experimental data on SiNH-TF at Cat-CVD it is pos-
sible to note their small volume and absence of any gen-
eralizing comparative works as it takes place for the
films received by the other methods [1—5]. An essential
feature of the Cat-CVD processes is the use by the ma-
jority of the authors of the most simple and industrial
reagents — monosilane and ammonia in the reactors,
very close by their design.

As a whole, the properties of the films are close to
the low-temperature PECVD, however, the concentra-
tion of hydrogen in Cat-CVD SiNH-TF on average
does not exceed 15 at. %, which is essentially less, than
for PECVD (up to 40 at. %) [3], and approximately
corresponds to the level of the processes of PECVD
with HDP [4]. On the basis of [12, 20, 21] table 2
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presents a comparison of the generalized characteristics
of PECVD and Cat-CVD, from which one can see cer-
tain obvious advantages of the latter. First of all, this re-
fers to the forms and sizes of the substrates, opportu-
nities for application of the processes for the flexible
substrates, influence of the active particles on the in-
struments and also efficiency of the use of the reagents.

A quantitative comparison of the Cat-CVD proc-
esses with the other processes, analyzed in [1—5], is
complicated. By such a comparison the author means
an estimation of the effective constant of the deposi-
tion rate of the process for Cat-CVD (kogr), which is
the ratio of the rate of growth Wto the concentration
of a silicon-containing reagent in the gas phase [ Cg;]:
keﬁw W/[Cg;l. For the slow CVD processes it was es-
timated at the level of 0.05 cm/s, and for the fast ones,
with plasma excitation, — at the level of 10 cm/s [25].
The problems with estimation for Cat-CVD are ex-
plained by two reasons. First, in literature there are no
accurate data about the sizes of the reactors. Secondly,
the basic difference with realization of the Cat-CVD
method is heating of the activating wire up to a very
high temperature and heating by such wire of a sub-
strate up to low temperatures, depending on the size of
the wire-substrate gap. The author made an attempt to
rather approximately estimate the values of k¢ by a set
of data about the processes presented in [9, 14]. By us-
ing the methods for estimation of the processes in [25]
the author estimated the value of kg at the level of
~70 cm/s according to the data [9] and ~240 cm/s ac-
cording to the data [14], which was almost 10 times
more than the values received for the plasma-activated
processes. Notwithstanding its conditional character,
the given estimation is important, first of all, because it
unequivocally points to the essentially higher keﬁr, at
Cat-CVD. This on one hand, is correlated directly with
the efficiency of the use of the reagents, and on the
other hand, points directly to the nonconformality in
principle of SNTF deposition in this process, because
at CVD the conformality is qualitatively connected
with keﬁr [25]. This is confirmed by the qualitative ex-
perimental data [6, 13, 14].

Directions for development of the Cat-CVD method

The obvious directions for the development are con-
nected with the advantages of the Cat-CVD processes
presented in table 2. Among them it is possible to name
the development of equipment for obtaining of coatings
on the substrates of large sizes and rolled materials, im-
provement of the systems of arrangement, fastening and
replacement of the activating wires, improvement of
the reproducibility and uniformity of the deposition of
the films. Apparently, from the point of view of the
known tasks of the microelectronic technologies, first
of all, obtaining of the conformal coatings on complex
reliefs of IC, application of this method in microelec-




tronics is unlikely. A possibility of obtaining of coatings
at low temperatures with a low level of mechanical
stresses can be of interest for MEMS technologies,
however, it will demand special equipment for deposi-
tion. At that, technologically such equipment does not
demand the use of any unique materials or devices, i.e.
can well be designed and made for specific aims. It is
also interesting to point out, that very high efficiencies
of the use of the initial reagents reduce the problems of
recycling of the exhausts of such technological instal-
lations.

Conclusion

The processes of catalytic obtaining of SNTF are in
many respects unique, because they allow us to receive
compositions, close to the stoichiometric ones, without
a plasma activation of the gas mixes and plasma influ-
ence on the substrates with the devices’ structures. The
obvious advantages of the Cat-CVD processes are a
possibility of obtaining of thin films with a wide range
of compositions, including close to the stoichiometric
ones, and with a low content of hydrogen, a possibility
of the use of low temperatures of deposition for sub-
strates of various forms and the sizes, including flexible
substrates, and high efficiency of the use of the initial
monosilane and ammonia. A drawback of the Cat-
CVD processes is a bad conformality of deposition of
the thin films. In comparison with the low-temperature
PECVD processes, now the Cat-CVD technologies are,
more likely, at the stage of their development.
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HMHcTuTyT nipobiaeM TouHOM MexaHUKU U yrpapieHust PAH, Capatos

BAUAHUE HEM3OTPOIMHOCTU MATEPUAAA HA AEOOPMALILIO
YYBCTBUTEABHOI O SAEMEHTA MUKPOMEXAHUYECKOTO AKCEAEPOMETPA

Ilocmynuna 6 pedaxyuro 15.08.2018

Hccaedosarno eausnue opmomponHocmuy Mamepuaia Ha XapaKmepucmuxku 4yecmeumenvhoco asemenma (49) memnepamypho-
B03MYUEHHO20 MUKPOMEXAHU1ecKoeo akcesepomempa. Jlns amoeo 6vina paccmompena degpopmayuss U coocmeeHHble KoAeOaHus
DABHOMEPHO Haepemoeo 42 npu eco coemeuwjeHuU ¢ pa3tuMHbIMU KPUCMAAA0epaAPUUECKUMU NAOCKOCMAMY KpemHus. [Ipu smom
NPUHUMAAOCH 80 GHUMAHUE BO3MOJICHOE HeCOBnadeHue KpUcmanioepaguueckux HanpagieHull u ocei cucmemsl KOOPOUHam, cési-
3aHHOU ¢ aKceaepomempom. bviio nokasano, ymo 6vi60pOM Kpucmainoepaguueckol niocKkocmu, ¢ Komopou cogmeujaemcs naoc-
Kocmv 49, MOINCHO CHUBUMb 3A8UCUMOCb €20 XAPAKMEPUCIUK OM DPACCO2AACO8AHUsL OCell CUCeMbl KOOPOUHAM U KPUCMAA0-

2paghuueckux HanpaeaeHull npU HAAUYUY Mena08biX 8030eUCmEUil.

Karouesnie cao6a: muxpomexanuveckuii akcesepomemp, 4y8CmeumenbHoii 21eMeHm, KpeMHuil, kpucmanioepaguueckas nioc-
KOCMb, 0pMOmponHOCmb, COOCMEEHHble YaCMOmbl, MOPCUOHbL, 3aKon TyKa, HanpsajiceHHO-0ehopmuposantoe cocmostue

OaHMMU U3 CaMbIX IIMPOKO BOCTPEOOBAHHBIX U
pacnpoCTpaHeHHBIX TaTYUKOB IJISI TTOCTPOCHMST CUC-
TeM HaBUTallUM Pa3IMYHBIX MOABUXHBIX OOBEKTOB
IPaXKIAHCKOTO M BOEHHOIO Ha3HAUYEHMS SIBISIOTCS
MUKpOMexaHndeckue akceaepoMmeTpel (MMA) [1—5].
CornacHo pe3ysibTaTaM MPOBEASHHBIX MCCIeI0BaHUI
[6, 7], HEM3OTPONMHOCTH Marepuaja M3TOTOBIIEHUS
JlaTYMKa MOXKET OKaszaTh CYUIECTBEHHOE BIUSHUE Ha
€ro 3KCIulyaTallMOHHbIE XapakTepucTuku [8, 9]. Tak,
B paborte [7] mokazaHO, YTO PE30HAHCHBIE YaCTOTHI
MEMS-pe3onaropa MoryT ommdarbkes Ha 30 % mipu
M3MEHEHUM HampaBJeHUsI OCeil OPTOTPOIMU MaTePU-
ama. B pabore [10] aBTOp OTMEYaeT, YTO M3TUOHBIE
TepMOMeXxaHuuyeckue aedopMalvyd KPEeMHUST MOTYT
CYILIECTBEHHO OTJIMYATHCS TIPU Pa3IMIHON OpHeHTa-
LIMM €r0 KPUCTAJIMYECKOM pelIeTKH.

CoBpeMeHHbIe TpeOOBaHUSI K IOKa3aTeJIsIM TOY-
HocTd MMA NOCTOSIHHO MOBBIILIAIOTCS B CBSI3M C pac-
IIUpEeHNEM 00JIaCTU MMPUMEHEHNS, TIO3TOMY OTHUM M3
BaXXHBIX U aKTyaJbHbIX SIBJISIETCSI BOIPOC, MOXHO JIU
CHU3UTh BJIUSHUE HAIpaBJICHUSI OCEl OPTOTPOINUU
MaTepuaja Ha a1epopMallMOHHOE COCTOSIHME TeMIlepa-
TypHO-BO3MYyIlleHHOro MMA Ha 3Talie ero u3roToBie-
Husl nyteM coBmelleHuss Y9 MMA 1o pa3jiudyHbIM
KpucTajiorpa¢pMyeckuM HampapiaeHUsIM. TeM He Me-
Hee, Ha JaHHBIE MOMEHT HEeI0CTaTOYHO MyOJIMKaLUiA,
MOCBSIILIEHHBIX MCCIEIOBAHUIO BIMSHMS B YCIOBMSIX
TEIUIOBBIX BO3MYIIIEHUI HaIpaBJIeHUsI OCell OpTOTPO-
MUY MaTepuasa JaTdYMKa Ha ero HampskeHHO-aedop-
MUPOBaHHOE COCTOSIHME M, CJIelIOoBaTeJIbHO, €r0 Xa-
DPaKTEPUCTUKHU.

ean padoTbl — Mcciem0BaHNE BIUSHUS ITOBOPOTA
oceil OpTOTPONUY MaTepuania OTHOCUTEbHO KOOPAU-
HAaTHBIX ocell Ha meOPMUPOBAHHOE COCTOSTHUE TeM-
repaTypHO-BO3MYLIEHHOTO YYBCTBUTEJIBHOTO 2JIEMEH -
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Ta MMA, COBMEIIEHHOTO MO pa3IMYHBLIM KPUCTAJIO-
rpauYecKUM TIJIOCKOCTSIM.

st nocTKeHus C(popMyIMpOBaHHOM LU ObLIN
MOCTaBJIEHbl U PELLEeHbI CIeNYIoLINe 3aJaun:

1. ITocTpouTh, y4UTHIBasS OPTOTPOMHOCTH KpeM-
HUSI, KOHEUHO-3JIeMeHTHYI0 Moaeab YD MMA mast-
HUKOBOro Ttumna [1], I1ocKoCTh KOTOPOro CoOBMeEllleHa
o kpuctauiorpadpuuyeckum mmiockoctsam (100), (111),
(110) [11].

2. IlpoBecTu 4uMClIeHHbIE DKCIIEPUMEHTHI MO HC-
C/IieJOBaHUIO BJIMSIHUSI MMOBOpPOTa OCel OPTOTPOIUU
MaTepuajia OTHOCUTEJIbHO KOODAMHATHBIX OCE Ha
neopMUPOBAHHOE COCTOSIHME TeMITepaTypHO-BO3MY-
meHHoro Y9 MMA, cOBMEIIEHHOIO IO pa3jIM4YHbIM
KpUCTALIOrpaUYeCKUM TIJIOCKOCTSIM.

3. IlIpoBecTu aHanu3 pe3yJbTaTOB W BBIPAOOTATh
KOHKPETHbIE PeKOMEHIALIMU MO0 YMEHbIIEHUIO BJIMSI-
HUS TTIOBOPOTa OCEl OpTOTPOINMY MaTepuaga OTHOCH-
TeJIbHO KOOPJAMHATHBIX OCeil Ha JAe(hOpMUPOBAHHOE
cocrosiHue YO MMA.

MaremaTnyeckas Moaeab oprotponsoro Y9 MMA

PaccmoTpuM KOHCTpYKTUBHYIO cxemy UD MMA,
MPEACTABISIONIYI0 COOOI TPSIMOYTOJIBHYIO KpeMHUE-
BYIO TUIACTUHY Ha YeThIpeX MO/BECax, KeCTKO CBsI3aH-
HBIX ¢ KoprnycoM (puc. 1, a) [1]. BBeaem cucteMy Ko-
opauHaT XYZ, cBsI3aHHYIO C JaTYMKOM. LIeHTp cucTemMbl
KoopauHaT XYZ coBMeCTUM C LIeHTpoM Macc YD, mroc-
kocTh YD coBMecTUM ¢ miockKocTbio (XY), och Z Ha-
MpaBUM NEePHEHANKYJISIPHO K riockoctu YD (puc. 1, a).
Kak moxazanu mpoBeneHHbIe mcciaenoBanusa [7, 10],
yhpyrue cBoiicTBa Takoro YD 3aBucAT OT TOro, ¢ Ka-
KO KpucTrauiorpadguueckoil miocKoCTblo OH COBMe-
IIEH U OT TOro, Kak OpMEHTHMPOBAHbI KpUCTALIOTpa-
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Puc. 1. UD ocesoro MMA c cucremoii koopaunat XYZ (a); kpucrauiorpadpuieckne mIOCKOCTH M HanpasieHus: kpemuus (b); yron paccoria-
COBaHHA MEXIY KOOPAMHATHBIMH ocsiMH X u Y u Kpuctaiorpadpuyeckumu nHanpasieausvu [100] u [010] (¢)

Fig. 1. SE of the axial MMA with the system of coordinates XYZ (a); crystallographic planes and silicon directions (b); mismatch angle between the
coordinate axes of X and Y and the crystallographic directions [100] and [010] (c)

(buyeckue HampaBiaeHUs OTHOCUTEIbHO CUCTEMbI KO-
opauHar XYZ (puc. 1, b, c).

MaremaTH4ecK 3aBHCHUMOCTb HANpPsSKeHHO-Ie-
(opmupoBaHHOro cocrosiHusg YD oT opueHTaluu
KpucTajuiorpaguueckux HampaBJIieHU BbITEKaeT U3
CJIEOYIOLINX COOOPAKEHUIA.

Paccmotpum coBMmelieHue YD ¢ kpuctamiorpadu-
yeckoil mnockocthio (111). Torma kpucramnorpadu-
yeckue HarpasiaeHus [100], [010], [001] OyayT coot-
BeTCTBOBaTh ocaM X, Y, Z (puc. 1, c).

3akoH I'yka mis1 OpTOTPOIHBIX IJIACTUH UMEET BUJL
[12]:

c = Qe — B0, (I

rae Q, S= Q_1 — TEH30pbl MOAYJIe! YIPYTOCTU U YII-
pYroil MomaTIMBOCTM COOTBETCTBEHHO; o — BEKTOD
KO3(pGULMEHTOB TEIUIOBOIO JMHENHOIO paciiupe-
Hus; B = Qo.

Ecau yron y # 0, T. e. Ipy HAIMYUKM paccoriacoBa-
HUSl KpHUCTaIorpadMyecKux HampaBieHU U oceil
KOOpAMHAT, TO KOMIIOHEHTHI TeH30pa ynpyroctu Q u
KOMIIOHEHTHI BeKTOpa o OyayT DYHKUIMSIMU y, U OIpe-
JeJISIIOTCS CASAYIOIIMMU COOTHOLIeHuIMH [13]:

e=S8c + a®,

0=0@), a=a), )
rae
0,0, 0 0 Oy Cyx
. 01 szf) 0 O3 Gy
0=10 0 0,050/ a= )
0 0 Q45 Q55 0 0
10g1 Oy 0 0 Qg 200y

0y, = 0y1c08*y + 20y, + 2Qgg)sin’ycos?y + Qyysinty,

Q22 = Qllsin4y +2(0), 2Q66)sin2ycos2y + szcos4y,
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013 = (011 + Oy — 4Qg¢)sin*ycosy +
+ le(sin4y + cos4y),
Oy = (011 — Oy — 20ge)sinycos’y +
+ (0 — 0p + 2Q66)sin3ycosy,
Oy = (011 — Oy — 2Q0ge)sin’ycosy +
+(Q)p — 0y + 2Q66)sinycos3y,
Ogs = (11 + 05y — 201, — 2Qgg)sin’ycos’y +
+ Q66(sin4y + cos4y),
Oyy = Qyqc05°(y) + Osssin’(y),

Oss = Q55c08(y) + Qyusin’(y),

Q45 = Osscos(y)sin(y) — QOyqcos(y)sin(y), 4)
Oyy = alcoszy + oczsinzy,
~ _ .2 2
Q,,, = oysin’y + a,co87y,
2&xy = 2(o; — ay)sinycosy. )

B cootHowenusix (2)—(4) Qij MPEACTABIISIIOT KOM-
TMOHEHTHI TeH30pa yrpyroctu npu y = 0 u onpeaensi-
I0TCSl ClIeaylonMU (popMyaMu:

E v, E
_ 1 _ _ 1252
Qn—l—’ QIZ_QZI_I—s
~V12V21 ~V12V21
_ E _ _
On =17 9270 Q4= 0y
~V12V21
Oss = Gy3, (6)
rae E;, Vip Gij’ o,; — MOJIYJI YIIPYrocTu, Ko3dhuum-

eHThl IlyaccoHa, Momyab caBura M Ko3(puieHThI
JIMHEMHOro TerIOBOrO paclMpeHMs], 3aJaHHble IO
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Puc. 2. Koneuno-anementnas 3D-monen» Y9 MMA
Fig. 2. Finite-element 3D model of SE MMA

COOTBETCTBYIOIIMM KpHUCTaIorpapuuecKuM I10C-
KOCTSIM.

Takum 00pa3oM, KakK BUIHO U3 COOTHOLIECHUI
(1—5), ynpyrue KOHCTaHTbI U KO3(M(OUILIMEHTbI Tell-
JIOBOTO pacIIMpeHUs] HEeJUHEHHO 3aBUCSAT OT yrja y
paccoriacoBaHusl KOOPAMHATHBIX OCEW M OCEM KpHUC-
taorpacdun. M, cOOTBETCTBEHHO,
TaKoe paccorjiacoBaHuWe OKa3bIBaeT
BJIUSIHUE Ha HaMpsIkeHHO-aehop-
MUpOBaHHOE cocTosiHue YD u B KO-
HEYHOM HWTOTEe Ha ero 3KcIulyaTallv-
OHHbIE XapaKTePUCTUKMU.

MaremaTnueckoe MOJCIHPOBAHUEC

s vccnemoBaHMsl BIUSHUS Ha
nedopMupoBaHHOE cocTosiHME YO
MMA kpuctamiorpauyeckKux Ha-
MpaBJeHUI MaTepuaia Obla MOCTPO-
€Ha KOHEYHO-3JIeMeHTHasI Moaenb YD
U1 TOPCUOHOB (pUC. 2) B YHUBEPCAIb-
HOM KOMILIeKCe JJisi KOHEUHO-3Je-
MeHTHoro mogenupoBaHusi ANSYS
[4, 13—15]. Tlpu momenupoBaHUU
ObUIM PACCMOTPEHBI CIy4ald COBMeE-
mweHus YD 1o xkpucramiorpapuyec-
kuM miockoctam (100), (111), (110)
(puc. 1, b) [7, 10, 16, 17]. Odnsa
KaXJI0ro BapruaHTa COBMEILIEHUS ObI-
JIO MCCIIeA0BaHO BIMSIHUME MOBOPOTA
KpucTajutorpaduuecKux HaIpasiie-
HUI MaTepuajga OTHOCUTEJIBHO KO-
OpPIWHATHEIX OcCel Ha HedopMHpO-
BaHHOE cocTosiHre YD mpu HaIuYuu
TEIUIOBOTO BO3AECUCTBUA.

VYron paccornacoBanus y (puc. 1, ¢)
MEXIy HaIpaBJIEHUEM OcCell CHUCTe-
MBI KoopauHaT YD u oceil opToTpo-
nmuu MeHsics ot 0 go 90°.

PabGory nmpoBoauiau B HECKOJIBKO
aTanoB. Ha nepBoM aTame ObUIO U3y-
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YeHO BIIMSIHUE yIJIa paccoTacOBaHMS y Ha TeMIlepa-
TYPHO-BO3MYLIEHHOE HaIpsKeHHO-1eOpMUPOBaHHOE
cocrosgHue YO MMA.

Ha Bropom sTamne paccMaTpuBanioch BIUSHUE yIjia
paccoryiacoBaHusl y Ha COOCTBEHHBIE YaCTOTHI U (pop-
MBI COOCTBEHHBIX KOJIEOAHUII TeMmepaTypHO-BO3MY-
meHHoro Y9 MMA.

Ha puc. 3—5 noxkazansl gedpopmanuu Y3, coBMme-
IIEHHOI0 € KpUCTaIOrpauyecKMMM IJIOCKOCTSIMU
(100), (110), (111), cooTBETCTBEHHO, IPU PaBHOMEP-
HoM HarpeBe YD go +40 °C u npu pa3jmyHOM 3Haye-
HUU yTJ1a y MeXIy KpUCTAIOTpaduIecKUMU HarpaB-
JIECHUSIMU U OCSIMU CUCTEMbl KOOPAUHAT, CBSI3aHHOM C
JaTaukoM. [1py1 3ToM HOMWHAIBHBEIM TToJeM aedop-
Mauuu (HIT) 6yneM cuurtath noje nedpopmaunu YD
TP COBITAJICHUN KOOPIAWHATHBIX OCEM M KPUCTAJUIO-
rpacduyeckux HampasiaeHuu (y = 0°).

Kak BuaHo u3 puc. 3, ecnu npu y = 0° nosie nedop-
Maly MMeeT CUMMETPUYHBINA XapakTep (puc. 3, a),
To npu y # 0° uMeeT MecTo OoJsiee CIOXHas KapTUHA
necopmanyu YD u TopcuoHoB (puc. 3, b, ¢). B atoMm
ciayvyae HaOJII0JaeTcss HEepaBHOMEPHOE M HECHUMMET-
pUYHOE M3MeHeHUe (GopMbl TOPCHOHOB U YD, uTo

Puc. 3. Iloae nepopmammu YD MMA, coBMEHmEHHOTO ¢ KPpHCTALIOrpaduuecKoil mioc-
koctbio (100): a — nmpuy = 0°; b — npu y = 20°; ¢ — npu y = 70°

Fig. 3. Field of deformation of SE MMA, matched with the crystallographic plane (100): a —
aty=0%b—aty=20%c—aty=70°

Puc. 4. Iloae aedopmammu YD MMA, coBMEHmEHHOT0 ¢ KPUCTALIOrpaduuecKoil mioc-
Koctbio (110): ¢ — mpuy =0° b — npu y = 20°; ¢ — npu y = 70°
Fig. 4. Field of deformation of SE MMA, matched with the crystallographic plane (110): a —

aty=0%b—aty=20%c—aty=70°




Puc. 5. ITone nedopmamuu aas YD MMA, COBMEIIEHHOr0 ¢ KPUCTALIOrpadpuIeckoii mioc-

Koctbio (111): ¢ —nmpuy=0°; b — npuy = 20°; ¢ — npu y = 70°

Fig. 5. Field of deformation for SE MMA, matched with the crystallographic plane (111): a —

aty=0%b—aty=20%c—aty="70°

Puc. 6. U3menenne makcumaibnoi nedgopmanun YD B 3aBUCMMOCTH
oT yria paccoriacosanus y: / — ruiockocts (100); 2 — miockocTb
(110); 3 — mnockoctsb (111)

Fig. 6. Variation of the maximal deformation of SE depending on the
mismatch angle y: 1 — plane (100); 2 — plane (110); 3 — plane (111)

OYEeBUIHBIM 00pa30M BIIMSIET Ha SKCILTyaTallMOHHBIC
xapakTepuctuku MMA. B ciydae coBMmelenust 439 ¢
riockocthio (100) mpu y = 20° u y = 70° uMeeT MecTo
HauboJyiee OYeBUAHOE M3MEHEHUE MoJjsl AedopMalluu
YD no cpaBHeHUIO ¢ moneM aedhopmaunu nipu y = 0°.

W3 puc. 4 BugHO, 4TO 11pu coBMeleHun YD ¢ mioc-
kocthio (110) mone nedpopmalninii UMeeT MeHee Bblpa-
JKeHHBIE U3MEHEHUSI TIPU BapbUPO-
BaHWM 3HAYEHMS yIjia y, YeM 9TO
HaOJoAaeTcs nMpu copMellieHur Y9
¢ maockocthio (100) (cm. puc. 3).
IIpu sTOM HambOosblIee U3IMEHEe-
Hue nost gepopmanuu YD B cpaB-
Henun ¢ HIIM naGnromaercss mpu
y = 45°.

W3 puc. 5 BUAHO, YTO TP COB-
MeuieHun YD c kpucramnorpabu-
yeckoit minockocthio (111) moie
nedopmanmii B cpapaenuu ¢ HITJT
MMeeT He3HAUMTEJbHbIe OTJIUYUS
(oM TIPOIIEHTA) TIPU PA3TNIHEIX Y.

Ha puc. 6 noka3aHbl M3MeHEHUS
3HAYCHNST MaKCUMAaJbHOU medop-

Mauuu YD B 3aBUCUMOCTU OT 3Ha-
YEHMSI yIJIa Y OTHOCUTENIbHO MakK-
cuMalbHOI nedopmauyu npu y = 0
(HoMuHanbHON AedopMalnn).

Kak mMoxxHO yBUOETh, B ClIy4yae
COBMELIEHUS C MIOCKOCThIO (111)
U3MEHEHWE MaKCUMaJIbHOW Je-
¢opmanuy YD MUHUMANILHO U HeE
npesbimaer 0,01 %. Ilpu BBIOOpE
mwiockoctu (100) HabmromaroTCs ABa
MakcMMyMa W3MeHeHUs aedhopma-
LMY TIpY 3HAYEHUM YIJIa Y, PABHOM
20° u 70°, mpu 3TOM HU3MEHEHUeE
3HauUeHus aedopmMaluu J0CTUTaeT
4,2 %. U3MeHeHUs1 3HAYEHUIA Je-
dopmanmn YD mpu coBMELIeHUU
€ro IJIOCKOCTH C IUTOCKOCThIO (110) He mpeBhILIAIOT
1,3 %, npu 3TOM MaKCUMaJbHOE OTIMYME OT HOMM-
HaJBLHOTO 3HAYeHWS Oe(opMamuu JOCTUTAETCS TIPU
y = 45",

Ha BTOpOM 3Tamne paccMaTrpuBajaoch BIWSIHUE YyIia
paccorjacoBaHMsl Y Ha COOCTBEHHbBIE YaCTOThI U (hop-
MBI cOOCTBeHHBIX KonebaHnuit Y9 MMA, ogHopomHO
Harperoro g0 40 °C, u npu coBMmelieHuu 43D c pas-
JIMYHBIMUA KpUCTALIOrpadUyeCKUMU TIOCKOCTSIMM.
IIpoBeneHMe TaKOro MCCAEHOBAHUS IIPEICTABIISIIOCH
HEoOXOAMMBIM, TaK Kak BO BpeMsl aKcIutyatTauuu MMA
MOTYT IOABEPraThcs BUOPAIIMOHHBIM Harpy3Kam, Jac-
TOTa KOTOPBIX MOXET COBITACTh C COOCTBEHHBIMU Yac-
TOTAaMU MUKPOMEXaHMIECKOTO MaTYMKa, YTO Harps-
MYIO BJIMSET Ha 3KCIUTyaTallMOHHBIE XapaKTEPUCTUKU
gatyvka [18—20].

st Kaxnoro BapuaHTa coBMelleHuss YO ¢ Kpuc-
Tajuiorpaduueckoil MIOCKOCTbIO OblIa paccuuTaHa
COOCTBEHHAsT YacTOTa M COOTBETCTBYIOIIAS €M Moaa
npu y = 0 ¥ 3HaYEHUH y, MPU KOTOPOM, KaK ObLIO
YCTaHOBJIEHO Ha TpeAblAyllleM 3Tare, HabjaromaeTcs
MaKCHMaJIbHOE OTIMYKE Mo aAedopMalMu TeMIIe-
patypHoO-Bo3MyllleHHOro Y9 oT HoMuHanbHoro. I1o-
JIydeHHBIe pe3yJIbTaThl YaCTOTHOIo aHaiu3a YO MMA
nokasaHbsl Ha puc. 7—10.

1
NTTET ’ =] i Yot = =
" 1 T AME R -0 e

Puc. 7. Monpi koseoanuit YD, comemennoro ¢ (100) mpu y = 0° (a) my = 20° (b)
Fig. 7. Oscillation modes of SE, matched with (100) at y = 0° (a) and y = 20° (b)
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wiockoctbio (110) u (111) coot-
BETCTBEHHO.

Kak BugHo u3 puc. 7—9, cos-
MellleHre TIockoct YD ¢ pas-
JIMYHBIMU KpUCTajuiorpaguuec-
KUMU TUIOCKOCTSIMU BJIUsET Ha
(opMBI €ro CoOCTBEHHBIX KOJie-
OaHuii. 3HaUE€HME STOTO BIUSHMUS
3aBUCUT OT KpucTajuiorpagpuyec-
KOM IUIOCKOCTH, C KOTOPOI COB-

Puc. 8. Moapl kosiedanuii Y9, coBmemennoro ¢ (110) npu y = 0° (a) my = 20° (b)
Fig. 8. Oscillation modes of SE, matched with (110) at y = 0° (a) and y = 20° (b)

MelleHa miaockocts YD. Tak, ec-
JIA TIPM COBMEILIEHNH TUTOCKOCTHU
YD ¢ miockocteio (111) mepas
MoJia MPaKTUYECKU HE U3MEHSIeT-
¢4 (cM. puc. 9), To pU COBMeIIIe-
HUM C JAPYTUMU TLIOCKOCTSIMU
¢opMBI COOCTBEHHBIX KoOJjeba-
HUI CYILIECTBEHHO DPA3IMYaroTCs
(cMm. puc. 7, 8).

M3 puc. 10, Ha KOTOpOM MO-
Ka3aH rpauK M3MeHEHUs Tep-
BOil cOOCTBEHHOI yacToThl YD
MpY COBMEIIEHUHN ero MJIOCKOC-
TH C KpUCTauiorpapuyecKumMu
mwiockoctsamu (100), (110), (111)

Puc. 9. Moap! kosiebanuii Y9, coBmemennoro ¢ (111) npu y = 0° (a) my = 20° (b)
Fig. 9. Oscillation modes of SE, matched with (111) at y = 0° (a) and y = 20° (b)

Ha puc. 7 nokazana nepBasg Mojga U9 npu y = 0° u
vy = 20° B ciiyyae COBMEILEHMSI €T0 TUIOCKOCTHU C KpUC-
Tasorpagudeckoi muockoctoio (100). Ha puc. 8 u 9
rnokasaHa rnepsas mona U9 npu 3HaueHuu yriua y = 0°
u 45° B cily4ae COBMELLECHUS C KpUCTAJIorpapuIecKoit

Puc. 10. U3menenne nepsoii codocrsennoii yactorst Y9 MMA B 3a-
BHCHMOCTH OT yTJia paccoryiacoBanus y: /| — tuiockocts (100); 2 —
miockocTh (110); 3 — mnockocts (111)

Fig. 10. Variation of the first self oscillation of SE MMA depending on
the mismatch angle y: 1 — plane (100); 2 — plane (110); 3 — plane
(111)
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IIpH Pa3IMYHOM 3HAYECHUMU YIJIa ¥,
BUIIHO, YTO MaKCHMaJIbHOE H3-
MeHEHUEe COOCTBEHHON YaCTOTHI
YD mmeeT MeCTO TMpU COBMeElIe-
HUU €r0 TUIOCKOCTH C TUIOCKOC-
b0 (100) 1 yrie y = 45°.

3akmoueHue

B pabote ObIM pacCMOTpPEHBI ClIydal COBMEILICHUS
Y5 MMA c kpucramiorpadgu4ecKiMy TIJIOCKOCTIMU
(100), (111), (110). st kaxxmoro BapruaHTa ObLIO U3Y-
YeHO BJIMSTHUE HECOBMHAICHUs KpucTautorpadpudec-
KUX HampaBieHuil Matepuana YD M ero KoopauHart-
HBIX ocell Ha nedopMaluio U COOCTBEHHbIE KoJjeba-
Hug YD B MPUCYTCTBUHU TEILJIOBBIX BO3IEMCTBUIA.

[Toka3ano, uro HambosblIee BIustHME (M0 4 %) Ha
noie gedopMaluii TemIeparypHo-Bo3MyleHHOro YO
OKa3BIBaeT paccoriacoBaHUE KPUCTALTOrpapuIecKux
HaTpaBJIcCHU ¥ KOOPAWHATHEIX OCeU TP COBMEIIe-
HUM TIockoctr YD ¢ Kpucraiorpaduueckoi Imioc-
kocTbio (100), Toraa Kak rnmpu COBMEIeHUH MJI0OCKOCTH
Y3 ¢ kpucraniorpapudeckoit miockoctoio (111) He-
COBMalleHUe KpucTajiorpadpuyeckux HarpaBieHUN U
KOOPIAVWHATHBIX OCEl TMPUBOAUT K HE3HAYUTEIHLHOMY
n3MeHeHuIo noist aedopmanum (1o 1 %).

B cinyyae ¢ coOCTBEHHBIMM YacTOTaMM KapTHHA
a”HaynormyHa. Tak, HanOoJbllIee U3MEHEHE COOCTBEH -
HOM yacToThl (10 9 % npu y = 45°) HaGmogaeTcs npu
comeleHuun Y3 ¢ mockocthio (100). [MTpu coBmene-
HUU € TIOCKOCThIO (111) cobcTBEHHAs: 4acTOTa U COOT-
BETCTBYIOIIAS €i1 MOIa TIPAKTUIECKU He M3MEHSIOTCS.




TakuM obpa3oM, BEIOOpOM KpucTajiorpapuyec-
KOI TIJIOCKOCTH, C KOTOPOI COBMEIAeTCs MJIOCKOCTh
Y5 MMA, MOXHO CHU3UTh 3aBUCUMOCTh Aedopma-
LIMM TeMIlepaTypHO-Bo3MyllleHHOro YD ot yria pac-
COIJIACOBaHUS MEXJY HampaBICHUEM OCEH CHCTEMBI
koopauHaT YD u KpuctamiorpapuuecKUMM HaIpas-
JICHUSIMMU.

Paboma npoeodusacv npu nodoepxcke eparnma
PODU 16-08-00328.
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The subject of this article is the influence of the orthotropic effect of a material on the characteristics of the sensing element (SE)
of the temperature perturbed micromechanical accelerometer. For this purpose, the deformation and self-oscillations of the homo-
geneously heated SE during its matching with different crystallographic planes of silicon were considered. A possible mismatch of
the crystallographic directions and axes of the coordinate system associated with the accelerometer was taken into account. It was
demonstrated that selection of a crystallographic plane, with which the plane of SE was matched, could reduce the dependence of
its characteristics on a misalignment of the axes of the coordinate system and the crystallographic directions under the thermal effects.
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Among the demanded and widespread sensors for
construction of the navigation systems for various com-
mercial and military mobile objects are the microme-
chanical accelerometers (MMA) [1—5]. According to
the results of the undertaken research [6, 7], the non-
isotropy of a material for manufacturing of the sensor
can have an essential impact on its operational charac-
teristics [8, 9]. Thus in [7] it was demonstrated that the
resonance frequencies of a MEMS resonator can differ
by 30 % during variation of the axes of the orthotropy
of a material. In [10] the author points out, that the
bend thermomechanical deformations of silicon can
differ essentially at various orientations of its crystal
lattice.

The modern requirements to the precision standards
of MMA become higher constantly in connection with
the expansion of their scope, therefore, an important
and topical question is whether it is possible to lower
the influence of the direction of the axes of the orthot-
ropy of a material on the deformation state of the tem-
perature perturbed MMA at the stage of its manufac-
turing due to matching of SE MMA by various crystal-
lographic directions. Nevertheless, at the present mo-
ment there are not enough of publications devoted to
the research of the influence of the directions of the ax-
es of the orthotropy of a material sensor on its mode of
deformation and, hence, on its characteristics, in the
conditions of the thermal perturbations.

Aim of the work is research of the influence of a turn
of the axes of the orthotropy of a material in relation to
the coordinate axes on the deformed state of the tem-
perature perturbed sensitive element of MMA matched
by various crystallographic planes.

For achievement of the formulated aim, the follow-
ing tasks were set and solved:

1. Considering the orthotropy of the silicon, to con-
struct a finite-element model of SE MMA of a pendular
type [1], the plane of which is matched by the crystal-
lographic planes (100), (111), (110 [11].

2. To undertake numerical experiments concerning
the research of the influence of the turns of the orthot-
ropy axes of a material in relation to the coordinate axes
on the deformed state of the temperature perturbed SE
MMA, matched by various crystallographic planes.

3. To carry out an analysis of the results and elabo-
rate concrete recommendations how to reduce the in-
fluence of the turns of the orthotropy axes of a material
in relation to the coordinate axes on the deformed state
of SE MMA.
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Mathematical model of an orthotropic SE MMA

Let us consider the design of SE MMA, which is a
rectangular silicon plate on four suspensions rigidly
connected with the case (fig. 1, a) [1]. We will intro-
duce XYZ system of coordinates connected with the
sensor and place the centre of the system of co-ordi-
nates XYZ with the SE centre of weights, while the we
match the plane of SE with the plane (XY), and direct
axis Z perpendicularly to the plane of SE (fig. 1, a). As
the carried out research demonstrated [7, 10], the elas-
tic properties of such SE depended on the fact, with
what crystallographic plane it was matched and how the
crystallographic directions were oriented in relation to
the system of coordinates XYZ (fig. 1, b, ¢).

Mathematically, the dependence of the mode of de-
formation of SE on the orientation of the crystallo-
graphic directions is a consequence of the following
considerations.

Let us consider matching of SE with the crystallo-
graphic plane (111). Then the crystallographic direc-
tions [100], [010], [001] will correspond to axes X, Y, Z
(fig. 1, ¢).

Hooke’s Law for the orthotropic plates looks like the
following [12]:

c = Qc — BO;
where Q, S= O ! — tensors of the moduli of elasticity
and elastic compliance, accordingly; a. — vector of co-
efficients of the thermal linear expansion; p = Qo.

If angle y # 0, that is, in case of miscoordination of
the crystallographic directions and the axes of the co-
ordinates, then the components of the tensors of elas-
ticity Q and components of vector o will be functions
of vy, and will be determined by the following correla-
tions [13]:

e=Sc + a0®, (1)

0=0@), a=al), )
where
0,0, 0 0 0y Cyx
3 01 szf) 0 O3 Gy
0=10 0 0,050/ a=101 O
0 0 Q4 055 0 0
101 Oy 0 0 Qg 20y

Q“ = Qllcos4y + 200, 2Q66)sin2ycoszy + Q22s1n4y,

QQQ = Qllsin4y +2(0) 2Q66)sin2ycos2y + szcos4y,




0y, = (01 + 0y — 40ge)sin’ycos?y +
+ Q)(sin*y + cos’y),
Q16 = (0; — 05 — 20gg)sinycos’y +
+ (01, — Oy + 20g)sin>vcosy,
Q26 = (Qy; — 0y — 2Qgg)sin’*ycosy +
+(Qpy — O + 2Qgg)sinycos’y,
Ogs = (O] + Oy — 20, — 20g¢)sin’ycos’y +
+ Qgg(siny + costy),
Quy = Q44008%(y) + Qsssin’(y),
Oss = 0s55c08%(y) + Qygsin’(y),

Q45 = Osscos(y)sin(y) — Qyqcos(y)sin(y),  (4)

oclcoszy + (xzsin2y,

&XX =
A, = O sinzy + a coszy
vy 1 2 >
Z&Xy = 2(o; — ay)sinycosy. ®)]

In correlations (2)—(4), Ql.j present components of
the tensor elasticity at y = 0 and are determined by the
following formulas:

E v, E
_ 1 _ _ 129
on=77 =% =7
V12V21 V12V21
_ B _ _
=107 9270 Qu= 0y
12V21
Oss = Gy3, (6)
where E|, Vijs Gij, a; — moduli of elasticity, Poisson ra-

tios, modulus of rigidity and coefficients of the thermal
linear expansion, set by the corresponding crystallo-
graphic planes.

Thus, from the correlations (1—35) it is apparent that
the elastic constants and the coefficients of the thermal
expansion in a nonlinear way depend on angle y of mis-
coordination of the coordinate axes and axes of crys-
tallography. And, accordingly, such a mismatch influ-
ences the mode of deformation of SE and, eventually,
its operational characteristics.

Mathematical modeling

For research of the influence on the deformed state
of SE MMA of the crystallographic directions of ma-
terial, a finite-element model of SE and torsions (fig. 2)
was constructed in a universal complex for the finite-el-
ement modeling of ANSYS [4, 13—15]. During mod-
eling the cases of matching of SE by the crystallograph-
ic planes (100), (111), (110) (fig. 1, b) [7, 10, 16, 17]
were considered. For each version the authors investi-
gated the turn influence of the crystallographic direc-

tions of a material in relation to the coordinate axes on
the deformed state of SE in the conditions of a thermal
influence.

The mismatch angle y (fig. 1, c¢) between the direc-
tion of axes of the system of co-ordinates of SE and the
axes of the orthotropy varied from 0 up to 90°.

The work was done in several stages. At the first
stage the influence was studied of the mismatch angle
y on the temperature perturbed mode of deformation of
SE MMA.

The second stage was devoted to consideration of
the influence of mismatch y on the self frequencies and
forms of the self oscillations of the temperature per-
turbed SE MMA.

Fig. 3—5 present deformations of SE, matched with
the crystallographic planes (100), (110), (111), accord-
ingly, at a uniform heating of SE up to +40 °C and at
various angles of y between the crystallographic direc-
tions and the axes of the system of the coordinates con-
nected with the sensor. At that, as the nominal field of
deformation (NFD) we will consider the field of defor-
mation of SE at matching of the co-ordinate axes and
the crystallographic directions (y = 0°).

As it is visible from fig. 3, if at y = 0° the deforma-
tion field has a symmetric character (fig. 3, @), then at
y # 0° there is a more complex picture of deformation
of SE and torsions (fig. 3, b, ¢). In this case a non-uni-
form and asymmetrical variation of the form of the tor-
sions and SE is observed, which, evidently, influences
the operational characteristics of MMA. In case of
matching of SE with the plane (100) at y = 20° and
y = 70° there is the most obvious change of the field of
deformation of SE in comparison with the deformation
field at y = 0°.

From fig. 4 it is visible, that when SE is matched
with the plane (110), the field of deformations has less
pronounced changes at a variation of the value of an-
gle y, than it is observed at matching of SE with the
plane (100) (see fig. 3). At that, the greatest change of
the field of deformation of SE in comparison with NFD
is observed at y = 45°.

From fig. 5 it is visible, that at matching of SE with
the crystallographic plane (111) the field of deforma-
tion in comparison with NFD has insignificant differ-
ences (fractions of a percent) at various values of y.

Fig. 6 demonstrates a change of the value of the
maximal deformation of SE, depending on the value of
angle y in relation to the maximal deformation at y = 0
(nominal deformation).

As it is possible to see, in case of matching with the
plane (111) the change of the maximal deformation of
SE is minimal and does not exceed 0.01 %. During se-
lection of a plane (100) two maxima of the deforma-
tion variation are observed at the value of angle y equal
to 20° and 70°, at that, the change of the deformation
value reaches 4.2 %. Changes of the deformation val-
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ues of SE at matching of its plane with the plane (110)
does not exceed 1.3 %, thus, the maximal difference
from the nominal deformation value is reached at
v = 45°.

At the second stage the influence was considered of
the mismatch angle of y on the self frequencies and
forms of the self oscillations of SE MMA, homogene-
ously heated up to 40 °C, and at matching of SE with
various crystallographic planes. Carrying out of such a
research was necessary, because during their operation
MMA can be subjected to the vibration loads, the fre-
quency of which can coincide with the self frequencies
of the micromechanical sensor, which influences di-
rectly the sensor’s characteristics [18—20].

For each version of matching of SE with the crys-
tallographic plane the self frequency and the mode,
corresponding to it, were calculated at y = 0 and the
value of y, at which, as it was established at the pre-
vious stage, there was the maximal difference of the
field of deformation of the temperature perturbed SE
from the nominal one. The obtained results of the
frequency analysis of SE MMA are presented in
fig. 7—10.

Fig. 7 demonstrates the first mode of SE at y = 0°
and y = 20° in case of matching of its plane with the
crystallographic plane (100). Fig. 8 and 9 present the
first mode of SE at the value of angle y = 0 and 45° in
case of matching with the crystallographic plane (110)
and (111), accordingly. As it is apparent from fig. 7—9,
matching of plane SE with various crystallographic
planes influences the forms of its self oscillations. The
value of this influence depends on the crystallographic
plane, with which SE plane is matched. So, if because
of matching of SE plane with the plane (111) the first
mode practically does not change (fig. 9), due to
matching with the other planes the forms of the self os-
cillations differ essentially (see fig. 7, 8).

From fig. 10, which presents the schedule of varia-
tion of the first self SE frequency during matching of its
plane with the crystallographic planes (100), (110),
(111) at various values of angle v, it is visible, that the
maximal change of the self SE frequency takes place
during matching of its plane with the plane (100) and
at angle y = 45°.

Conclusion

This work presents the cases of matching of SE
MMA with the crystallographic planes (100), (111),
(110). For each version the authors studied the influ-
ence of a mismatch of the crystallographic directions of
SE material and its coordinate axes on the deformation
and self SE oscillations in the presence of thermal in-
fluences.

It was demonstrated that the greatest influence (up
to 4 %) on the field of deformation of the temperature
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perturbed SE was rendered by a mismatch of the crys-
tallographic directions and coordinate axes during
matching of SE plane with the crystallographic plane
(100). Whereas during matching of SE plane with the
crystallographic plane (111) the discrepancy of the
crystallographic directions and the coordinate axes lead
only to an insignificant alteration of the deformation
field (up to 1 %).

In a case of the self frequencies the picture is similar.
So, the greatest variation of the self frequency (up to
9 % at y = 45°) was observed during matching of SE
with the plane (100). During matching with the plane
(111) the self frequency and the mode corresponding to
it practically do not change.

Thus, by selection of a crystallographic plane, with
which SE MMA plane is matched, it is possible to lower
the dependence of the deformation of the temperature
perturbed SE on the mismatch angle between the di-
rection of the axes of the system of coordinates of SE
and the crystallographic directions.

The work was done with support of the RFFI grant
16-08-00328.
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®I'BOY BO "llen3eHcKui TocyoapcTBeHHBIN yHUBepcuTeT”, T. [1ensa, Poccus

NMOAYYEHUE HAHOCTPYKTYPUPOBAHHDIX NMAEHOK OKCUAA LUMHKA
N UCCAEAOBAHUE UX ®OTOKATAAUTUYECKMX CBOMUCTB

Ilocmynuna 6 pedaxyuro 20.09.2018

B pamkax 3016-2eab-mexnonoeuu paspabomana memoouka noay4eHus HaHoCMpyKmypupoS8aHHbIX NAeHOK OKcuoa YuHKa 045
gomokamarumuueckux npunodxcernuii. C ucnoavzoganuem UK Pypve-cnekmpockonuu uzyueHsl npoyeccst, npomexaroujue 6 nieH-
Koo6pasytoujem 301e HA PAHHUX IMANAX CUHMe3d. YCmaHo61eHo, Yo ¢ meueHueM 8PeMeHU y8eauuugaemcs NPOnYCcKanue usny-
HeHUs 3043 HA OAUHAX 604H, coomeemcmeyrowux Koneoanusm epynn OH, CH, u NH,, umo modcem 0bimob 00yca061eHO HeCK0Nb-
KUMU npoyeccamu, 6KA04as Ucnaperue cnupmog u oopazosarue kaacmepog yunka. Ilpoanasuzuposans: UK cnekmpor naeHok 0o
U nocae omaicuea, YCMaHoBAEHO, MO 8 pe3yabimame Mmepmu4eckoll 00pabomKy npoucxooum noaHoe yoanienue 0peaHu4ecKux pac-
meopumenell U 00pa3oeaHue uepapxu4ecKu 0peanu3oeannol cmpykmypul uz ZnO. Hccaedosanvl homokamanumuueckue ceotic-
mea nAeHoK OKcuoa YUHKA HA npumepe peaKyuil pasnodiceHus Memui06020 0panicegoeo npu gozoeticmeuu YD uznyuenus. Pac-
CHUMAHA KOHCMAHMA cKopocmu OAHHOU PeaKyuu, 3Ha4eHue KOmopou yKasvleaem HA 8bicOKYI0 3ghdexmusrnocmes gomoxamanu-

3amMopoé Ha 0CHOGe HAHOCMPYKMYPUPOBAHHbIX NaeHok Zn(.

Karoueesvie caoea: nienku okcuoa yunka, 301b-eeab-mexronoeuss, UK Qypve-cnexmpockonus, CKAHUPYOWAs d1eKmMpoHHAs

MUKPOCKONUsL, (homoxamanu3s

BBenenne

OpHOI1 U3 OCHOBHBIX 3a7ay, CTOSILEN mepen ydye-
HBIMH, SIBJISIETCS CO3JMaHWE M WCCIIeJOBaHUE HOBBIX
(YHKLIMOHAJIBHBIX M KOHCTPYKTUBHBLIX MAaTepHUaJIoB,
BKJTIOUAss HaHOMATePHUAIbI, I Pa3IMIHBIX cdep Ie-
ATEJLHOCTH: 3JIEKTPOHUKU; MEIUIIUHBI; XUMUUECKOMI
MIPOMBIIUTEHHOCTH U T. I. HanGompImii MHTepec Tpe-

CTaBJISIIOT MOJIyITPOBOAHUKOBBIE HAHOMATEpUasibl BBU-
Jy UX YHUKaJbHBIX CBOMCTB. HanmpuMep, okcua 1imHkKa
(ZnO), obGnagaolIMii TaKMMU CBOMCTBAMM, MOXKHO
MPUMEHSITh B Pa3IMYHbBIX MTPAKTUUYECKUX MTPUITOKEHU -
sx. B paborax [1—3] paccMoTpeHO mpuUMeHeHUe HAaHO-
CTPYKTYPUPOBAHHBIX MJIEHOK OKCHJIA IIMHKA B KAYeCT-
BE BBICOKOA(DEKTUBHBIX Ta30BbIX CEHCOPOB. B pabdo-
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Tax [4, 5] U3y4eHBI CTPYKTYPHEIE, 2JIEKTPOPU3NIECKIE
U onTuyeckue cBoictBa ZnO A1 ONTO3NEKTPUUECKUX
npuioxeHuii. Takke HaHOCTPYKTYpbl ZnO MOXHO
MIPUMEHSITh B KayeCTBe HATYMKOB BaKyyma [6] m mis
BO30yxXneHus oTomoMuHecHeHIUn [7].

OmHUM W3 aKTyaJIbHBIX TIPUMEHEHMI HaHOCTPYK-
TYPUPOBAHHBIX OKCUIHBIX TUIEHOK ILIMHKA SIBJSETCS
HCTIOIb30BaHNE €ro B KadecTBe (oToKaraimsaTtopa
JUIST PA3IoXKEeHUsT OPraHMYeCKUX BELIECTB Ha MPOCThIE
cocrapystione. MOTOKATATUTUYECKHAE CBOMCTBA ITI0-
JIYIIPOBOAHUKOB OBLIIM OTKPHITHI B 1972 . AMTOHCKUMU
yueHbIMU A. @ymxuimmoit u1 K. XoHpoii. B cBoeit
craTtbe [8] oHM paccMaTpuBaiu (POTONM3 BOIBI, B KO-
TOPOM KaTaJIM3aTOPOM BBICTYIAJ IMOKCHI THUTaHa.
IToznHee OBLIM OTKPBITHI U M3Yy4eHbl (DOTOKATATUTU-
YeCKHe CBOMCTBA IPYIUX IOJTYINPOBOIHUKOBBIX MaTe-
pUasioB, B TOM YHMCJIe M OKCUAA LIMHKA, YTO OTPAXKEHO
B paae nybonukaunuii. Hanmpumep, B paborax [9—18]
paccMoTpeHbl (DOTOKATATUTUYECKEe CBOMCTBA pa3iny-
HBIX HAHOCTPYKTYp ZnO, TakuX Kak moJjible cepu-
YyecKrWe HaHOYacCTUIbl 1 TOHKME HAHOCTPYKTYpPUPO-
BaHHBbI¢ TUIeHKU. Tak, B padore [10] meHku ZnO Ha
MOJJIOXKN HAHOCUJIW METOJOM TEPMUUECKOTO HAIlbl-
neHus. B ogpyroii pa6ote [11] ObLI MCITOJIB30BaH METO.,
HarblJIEHUs 30/ U3 JUITUJILMHKA U BOAbLI B Ta30BOM
cpene aszora. B pabore [12] aBTopaMu ObLia UCITOJIb-
30BaHa 30J1b-T€JIb-TEXHOJOTUS, TIPU 3TOM MPEKYPCO-
pPbl HAHOCWJIM Ha TOJJIOXKM METOAOM IOrpYyXKeHUs
(dip-coating).

B pa6ote [13] mpoananmm3upoBaHbl (GOTOKATATUTH -
yecKue cBoMcTBa IUIeHOK ZnO, NoJIy4YeHHBIX METOIOM
LIeHTpU(YTUPOBaHUSI, a TaAKXKe MCCIeA0BaHa 3aBUCH -
MOCTb MX (DOTOKATATUTUIYECKUX CBONCTB OT TeMIIepa-
Typbl oTxkura. CBOMCTBa MOPUCTHIX TJIEHOK OKCHAA
LIMHKa pacCMOTpeHbI B pabdore [14]. Takxke mpoBOasT-
CSl MCCIeA0BaHUS HAHOCTPYKTYP LIMHKA, JIeTUPOBaH-
HBIX amomMuHueM [15, 16], xenesom [17], Meapio u
mapranuem [18]. Tak, B pabote [18] mpoBegeHO cpaB-
HeHUe (POTOKATATIUMTUYECKUX CBONCTB HEJIErMpOBaH-
Horo ZnO U JIerMpOBaHHOTO MEAbI0 MM MapraHleM
Ha TpUMepe peakUUu passioKeHUs METUJIEHOBOIO
cuHero. B xoze vcciaenoBaHusl ObLIO BBISICHEHO, UYTO
peaxivsi ¢ UCMOJIb30BAaHUEM JIETUPOBAHHBIX TJIEHOK
MIpOTEKaeT MeIJIcHHee, YeM peakIdsd ¢ yJacTUeM He-
JIETUPOBAHHOM TUIEHKU.

Takum o6pa3oM, coznaHue (oToKaTaIM3aTOPOB Ha
OCHOBE OKCHJa LIMHKa SIBJISIETCSl MEPCHEKTUBHBIM U
aKTyaJbHbIM HallpaBJieHUEM B Pa3BUTHUM HAHOTEXHO-
Joruit. Ilpu atoM (doTokaTtaJiuTHUUECKUe CBONCTBa
HeJIeTMPOBAaHHBIX MIeHOK ZnO, CUHTE3UPOBAaHHBIX B
paMKax 30Jib-TeJIb-TEXHOJOIMU, OCTAIOTCS Majlou3y-
YyeHHbIMU. Llenblo HACTOSILLIETr0 UCCIECNOBAHUS SIBJISI-
ercsl pa3paboTka METOIMKU CUHTe3a HAHOCTPYKTYpH-
POBaHHBIX IJIEHOK OKCHJA LIMHKA B paMKaXx 30J1b-TeJIb-
TeXHOJIOTMU, aHajiu3 MpPOLECcCOB, MPOTEKamlIUX Ha
pPaHHMX BTarax co3peBaHus 307151, IPU OTXKUTe, a TaK-
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Ke u3ydeHre QOTOKaTATUTUYECKNX CBOMCTB 9KCIIEPH-
MEHTaJIbHBIX 00Pa31IoB.

1. OKcnepuMeHT

Cunme3s HAHOCMPYKMYPUPOBAHHIX OKCUOHBIX N.1e-
HOK yuHka. B mipoliecce CMHTE3a UCMOJIb30BaHbI Clle-
IyIOIIMe peareHThl M MaTepualibl: JUTMapaT aleTaTa
muHka (CH3COO0),Zn-2H,0, 2-MeToKCH3TaHOI
CH;0CH,CH,OH u 2-amunosranon HOCH,CH,NH,;
MpeaIMeTHbIE CTeKJIa pa3MepoM 25 X 75 MM U TOJILLM-
Hoit 1,0 MM.

s monmydeHWsT HEJEeTMPOBAaHHBIX IIEHOK ZnO
OBl TIPUTOTOBJIEH MJIEHKOOOPa3yIoUIMid 30Jb MO Clie-
oyioei meroguke [1]:

— TOATOTOBKA pacTBOpPaA U3 alleTaTa IMHKA IBYBOI -
Horo ((CH;COO),Zn-2H,0), 2-MeToKCcH3TaHONA U
2-aMUHO3TaHOa;

— mepeMellMBaHUE pacTBopa B TeueHue 60 MMUH
npu teMmeparype 60 °C ¢ MOMOIIBIO MAaTHUTHOM Me-
wanku I19 6110 (pupma "Dxoxum"”, Poccus);

— co3peBaHue 30151 B TeueHue 24 4 Mpu KOMHarT-
HOM TeMIieparype.

®dopmupoBanue MIeHOK ZnO TIPOBOIWIN IIyTeM
HaHEeCeHUS MOJYYEeHHOTO 30JIs1 Ha MOIJI0XKHA METOIOM
LIEHTpU(DYTUPOBAHUSI C UCMOJb30BaHUEM 00l1e/1a00-
pPaTOPHOI BBICOKOCKOPOCTHOI LieHTpudyru 80-2 mpu
yactore BpaiieHus1 3000 06/muH. B kauectBe momsio-
K€K MCMOJb30BAIM MpeIMeTHbIe CTEeKJa, Ha KOTOpbIe
obu10 HaHeceHo 0,8 mu 3ois. [TocaegHUM 3TaroM 1o-
JIy4EHMST OKCUHBIX TUIEHOK OBbLJT OTXKUT IJIEHOK B MY-
(enpHo#t meuu ITM-10 nipu Temnepatype 550 °C B Te-
yeHue 60 MUH.

Hccaedosanue npoueccos, npomexaiowjux Ha panHux
amanax co3peeanus 3041 u npu omocuze, memodom HK
Dypve-cnexmpockonuu. J1151 onIpeneIcHUST TUTIOB XU-
MMUYECKMX CBSI3€li KOMIIOHEHTOB B 30Ji€ M JUISl UCCIe-
JIOBaHUSI €ro 3BOJIIOLMM Hcmnosib3oBaicsa meton MK
®Dypbe-criekTpockonuu. M3MepeHUs TPOBOIMINA Ha
MK crnekrpomerpe @®CM 1201 (OO0 "HUudpacnex",
Poccus).

Hccnenoanusa MK crekTpoB 2-aMMHO3TaHOJA,
2-METOKCHATAaHOJIA 1 TUIEHKOOOPA3yIoIIero 301 ObLTH
MpOBeAeHbl B paMKaxX MeToJa MHOTOKPAaTHOTO Hapy-
LLIEHUS TTOJTHOTO BHYTpeHHero otpaxeHus (MHITBO).
Brina ucnonb3opaHa kioeeta MHITIBO36 u3 cenennna
LIMHKa ZnSe, B KOTOPYIO TOHKUM CJIOEM HajuTa aHa-
JM3UpyeMast XUaKocTb. M3MepeHusT MCXOMHBIX KOM-
TTOHEHTOB WM TUIEHKOOOPa3yoIINX 30Jel, cOo3peBaro-
IIUX B TeyeHue 2, 26 u 50 4, OBIIN TPOBEAEHHI B CIIEK-
TpaJbHOM auanasote 650...4000 cm L.

MK crniekTpbl HAHOCTPYKTYPUPOBAHHBIX OKCUIHBIX
IJICHOK 10 M TIOCJNIe OTXKHWTa OBLIM TIOJYyYEHBI C WC-
MOJb30BAHUEM TPUCTABKU 3€PKAJBHOTO OTpPakeHUS
I13010. Ins aToro mjaieHKooOpa3ywluil 3071b HaHO-
CUJIM METOJOM LIEHTpU(YTUPOBaHUS Ha aJlOMUHUE-




BYIO (bOJIBIY, BBICTYMAIOIIYIO B KAUeCTBE OTPaKaTEIhb-
HOIl MOBEPXHOCTH M OOpaslia CpaBHEHMUSI.

CTpyKTypa MOBEPXHOCTH OOpa3loB IOC]e 3Tamna
OTXHTra ObIa MCClIeoBaHa C IMTOMOIIBI0 PACTPOBOTO
anekTpoHHoro mukpockona VEGA3 SBH (Tescan).

Domoxamaaus. iccnegosanue porokataanuTuyec-
KX CBOMCTB IUICHOK OKCHIAa ITMHKA IIPOBEICHO Ha
MpUMeEpPe peakluM pa3sioKeHUs UHAMKATOpa METUJIO-
Boro opamxesoro C;4H4N;0;SNa B BogHO#i cpene
MoJ JefCTBUEM YJIbTPa(PrOIeTOBOIO CBeTa.

J1st TIpUroTOBJICHUST pacTBopa 3,6 MI METUJIOpaHKa
pacTtBopsi B 1 J1 IUCTMIUIMPOBAaHHON Boabl. Hauanb-
Hasl KOHIIEHTPAalMsl 3arpsI3HUTENSI COCTaBIIsIa OKOJIO
0,1 ppm.

Hns mpoBeneHns GOTOKATAIM3a B IBA U3MEPUTEITh-
HBIX cTakaHa HanuBaiu no 400 M1 pacTBOpa MHAMKA-
Topa. B omvH M3 cTakaHOB MoOMeIany oopaselr TIeH-
K1 okcuaa nuHka. CTakaHbl ¢ 00pa3lioM IUIEHKU U 0e3
HETO yCTaHABJIMBAJIW HA MAaTHUTHBIC MEIIAJIKU B TEM-
HBIII MeTaJUIMYEeCKUii 1Kad, rae BKIYAIU YIbTpa-
(uoneToBylo saMny (OCHOBHas JJIMHA BOJIHBI CBETa
A =290 uM) Ha 4 4. B xoxe npoBeaeHust ¢poToKaTa-
Ju3a Kaxjabsie 30 MUH U3 060UX PacTBOPOB 3a0Mpan
MpoOBI 0OBEMOM 5 MIJT, KOHLIEHTPALIMIO KOTOPBIX OLle-
HUBAJIM C MOMOIIbIo criekrpodoromerpa CD-56, us-
Mepsolero Koa@oUIUEeHT MPOMyCKaHUSl pacTBOpA.
Hcxons u3 3HaueHni KoaduiieHTa IponycKaHus 1
HayaJbHOI KOHLEHTpaluu 3arpsisHutens €y, HaXoau-
JIX KOHIIEHTpauuio 3arpssuutens C B 3agaHHBIA MO-
MEHT BpeMeHH IT0 YpaBHEHWIO Ha OCHOBE 3aKoHa by-
repa—Jlam6epra—bepa:

rae T, Ty — Ko3(pGUUMEHTHI TPONYCKaHUs pacTBOpa
B MOMEHT M3bATUSI MPOObl U B HayaJdbHbIi MOMEHT
BpPEMEHU COOTBETCTBEHHO.

2. DKCnepUMEeHTA/IbHbIE Pe3YJIbTATHI
H BX 00CyXKIeHHe

Pe3zyabmamut uccaedosanus npoueccos, npomexa-
IoWux Ha PAHHUX IMANAax co3pPeeanus 3045, MemMooom
HK Dypve-cnexmpockonuu. Ha puc. 1 pencraBieHbl
MK cnekrpsl 2-amunostanona HOCH,CH,NH, (xpu-
Bag /), 2-metokcusranona CH;OCH,CH,OH (xpu-
Basi 2) U CBEXEIPUTOTOBJIEHHOTIO 30Jis1 (KpuBasi J3). Xa-
paKTepUCTUYECKUE TTUKKM U TIOJIOCHI TOTJIOIIeHUS UC-
CJIeIyeMbIX KOMITOHEHTOB M CBEXEIPUTOTOBICHHOTO
IUIEHKOOOpa3ylollero 30Jisl IpeacTaBjieHbl B Ta0I. 1.

ITpu ananuze crekrTpa 2-aMMHO3TaHOJIA OOHapYXKe-
HbI XapaKTepHbIe JJIsI JAHHOTO BellleCTBa KOJIeOaHUS
yriaepoaHoro ckenera, ceiazeii C—O—H, CH,-rpymm,
OH-rpynnm u NH,-rpynn. Ha cnexkrtpe 2-meTokcu-
9TaHOJIa BUIHBI KoJieOaHUsI YIJIEpOJHOIo CcKejeTa,
CH,-rpynn, OH-rpynn, a takxe cBaseit C—O—H u
C—0—C, xapakTepHble ajs mpocThix 3¢pupoB. Ha
CHEKTPE CBEXENPUTOTOBJIEHHOTO 30J11 MOXHO YBUIECTh
KoJiebaHUsI BCeX CBs3ei, XapaKTepHBIX IJIs 2-aMU-
HO3TaHOJIa M 2-METOKCH3TaHOJIa, a TakKxke KoJyeba-
aHug R—COOQ  -rpymm, XapakKTepHBIX IS alleTara IIH-
Ka. B oGiacTu cnekTpa ¢ BOJHOBBIM YMCIOM MEHEe
650 cM~ !, KOTOpBIii HE BUIEH BCIIEACTBUE CBOWCTB KiO-
BETHI U3 CeJIeHUIa LIMHKA, JiexaT cBa3u Zn—O. BaxHo
OTMETUTH, YTO Ha CIIeKTpe 30151 00JIee BbIpaKeHbI K-
KM TMOTJIOLIEHUS IJisl 2-METOKCUATAaHOJIa, TaK KaK ero

C=(, InT , (1) KOHIICHTpalMs BEHILIE, YeM 2-aMUHO3TaHOoJIA U alleTa-
InT, 0 Ta HUHKA. Taxke Ha CIIEKTPE BUAHBI OCTATOYHBIC CJIC-
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Fig. 1. FTIR-spectra: 1 — 2-aminoethanol; 2 — 2-methoxyethanol; 3 — freshly prepared sol
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Tabmuua 1
Table 1
XapakrepucTnyeckne muKu u nojocs! noraomenns B UK cnekrpax
2-aMHMHOJTAHOJIA, 2-METOKCHITAHOJIA U IIECHKOOOPa3yIomero 301
Characteristic peaks and strips of absorption in the IR spectra
of 2-aminoethanol, 2-metoxyetanol and film-forming sol

[Tosocs! noro-
-1 XuMnyeckasi CBSI3b Tun xonebaHuit
LEHNsT, CM Types
Strz.p s of abftl)rp - Chemical bonds of fluctuations
tion, cm
Menee 650 Zn—0 BasneHTHbIC
Valent
800...880 C—-C BanentHsie
Valent
940, 1020, 1070, C—O—H u C—-0—-C BajieHTHBIE
1120, 1200 C—O0—H and C—0—C Valent
1220 C—0O—CHj; BanentHbie
Valent
1360 C—N BaneHTHbIC
Valent
1410 C—0 B R—COO™ BajieHTHBIE
C—0 in R—COO™ Valent
1400 ... 1440 CH,-rpynmbt JedopMaliMOHHBIE
n CH;-rpynmel
CH, groups Deformative
and CH 3 groups
1580...1610 O—H JedopMaLiMOHHBIE
Deformative
2300...2350 Armocdepnenii CO, BasieHTHBIE
Atmospheric CO, Valent
2830...2880 CH,-rpynmbt BanenTHbIe
n CH;-rpynmer (CUMMETPUYHEIE)
CH, groups Valent
and CH 3 groups (symmetrical)
2920...2950 CH,-rpynmsr BaneHntHbie
u CHj-rpynmst (acuMMeTpUYHbBIE)
CH, groups Valent
and CH; groups (asymmetrical)
3240...3450 O—H BanentHbie
Valent
3200, 3300, N—H BajieHTHBIE
3340...3360 Valent
Tabnuua 2
Table 2

Bpemennas nunamuka T'u X/X;, COOTBETCTBYIOIMX BAJCHTHBIM
cuMMeTpuyHbIM Kosebanusam CH,-rpynnei
Time dynamics of T and X/X,, corresponding to the valent
symmetrical fluctuations of the CH, group

KoadhbuimeHT nporyckaHus, X/ Xo,
Bpewms, u OTH. €ll. OTH. €.
Time, h Transmission coefficient, X/Xy,
relative units relative units
0,25 0,304 1
2 0,319 0,960
26 0,348 0,886
50 0,351 0,879
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JIbI, COOTBETCTBYIOILIME KOJeOAHUSIM MOJIEKYJI aTMOC-
(hepHOro yrjaekucioro rasa.

Ha puc. 2 npeacraBiensl MK crniekTpnl mieHKO-
oOpasytoniero 30 yepe3 15 muH, 2 4, 24 4 u 50 9 co-
OTBETCTBEHHO, MO3BOJISIIONIME MCCASAOBATh MpOILIeC-
CBI, IMPOTEKAIOIINE HA PAHHUX 3TAIlax ero CO3peBaHuUs,
BKJIIOYas 3Bosonmio [21].

W3 puc. 2 BugHO, 4TO0 KO3(MEPUIIMEHT ITpONycKa-
HUsI, OTBEYAIOLINIA HEKOTOPBHIM XapaKTepUCTUUECKUM
rpynmnam, Bkmodas OH, CH, (BctaBka K puc. 2) u NH,,
YBEJIMUUBACTCI C POCTOM BPEMEHM CO3PEeBAaHUS 30JIsl.
JaHHoe sIBJIeHHWE MOXET OBITh OOBSICHEHO B paMKax
3akoHa byrepa—Jlamb6epta—bepa:

1/1y = exp(—k, 1) = exp(—y, CI), 2)

rae I/1y = T — oTHOLEHWE UHTEHCUBHOCTY TPOLIE]I-
LIIETO ¥ Mafamllero u3nydeHust (Ko3(h@UIIMEeHT IIpo-
NyCKaHuA); k; — mokasaresb rnorjaouieHus, M ; C —
KOHIICHTPAIIUS BEIIECTBA, MOJ'II)/M3 ; Xy, — Koabduum-
€HT, XapaKTepU3YIOLIUN B3aMMOIECHACTBUE MOJIEKYJIbI
MOTJIOIIAIOIIETO BeIeCTBa C U3JTyUYeHUEM, MZ/MOJ'[I);
| — TonIMHA CJI0SI PACTBOPEHHOIO BEIIeCTBa, Yepe3
KOTOPBIN MTPOXOAUT UBIYYEHUE, M.

W3 ypaBHeHus (2) ¢ y4eTOM TOro, YTO ¥, = const u
| = const, MOXHO TMOJYYUTh CJIeAyIOllee BhIpaxkeHUeE,
OIUCHIBAlOIIEe OTHOCUTEIbHOE U3MEHEHUE B MPOILIEC-
Ce JBOJIIOLMM KOHIIEHTPALMU XapaKTEPUCTUUECKUX
IPYII B COCTaBe 30JISI:

X _ InT 3)

rae Xy u Ty — KOHUEHTpauusa U KO3O@PUILMEHT Mpo-
MyCKaHUSl B HayaJbHbIi MOMEHT BpeMeHM (15 MuH)
SBOJIIOIUH TIJIEHKOOOPAa3yIOIIero 30J1s.

Just u3mydeHust ¢ BOJHOBBIM 4umciaoM 2920 CM_I,
KOTOpPOE COOTBETCTBYET BAJIEHTHBIM CUMMETPUYHBIM
Kose6anuaM CH,-rpynmel, NOJyYeHBI CIEAYIOLIUe
3HayeHus T u X/X,, npuBencHHbIE B Ta0M. 2.

YMeHbllieHue KoaddulimeHTa NpoInycKaHusi, OTBe-
YaloIIero HEKOTOPHIM XapaKTepHUCTUIECKUM TPYIIIaM,
skmodasds OH, CH, u NH,, MOXHO 00BbACHUTE Mapaj-
JIEIBHBIM TIPOTEKAaHUEM HECKOJIBKUX (PU3NKO-XUMUYEC-
KUX TIPOLIECCOB: CJIOXKHbBIE PEaKIMU TWAPOJIUTUYECKOM
TTOJIMKOHIEHCAIINH, TIPUBOISIIIINE K 00pa30BaHMIO K1ac-
TEPOB OKCHJA 1IMHKA, TakuX KakK Zn;jO4(CH;CO0),,,
Zn40O(CH;COO0)4, Zns(OH)g(CH;COO0),2H,0 [22],
HcTapeHne MpeKypcopoB U T. 1.

Anaauz cmpykmypot u cocmaea OKCUOHBIX NAEHOK
yunka. Ha puc. 3 mipencraBieHbl TaHHBIE pacTPOBOM
3JIEKTPOHHON MUKPOCKOMMUHU MOBEPXHOCTU TUIEHKU OK-
cHIa IMHKA, CUHTE3MPOBAaHHON B paMKax 30J1b-TeJb-
TEXHOJIOTMH C MCIIOJIb30BAHUEM OIMMCAHHON METOINKMN.

AHaIu3 TOJYYeHHBIX NaHHBIX ITOKa3bIBaeT, 4YTO
CUHTE3MPOBAaHHBIE O0pPA3Ibl ITOC]IE OTXHUIa HMMEIOT
HepapXrIecKyio CTPYKTYPY, COCTOSIIYIO U3 BOTHOOO-
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Fig. 2. FTIR-spectra of film-forming sol in: 1 — 15 min; 2 — 2 h; 3 — 26 h; 4 — 50 h

pa3Hbix BeTBeir ZnO nauHoi 5...30 MKM U AuaMeTpoM
1...1,5 mxm. /laHHBIE BeTBU, OOpa3ylollue I1epKOJs-
LIMOHHBIN CTITMBAIONIMI KjiacTep, COOPMUPOBAHbI B
pesyjbTaTe NMpOTeKaHUs IMPOILIECCOB CaMOOpraHu3a-
LMK B IIeHKooOpa3ytoleMm 3oe [21]. Mepapxuueckast
CTPYKTypa IIJIEHOK OKCHJA ITMHKAa OOYCJIOBIMBAET WX
ocoOble cBoiicTBa. Hampumep, oHU MOTYT SBJISThCS
(horokaranuzaTopaMu, YCKOPSIIOIIMMM Pa3IMYHbIE XU-
MUWYECKHE peakliMyd ¢ ydyacTueMm cBeTa. [Ipu 3ToM ux
(oTtokaTanuTHyeckasi aKkTMUBHOCTb CYLIECTBEHHO BbI-
1lIe, 4YeM y Hepa3MOJIOTOro OKcuiaa LiMHKa [22], moc-
KOJIbKY 3 beKTHBHAasI MJI01AAb TOBEPXHOCTU IJIEHKU
YBEJIMUMBAETCS 32 CUET UEePaApXUUYECKON CTPYKTYPHI.

Ha puc. 4 npeacrasnennsl UK crieKTpbl IJIEeHKHA OK-
cuja IMHKA 0 U IOCJe OTXKura.

W3 puc. 4 BunHo, uro Ha MK crniekTpe HeOTOXKEH -
HOH IUIEHKU TIPUCYTCTBYIOT BCE IMKU ITOTJIOLLIEHMUS,
MpUcyllue MIeHKooOpasywlleMy 300 (cM. Tabia. 1),
U MOMHUMO 3TOr0 HAOMIOAAIOTCS MKW IOTIOIIECHUS
ZnO (okoJo 500 CM_I), YTO TOBOPHUT 00 0O0pa3oBaHUU
cBs3eit ZnO enle B 3oiie (10 omepaunuu oTxura). Ha
MK cnekrpe O0TOXKEHHON IJIEHKW BUIHbBI JUIIb M-
KU, CBSI3aHHBIE C OKCUAOM LIMHKA. DTO YKa3bIBaeT Ha
TO, YTO IIPM TEPMUUYECKOI 00pabOTKe 0O0pa3loB IIPo-
HUCXOAUT MCTApEeHHE BCEX OPTaHMYECKMX PaCTBOPU-
TeJiei, M1 UX COCTAaB B OCHOBHOM OTIPEAC/ISIETCS TOTb-
ko ZnO.

Hccaedosanue ghomoxamaisumuueckux ceoiicme ox-
cuonoix naenox yunka. OOTOKATATUTUUECKUE CBOM-
CTBa IJIEHOK OKCH/IA IIMHKA MCCIIeOBAaHbI Ha TIPUMEpe
peaKkuny pas3IoKeHUST MOIETBLHOTO 3arpsI3HUTENS —
METHJIOBOTO OPAHXEBOTO IO JeUCTBUEM YIIBTpadumo-
JneToBoro uanydeHus. Ha puc. 5 mpencraBiieHBI Bpe-
MEeHHBIE 3aBUCHMOCTHA U3MEHEHNS KOHIIEHTPALIT Me-

TUJIOpaHXa B peakunu (GOoToOKaTajan3a Mpyu HAIMYUHU U
OTCYTCTBUHU B PacTBOPE OKCUIHOWM TIJICHKM LIMHKA.

AHaIN3 MOJyYeHHBIX JaHHBIX ITOKA3bIBAET, YTO IO
nevictBueM Y® wmanydyeHus HaOIomaeTcs yMeHBIIe-
HUe KOHLIEHTPALUX METUIOpAaHXa BCJIEACTBHE MPOTE-
KaHUST peakuy (HPOTOKATATUTUUIECKOTO Pa3IOKEHMUSI.
I1pu 5TOM maHHAag peakLKs TPOTEKAaeT HAMHOTO OBbICT-
pee, ecli B cocylie ¢ MEeTUIIOpaHXeM HaxomuTces ¢Go-
TOKATAJIN3aTOP, CUHTE3UPOBAHHBINA B BHIE MepapXu-
YeCcKM OPraHM30BaHHOM IUIEHKM OKcuma nuHKa. bes
ZnO peakuus MpaKTUYECKM HE IMPOTEKAET, Ha 4YTO
YKa3bIBAaIOT MTOYTH HE U3MEHSIOIINECS 3HAYEHUS KOH-
LIEHTPAIUA KPACUTEJIS.

doTokaraIUTUYECKE CBOMCTBA OKCHAA LIMHKA
MOXHO OOBSICHUTH HAa OCHOBE 30HHOHN TECOPUU TTOJTY-

Puc. 3. HanocTpyKTypHpOBaHHas IJIEHKA OKCHIA LMHKA
Fig. 3. Nanostructured zinc oxide thin film
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MPOBOAHUKOB. CxeMa pasyiokeHHsT METUIOBOIO OpaH-
KeBOro m3o0paxeHa Ha puc. 6. [ToBepxHOCTb oKcHIa
[IMHKA TTOTJIOIIAeT (DOTOHBI YIETPahOIETOBOTO CBETA,
obOnanaroue cpeaHeit sHepruein £ = he/A ~ 4,28 3B
(nns cBeta ¢ AyMHOM BosiHbI 290 HM). Tak Kak 1uprHa
3alpelleHHOM 30HbI OKCHMIA LIMHKA paBHa 3,36 3B u
MEHbIIIe, YeM dHeprus GOTOHOB MaAaloIIEro u3ayde-
HUSI, TO YacTb 3JEKTPOHOB (e ) MpeoaoseBaloT 3a-
MPEeIIeHHYIO 30HY U CTAHOBSITCS aKTUBHBIMMU, & Ha UX
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Puc. 5. BpemeHHbIe 3aBUCHMOCTH M3MEHEHUs] KOHIIEHTPAIIMM METH-
Jopanxka npu Bosaeiicreun Y@ uznydenus: / — dorokatanuszatop
MPUCYTCTBYET; 2 — (HOTOKATAINU3ATOP OTCYTCTBYET

Fig. 5. Dependence of the change in methyl orange concentration on time
at influence of UF radiation: 1 — the photocatalyst is present; 2 — the
photocatalyst is absent
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MeCTe OCTaloTCs ABIPKM A'. AKTMBHbBIE SJIEKTPOHbI 1
JIBIPKY B3aMMOZIENCTBYIOT C MOJIEKY/IaMU BOIBI U KHUC-
Jopoaa, obpasys ruapokcun-pagukansl OH '™ u pagu-
KaJbl Kuciaopoaa O, COINIACHO CXEME:

H,0 + h* - OH" + H™,
e+ 0, 05,
0, + H" - HO;,
HO; + 0, + H" - H,0, + 0,,
H,0, + e - OH + OH".

KopoTkoXuByilie M O4eHb aKTUBHbBIC pPagvKasbl
OH " pearupyioT ¢ METWJIOpAaHKEM M BOCCTAHABIINBA-
10Tcs 10 Tuapokeua-uoHoB OH , o6pasysa mpomyKThbl
pasnoxeHus. Ha moBepXHOCTH OKCHIA IIMHKA COXpa-
HSIeTCSl DJIEKTPOHHO-IBIPOYHBINA OajlaHC, MpPU 3TOM
3HAYUTEILHOTO OTpaBIIeHUsS (oTOKaTalm3aropa He
HaOII01aeTCs.

Peaxiius pazioxxeHuss METUIOpaHXa MoJ IeMCTBU-
eM Y® usydeHus SIBISIETCST peaKIneil TICeBI0IEPBO-
ro NMopsIKa, TaK KaK KOHLEHTpaLUsd Yy4aCTBYIOLLNX B
peakuuu paavikaaos OH™ u O, coxpaHseTcs MocTo-
SIHHOM, MPM 3TOM CKOPOCTb T'eHepaluu CBOOOMIHBIX
BJIEKTPOHOB B OKCHJIe LIMHKA He M3MEHSIETCS U paBHA
CKOPOCTH peKOMOMHALWU 3JIEKTPOHOB. CKOPOCTh MPO-
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Puc. 6. Cxema pa3jioKeHHs METHJIOBOTO OPAHIKEBOro moj AeiicTeueM YD uzayueHus
Fig. 6. Scheme of methyl orange photodegradation under the influence of UV radiation

TEKAHUS JAaHHOW peakluy MpSIMO MPONOpLUOHaIbHA
KOHLIECHTpALUN U ITIOAYNHACTCA YPaBHCHUIO

¢ - 4, 4)
dt

rae k — KOHCTAHTa CKOPOCTU PEaKLUU Pa3TOXKEHUS

MeTUJIOpaHXka, oIpeaesnseMas 3KCIepUMEHTaIbHbIM

myTeMm [22].

HMHTterpupoBaHue ypaBHEHMS peaKIiMy ICeBAOIep-
Boro nopsiaka (3) NpuBOAUT K yObIBaloIlel SKCITOHEH -
LIMAJIbHON 3aBUCUMOCTU KOHLEHTPALIUM KPACUTENS OT
BpeMeHU BO3IeUCTBUSA YD M3ITyUeHUST:

C = Cyexp(—ki), 4)

rae C; — HayalbHasg KOHLEHTpaLKd MOIEIbHOIO 3a-
TpSI3HUTENS (KpacuTelIst), ppm.

AHanu3 TpeIcTaBIeHHBIX Ha PUC. 5 3aBUCUMOC-
Teil TTOKa3bIBaeT MX KauyeCTBEHHOE COTJIache C ypaB-
HeHueM (6) npu 3HayeHuu k; = —2,73 - 1073 mun~ !,
YTO MO3BOJISIET TOBOPUTHL O IPOLIECCE PA3JIOXKEHUS
MeTUJIOpaHXa B MOPUCYTCTBUM (pOTOKATaIM3aTopa
KakK 0 peakluHu IceBaonepBoro mopsgaka. Koncranra
ky=—8,42- 107 My ! COOTBETCTBYET SKCITEPUMEH-
TaJIbHBIM JTaHHBIM JIJIS pacTBOpa METUJIOpaHXKa, He CO-
nepxaiero ZnO, u ToBopUT 00 OTCYTCTBUM (POTOKA-
TAJIMTUYECKOro paziaoxeHus. Takum oOpa3om, uepap-
XUYECKM OpraHM30BaHHBIC IIICHKW OKCHIA IIMHKA
MPOSIBIISIOT (DOTOKATATUTUYECKHE CBOIICTBA B peaKIy-
X Pa3JI0XEHUS OPraHWMYECKUX BEIIECTB IO JeHCTBU-
eM Y® u3ayyeHus U MOTYT OBbITb MCIIOJIb30BAHbBI JJIsI
CO3IaHMs BEICOKO3(h(MEKTUBHBIX (hOTOKATATN3ATOPOB.

3akmouenue

Pazpaborana MeTonmuKa M CHMHTE3MpPOBAaHbLI HAaHO-
CTPYKTYpUPOBAaHHbBIE TUIEHKM OKCHUAa LUHKA 1151 Po-
TOKaTaanu3a.
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PesynbTaThl  MCCaemOBaHUS
UK Dyppe-cneKTpOCKOMUM I0-
Kas3aju, 4TO ¢ TeYEHUEM BpeMe-
HU B 30Jie oOpasyeTcsl OKCHUJ
LIMHKA, KOTOPBII IMOC/e OTXHUTa
oCTaeTcsd Ha IUIEHKe, M He3Ha-
YUTEILHO YMEHbIIAETCSI KOH-
LEHTpaLMs OpraHUYeCcKUX pac-
TBOpUTelieid (OHM IIOJIHOCTBIO
HACTIAPSTIOTCS TIOCIIEe OTXKMWTA).

HMccnenoBanbl  (poTOKaTAIM-
TUYECKUE CBOMCTBA IUIEHOK OK-
cula 1IMHKA Ha TIpUMepe peak-
U Pa3IOKEHUST METUIOpaHXKa
non aeiictBueM Y@ u3IydeHUS
W pacCYMTaHBl KOHCTAHTHI CKO-
POCTH 3TOI peakLMu C y4acTUEM
¢oTrokaTtanau3aropa u 6e3 Hero.

Asmopckuii Koanrekmueé evipadcaem 01a200apHOCHb
compyonukam Capamoeckozo 20cyoapcmeeHH020 YHU-
eéepcumema Cmupuosy A. B. u Cuneey HU. B. 3a nomoww
8 uccaedosanuu o6pasiyos.
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Introduction

One of the most challenging tasks to be solved by
scientists is development and research of new function-
al and structural materials, including nanomaterials, for
various spheres: electronics, medicine, chemical indus-
try. Due to their unique properties the semi-conductor
nanomaterials are of the greatest interest. For example,
zinc oxide (ZnO), possessing such properties, can be
applied for various practical applications. In [1—3] the
authors present application of the nanostructured zinc
oxide films as highly effective gas sensors. In [4, 5] the
structural, electrophysical and optical properties of
ZnO for the opto-electric applications are studied.
The nanostructured ZnO can also be applied as the
vacuum sensors [6] and for excitation of the photolu-
minescence [7].

One of applications of the nanostructured zinc oxide
films is its use as a photocatalyst for decomposition of
the organic substances into simple components. The
photocatalitic properties of the semiconductors were
discovered in 1972 by A. Fujishima and K. Honda. In
their article [8] they considered photolysis of water, in
which the role of the catalyst was played by titanium di-
oxide. Later the photocatalitic properties of other semi-
conductor materials, including zinc oxide, were discov-
ered and studied, which was reflected in a number of
publications. For example, in [9—18] the photocatalitic
properties of various ZnO nanostructures were consid-
ered, such as hollow spherical nanoparticles and thin
nanostructured films. Thus in [10] ZnO films were de-
posited on the substrates by the method of the thermal
sputtering. In [11] the method of the sol sputtering from
diethyl zinc and water in the gas environment of nitro-
gen was used. In [12] the authors used the sol-gel tech-
nology, at that, the precursors were deposited on the
substrates by the dip-coating method.

In [13] the photocatalitic properties of ZnO films re-
ceived by the centrifugal method were analyzed, and al-
so the dependence of their photocatalitic properties on
the temperature of annealing were studied. The prop-
erties of the porous films were considered in [14]. Also
research was done of the nanostructures of zinc alloyed
by aluminum [15, 16], iron [17], copper and manga-
nese [18]. Thus, in [18] a comparison was done of the
photocatalitic properties of the unalloyed ZnO and
ZnO alloyed by copper or manganese on the example
of the decomposition of the methylene-blue. During
the research it was discovered that a reaction with the
use of the alloyed films proceeded slower than the re-
action with participation of an unalloyed film.

Thus, development of the photocatalysts on the ba-
sis of zinc oxide is a perspective direction in develop-
ment of the nanotechnologies. At that, the photocata-
litic properties of the unalloyed films of ZnO synthe-
sized within the framework of the sol-gel technology

are still not sufficiently known. The aim of the present
research is development of the methods for synthesis of
the nanostructured films of zinc oxide within the
framework of the sol-gel technology, analysis of the
processes of the early stages of maturing of the sol, dur-
ing annealing, and also studying of the photocatalitic
properties of the experimental samples.

1. Experiment

Synthesis of the nanostructured films of zinc
oxide. In the course of the synthesis the following
reagents and materials were used: dihydrate of zinc
acetate (CH3;COO),Zn-2H,0, 2-methoxyethanol
CH;0CH,CH,0H and 2-aminoethanol
HOCH,CH,NH,; subject glasses with the size of
25 x 75 mm and thickness of 1.0 mm.

For reception of unalloyed films of ZnO a film-
forming sol was prepared according to the following
technique [1]:

— preparation of a solution from zinc acetate of
two-water ((CH;COO),Zn - 2H,0), 2-methoxyetha-
nol and 2-aminoethanol;

— hashing of the solution during 60 min. at 60 °C
by means of PE 6110 magnetic mixer (Ecokhim Co.,
Russia);

— maturing of the sol during 24 h at a room tem-
perature.

Formation of ZnO films was done by deposition of
the received sol on the substrates by the method of cen-
trifugation and with the use of a regular laboratory
high-speed centrifuge of 80-2 at the frequency of rota-
tion of 3000 rpm. As substrates, the subject the glasses
were used, on which 0.8 ml of sol were deposited. The
last stage of reception of the oxide films was annealing
of the films in PM-10 muffle furnace at 550 °C during
60 min.

Studying of the processes of the early stages of ma-
turing and annealing of the sol by the IR method of Fou-
rier-transform spectroscopy. For definition of the types
of the chemical bonds of the sol components and for
studying of its evolution the IR method of Fourier-
transform spectroscopy was used. Measurements were
made on FSM 1201 IR spectrometer (Infraspec Co.,
Russia).

IR research of the spectra of 2-aminoethanol, 2-me-
toxyetanol and film-forming sol was done within the
framework of the method of repeated infringement of
the total internal reflection (RITIR). A RITIR36 ditch
was used made of zinc selenide ZnSe, into which a thin
layer of the analyzed liquid was poured. Measurements
of the initial components and film-forming sols, ma-
turing during 2, 26 and 50 h, were made in the spectral
range of 650...4000 em” L.

The IR spectra of the nanostructured oxide films be-
fore and after annealing were received with the use of
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a PZO10 mirror reflection attachment. For this purpose
the film-forming sol was deposited by the method of
centrifugation on the aluminum foil, which played the
role of a reflective surface and the comparison sample.

The structure of the surface of the samples after an-
nealing was investigated by means of VEGA3 SBH
(Tescan) scanning electronic microscope.

Photocatalysis. Research of the photocatalytic prop-
erties of the zinc oxide films was done on the example
of the reaction of decomposition of the methyl-orange
indicator C;4H4N303SNa in the water environment
under the influence of the ultra-violet light.

For preparation of the solution, 3.6 mg of the me-
thyl-orange were dissolved in 1 liter of the distilled wa-
ter. The initial concentration of the contaminant was
about 0.1 ppm.

For carrying out of the photocatalysis, 400 ml of a
solution of the indicator were poured into each of the
two measuring glasses, and a sample of the zinc oxide
film was placed in one of glasses. The glasses with the
sample of the film and without it were fixed on the mag-
netic mixers in a dark metal cabinet, where an ultra-vi-
olet lamp was turned on (the basic wavelength of the
light was A = 290 nm) for 4 h. In the course of the pho-
tocatalysis every 30 min. 5 ml tests were taken from
each of both solutions, the concentration of which was
estimated by means of SF-56 spectrophotometer,
measuring the coefficient of the solution transmission.
Proceeding from the values of the transmission coeffi-
cient and the initial concentration of contaminant C,
the concentration of contaminant C was found during
the set moment of time by the equation on the basis of
Beer-Lambert-Bouguer law:

(1

where T, T, — coefficients of the solution transmission
at the moment of the tests and in the initial moment of
time, accordingly.

2. Experimental results and their discussion

Results of the research of the processes at the early
stages of the sol maturing by the method of Fourier-
transform spectroscopy. Fig. 1 presents IR spectra of
2-aminoethanol HOCH,CH,NH, (curve /), 2-metox-
yethanol CH;OCH,CH,OH (curve 2) and freshly pre-
pared sol (curve 3). The characteristic peaks and strips
of absorption of the investigated components and fresh-
ly prepared film-forming sol are presented in table 1.

During analysis of the spectra of 2-aminoethanol os-
cillations, the typical for the given substance carbon
skeleton C—O—H, CH, groups, OH groups and NH,
groups were discovered. On the spectrum of 2-ami-
noethanol it is possible to see fluctuations of the carbon
skeleton, CH, groups, OH groups, and also C—O—H
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and C—O—C bonds, typical for the ethers. On the
spectrum of the freshly prepared sol it is possible to see
fluctuations of all bonds, characteristic for 2-ami-
noethanol and 2-metoxyethanol, and also fluctuations
of R—COQO™ -groups, characteristic for the zinc ace-
tate. In the field of the spectrum with the wave number
less than 650 cm™! which is not visible because of the
properties of the ditch made of zinc selenide, there are
Zn—O bonds. It is important to point out, that on the
sol spectrum the peaks of absorption for 2-metoxyeth-
anol are more pronounced, because its concentration is
higher, than that of 2-aminoethanol and zinc acetate.
Besides, on the spectrum the residual traces corre-
sponding to the fluctuations of the molecules of the at-
mospheric carbonic gas are visible.

Fig. 2 presents the IR spectra of the film-forming sol
after 15 min, 2, 24 and 50 h, accordingly, allowing us
to investigate the processes proceeding at the early stag-
es of its maturing, including evolution [21].

From fig. 2 it is visible, that the transmission coef-
ficient, corresponding to certain characteristic groups,
including OH, CH, (insert to fig. 2) and NH,, increas-
es with the growth of the time of the sol maturing. The
given phenomenon can be explained within the frame-
work of Beer—Lambert—Bouguer law:

I/1y = exp(—kl) = exp(—y; Cl), 2)

where I/1, = T — relation of the intensity of the past
and falling radiation (transmission coefficient); k, —
absorption indicator, m_l; C — concentration of the
substance, mol/m3 ; %, — coefficient characterizing in-
teraction of a molecule of the absorbing substance with
radiation, mz/mol; [ — thickness of the layer of the dis-
solved substance, through which radiation passes, m.
From the equation (2), taking into account that
X = const and /= const, it is possible to receive an ex-
pression describing a relative change in the process of
evolution of the concentration of the characteristic
groups in the sol composition:
X _ InT

% = i’ 3)

where X, and 7 — concentration and transmission co-
efficient during the initial moment of time (15 min) of
the evolution of the film-forming sol.

For the radiation with the wave number of
2920 cm™ ! which corresponds to the valent symmetri-
cal fluctuations of the CH, group, the following values
of T'and X/X, were obtained and are presented in the
table.

Reduction of the transmission coefficient, corre-
sponding to certain characteristic groups, including
OH, CH, and NH,, can be explained by several parallel
physical and chemical processes: complex reactions of
the hydrolytic polycondensation, leading to formation




of clusters of zinc oxide, such as Zn;;04(CH;COO),,
Zn,O(CH;CO0)4, Zns(OH)g(CH;CO00),2H,0 [22],
evaporation of the precursors, etc.

Analysis of the structure and composition of the zinc
oxide films. Fig. 3 presents the data of the scanning
electron microscopy of the surface of the zinc oxide
film synthesized within the framework of the sol-gel
technology with the use of the described method.

Analysis of the received data demonstrates that after
annealing the synthesized samples had the hierarchical
structure consisting of wavy branches of ZnO with
length of 5...30 um and diameter of 1...1.5 um. The giv-
en branches comprising a percolation tightening cluster
were formed as a result of the self-organizing processes
in the film-forming sol [21]. The hierarchical structure
of the zinc oxide films determines their special proper-
ties. For example, they can be the photocatalysts ac-
celerating various chemical reactions with participation
of light. At that, their photocatalytic activity is essen-
tially higher, than that of the ungrounded zinc oxide
[22], because the effective area of the film surface in-
creases due to the hierarchical structure.

Fig. 4 presents the IR spectra of the zinc oxide film
before and after annealing.

Fig. 4 demonstrates that the IR spectra of the un-
annealed film contains all the adsorption peaks typical
for the film-forming sol (see table 1), besides that, the
ZnO adsorption peaks are observed (about 500 cm_l),
which testifies to the fact that ZnO bonds are formed
already in the sol (before annealing). In the IR spec-
trum of the annealed film only the peaks connected
with zinc oxide are visible. This means that during the
thermal processing of the samples an evaporation of all
the organic solvents takes place, and their composition
is basically defined only by ZnO.

Research of the photocatalytic properties of the zinc
oxide films. The photocatalytic properties of the zinc
oxide films were investigated on the example of the re-
action of decomposition of a model contaminant —
methyl-orange under the influence of the ultra-violet
radiation. Fig. 5 presents the time dependences of var-
iation of the concentration of the methyl-orange in the
reactions of photocatalysis in the presence and in the
absence of a zinc oxide film in the solution.

Analysis of the data shows, that under the influence
of the UV radiation a reduction of the concentration of
the methyl-orange is observed owing to the reaction of
the photocatalytic decomposition. At that, the given re-
action proceeds much faster, if in the vessel with the
methyl-orange there is a photocatalyst synthesized in
the form of an hierarchically organized film of zinc ox-
ide. Without ZnO the reaction practically does not go
on, which testifies to practically unchanging values of
the dye concentration.

The photocatalytic properties of zinc oxide can be
explained on the basis of the zone theory of semicon-

ductors. The scheme of decomposition of the methyl-
orange is presented in fig. 6. The surface of zinc oxide
absorbs the photons of the ultra-violet light possessing
average energy E = hc/h ~ 4.28 eV (for the light with
the wavelength of 290 nm). Since the width of the for-
bidden zone of zinc oxide equals to 3.36 eV, and is less,
than the energy of the photons of the falling radiation,
a part of the electrons (e ) overcome the forbidden
zone and become active, while holes /™" appear on their
places. The active electrons and the holes interact with
the water and the oxygen molecules, forming OH " hy-
droxide-radicals OH" and O, radicals of oxygen ac-
cording to the following scheme:

H,0 + #* > OH" + H,
e +0,- 0,,
0, + H" - HO;,
HOj; + 0, + H" - H,0, + 0,,
H,0, +¢ - OH + OH".

The short-lived and very active OH ™ radicals react
with the methyl-orange and are reduced to the hydrox-
ide-ions of OH ', forming the decomposition products.
On the surface of zinc oxide the electron-hole balance
is preserved, thus a considerable poisoning of the pho-
tocatalyst is not observed.

The reaction of decomposition of the methyl-orange
under the influence of the UV radiation is a reaction of
the pseudo-first order, because the concentration of the
radicals of OH™ and O, participating in the reaction
remains constant, at that, the speed of generation of the
free electrons in zinc oxide does not change and is equal
to the speed of recombination of the electrons. The
speed of the given reaction is in direct ratio to the con-
centration and it submits to the following equation:

dC _

T kC, 4)
where k — constant of the speed of the reaction of de-
composition of the methyl-orange, defined experimen-
tally [22].

Integration of the equation of the reaction of the
pseudo-first order (3) leads to a decreasing exponential
dependence of the dye concentration on the time of in-
fluence of the UV radiation:

C = Cyexp(—ki), )

where () — initial concentration of the model contam-
inant (dye), ppm.

Analysis of the dependences presented in fig. 5
demonstrates their qualitative agreement with the

equation (6) at the value of k; = —2.73 1073 min~ !,
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which allows us to talk about the process of decom-
position of the methyl-orange in the presence of a
photocatalyst as a reaction of the pseudo-first order.
Constant k, = —8.42- 107> min~! corresponds to the
experimental data for the solution of the methyl-or-
ange, not containing ZnO, and tells about absence of a
photocatalytic decomposition. Thus, the hierarchically
organized films of zinc oxide demonstrate the photo-
catalytic properties in the reactions of decomposition of
the organic substances under the influence of the UV
radiation and can be used for development of highly ef-
fective photocatalysts.

Conclusion

Methods were developed and nanostructured zinc
oxide films were synthesized for photocatalysis.

The results of the research by means of IR Fourier-
transform spectroscopy demonstrated that in the course
of time, zinc oxide is formed in the sol, and after an-
nealing it remains on the film, while the concentration
of the organic solvents reduces insignificantly (they
evaporate completely after annealing).

The photocatalytic properties of the zinc oxide films
were investigated on the example of reaction of decom-
position of the methyl-orange under the influence of
the UV radiation, and the speed constants of this reac-
tion with participation of the photocatalyst and without
it were calculated.

The authors express their gratitude to the employees of the
Saratov State University (Smirnov A. V. and Sinev I. V.)
for their assistance in research of the samples.
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AHAAU3 AMHAMUKHN HYYBCTBUTEABHOT O DAEMEHTA BAAOYHOTO TUIA
MUKPOMEXAHUYECKOTIO TMPOCKOINA NYTEM NOCTPOEHUA
AMINAUTYAHO-HACTOTHbBIX MPOCTPAHCTBEHHbIX XAPAKTEPUCTUK

Ilocmynuna 6 pedaxyuro 22.10.2018

Paccmampueaemcs ouenka dunamuueckux ceoticme uyecmeumenvhoeo semenma (49) 6arounoeo muna mukpomexanuyec-
K020 eUpoCKona uau axkceaepomempa Kax pacnpedeneHHou cucmemsl. Taxoi nooxo0 no3eonsem He moabKo HOAYHUMb MAMeEMa-
Mu1eckyo Mooeab 045 AHAAU3A U CUHME3A YACMOMHbIX CBOLICME, HO U OUCHUMb B0NHOBbIE NPOUECCHI 8 HYECMBUMENbHOM NeMeHme

MUKPOMEXAHUHYECK020 cupocKona.

Karoueegvie caosa: muxpomexanuueckui eupocKon, 4yecmeumenvHulll snemenm, npeoopazosanue Pypve, amniumyoHo-uac-

MOmHaAs xapaKkmepucmuxka

PaccmoTpuM uyBcTBUTENIbHBIN 31eMeHT (UD) MUK-
pPOMEeXaHUYECKOTro BUOPAILIMOHHOTO TMPOCKOIIa ¢ BXO/I-
HBIMU Y BBIXOAHBIMM (PYHKUMSAMU u(x, ) u y(x, f), co-
OTBETCTBEHHO, KaK CUCTEMY C pacIpeieaeHHbIMU Ma-
paMeTpaMu.

ITyctb 3T cKansipHble (DYHKLUMU OIpeAeieHbl B
obnactu D, Toe OHM ONMCHIBAIOT BO3MYIIAIOIINE BO3-
JEeCTBUSI U COOTBETCTBYIOLIME IBMXKEHUSI CUCTEMBbI
Kak (pyHKIIUM BpeMEHU B Mpeesax Beceil odmacTu, 3a-
HuMaeMoi oobekToM. Ho KojebaHuss Takoro oobeKTa
XapaKTepu3yloTCsl TakxkKe M MPOCTPaHCTBEHHbIM pac-
npeaeneHueM. [loatomy MaTeMaTnuyecKrue MOAENIM Ta-
KHMX O0BEKTOB MPEACTABISIOT co00it nuddepeHIInaIb-
HbI€ YPAaBHEHUSI B YACTHBIX TTIPOU3BOIHBIX.

st omgHOMepHoOro ciyuasl u(x, ) — BXOAHbIE U
y(x, f) — BBIXOOHBIE NEPEMEHHBIE CBSI3aHBI ONWH C
JIIpYTUM MHTETPAJIOM CBepTKH [1, 2] cienmyloliero Buaa:

k o
Fi(k, o)} = [ [ fix, Hsin(k, x)e”“!dxdt,
0 —o©
k =2/, (1)

rne F{(k, ®)} — n3odpaxkeHue CUCTEMBI MTPU pasioxke-
HUU MO OPTOTOHAJBbHBIM (YHKIIMSIM IO MPOCTPAHCT-

BEHHBIM TIepEeMEHHBIM; f(X, ) — opuruHai;, k — BOJ-
HOBOE YMCJI0; ® — YacToTa; A — JJIMHA BOJIHBI.

M3 3Toro ciemyer BBIBOA, YTO K TaKOW CHUCTEME C
pacrnpeeIeHHbIMM MTapaMeTpaMu MPUMEHUMO pasJio-
JK€HUE B psiji IO OPTOTOHAILHBIM (PYHKUMSIM, HE SIB-
JISIOIIUMCST COOCTBEHHBIMU (DYHKLIUSIMM 3TUX CUCTEM
(byukuuu I'puna). [pyrumu cioBamMu, TaKOi MOAXO.
CBOAUTCS K (hOpMajbHOW 3aMeHe B OIpenessiolIuX
YpaBHEHUX IMPON3BOMHBIX IO BPEMEHHU OIEePaTOPOM
p = i®, a TPOU3BOJHBIX MO MPOCTPAHCTBEHHBIM IIe-
peMeHHBIM onepatopoM k (kK — BOJIHOBOE YMCIO —
BeJIMUMHA, 0OpaTHO MPOMOPIIMOHANbHAsI TTPOCTPAaHC-
TBEHHOMY TI€pUOLY).

B xauectBe mpuMepa 11T HaTISIIHOCTH U TIPOCTO-
Thl UCMOJIB3YeM TaKOU MOAXON K aHAJIM3Y TUHAMUKU
0aJIOUHOro YyBCTBUTEJIBHOIrO 3jeMeHTa (YD) Mukpo-
MexaHundeckoro rupockona (MMI) [3, 4] nyreM no-
JIY4EHMSI €r0 aMIUIMTYIHO-YaCTOTHOM IIPOCTPaHCT-
BeHHoI xapakTepuctuku (AYITX). s aToro paccMoT-
pUM MOjieJib OAHOPOAHOW YMNPYroil TOHKOW OayiKu.
ITosaraem, 4to aiuHa OajJKyd BeJIMKa MO CPaBHEHUIO
C IIMPUHON U BHICcOTOM. Kpome TOro, orpaHmymmcs
JUISL TIPOCTOTHI KBaZpAaTHBIM TOMNEPEYHbIM CEYECHUEM
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Puc. 1. Baska Diinepa — BepHym
Fig. 1. Euler — Bernoulli's beam

Takoi Gajku, T. €. UCIoJib3yeM monaeab YO (puc. 1)
B paMKax KJjlaccuueckoi Teopuu Diinepa — bepHy-
am [5, 6].

Torma ompenensioniee ypaBHeHre ABMKeHUS YO B
0e3pasMepHOM BUIE MOXKHO 3alucaTh B Cleayloliei
dopme:

4 3 2
0¥ 4k T+ D =, ), @)
ox ox~ ot ot

rae kg, — Ko3(h@UUUEHT BHYTPEHHETO IeMII(pupoBa-
HUSI; ¥ — TIONEepeYyHoe MepeMelleHre TOYKU OajKu;
u(x, ¥) — BXOZHOE BO3MYIIAOILEe BO3ACHCTBUE.

K sTomy ypaBHeHUI0 TpuMeHuM [7, 8] cuHyc-Tipe-
o0pa3zoBaHUe ¢ KOHEUHBIMU TpeaeaMu 10 MPOCTpaH-
CTBEHHBIM MEPEMEHHBIM 1 MHTEPBaJIbHOE MPeodpa3o-
Banne Pypwe o BpemeHn Buna Flk, o), T. . MOTyIUM
ypaBHeHUe (2) B M300pakeHUsIX, 3aMEHUB TIPOU3BO/I-

HYIO 110 IIPOCTPAHCTBEHHOU IepeMEeHHON Ha k, a 1o
BPEMEHU Ha p:

(k* + kfp + pPy(x, ) = u(x, 9. (3)

ITociie k1accuYecKoi 3aMeHbI p = im 3aIuIlIeM Ie-
penarounyio pyHkuio YD 6anoyHOro TMna Bubpamu-
OHHOTO MMKPOMEXaHMYECKOIo TMpOCKOoIa B BUIE

H(k, o) = % .
k'—o" ik ko

M36aBnsisich OT UppallMOHAIBLHOCTU B 3HAMEHATe e
rnepeaaToyHol MYHKIIMU YMHOXEHUEM Ha KOMILJIEKC-

HO COIIPSKEHHOE BBIPaXXKEHUE, TTOTYIUM
Hk, o) =

_ Ko’ ¥
2
(k4 - 032) + k4k5032

ko

. 4
4 22 4,22 )
(k'-o") +kkjo

M3 (4) oKOHYATETLHO MOJYYUMM BBIpaXEHUE [JIsI
AYIIX 4yyBCTBUTEIBLHOTO 3JIEMEHTa:

1 = 0
(k“kfmz s 032)2)

rae k — BOJHOBOE YMCIO; kg — NPUBEIEHHBIA KO3(]-
(puMeHT BHYTpEHHETO AeMIIPUPOBAHUS; ® — TIPUBE-
JIeHHasl 4acToTa.

Ha ocHoBe ¢yHkuuu (5) moctpoeHbl AUITX uyBc-
TBUTEJILHOTO 3yeMeHTa MMI 1151 pa3auyHbIX 3HaYe-

Wik, o) =

Puc. 2. AYIIX YD MuKpoMexaHH4YECKOro akcejaepomerpa (rupockona) d6amounoro tina miua kg = 0,02: a — k= 0,5, b — k= 1,0; c — k= 1,5;
d — 3D-3aBuUcUMOCTb
Fig. 2. AFSC SE of the beam-type micromechanical accelerometer (gyroscope) for ky = 0,02: a — k = 0,5, b — k = 1,0, c — k = 1,5; d — 3D-diagram
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Puc. 3. AYIIX UD MHKpOMeXaHHYECKOTo aKcejepoMerpa (rupockona) 6anounoro Tuma aas k= 0,04 a — k=05 b — k= 1,0, c — k= 1,5;
d — 3D-3aBUCUMOCTh
Fig. 3. AFSC SE of the beam-type micromechanical accelerometer (gyroscope) for k; = 0,04:a — k = 0,5;b — k = 1,0; c — k = 1,5; d — 3D-diagram

Huit k u kg [1] v ipencTasieHbl B rpaduyecKoM BULIE
Ha puc. 2, 3.

Takum oOpa3om, ¢yHkuus (5), TMoJydeHHasT B
MPOCTPAHCTBE YaCTOT M BOJHOBBIX uucen (puc. 2, 3),
orpeneseT IMHAMUYECKHe XapaKTEPUCTUKUA BBIHYXK-
JNEHHBIX KOJeOaHWI paccMaTpuBaecMOl CUCTEMBI C
pacrpeneneHHbIMUA HapaMeTpamMu (0aJOYHOro 4yBCT-
BUTEJbHOTO 35ieMeHTa MMI'), BbI3BaHHBIMM KakK Bpe-
MEHHBIMM, TaK ¥ IIPOCTPAHCTBEHHBIMU (P dpeKTamu, u
MO3BOJISIET OLIEHUTh BOJIHOBbIE Mpoliecchl B YD.

3akmoueHue

g aHanmu3a AMHAMMYECKHUX CBOMCTB CUCTEM C
pacrnpeeieHHbIMU MapaMeTpaMu B paboTe paccMoT-
PEH METOJ, MPOCTPAHCTBEHHO-BPEMEHHOTO Mpeobdpa-
30BaHMSI, C MIOMOILBIO KOTOPOTO MOXKHO HEOCpPEaCT-
BEHHO MOJYYUTh JUHAMUYECKHE XapaKTePUCTUKU TTPU
HAJIMYMM B TAKUX CUCTEMAX JIMOO YITPaBJISIOIINX, TUOO
BO3MYLIAIOIIMX BO3AeHCTBUI. B 3TOM ciiydyae mocie
repexoma OT OPUTMHAJA K U300pakeHUIO TaKHUe CHC-
TEeMbl TPEACTABISIOT CO0OI MPOCTPaHCTBEHHO-BpE-
MEHHbIE (DUIBTPHI.

IIpocTpaHcTBeHHOE paclpeneieHue BO30YyAUTE-
Jieil KojiebaHUii U TaTYUKOB CheMa MOJIE3HOTO CUTHA-
Jia TOTOJIHSIET UCXOAHYI0 cucTeMy. Takoil moaxon oc-
HOBaH Ha MpUMeHeHUM (yHKuuu ['puHa U MoOXeT
OBITh MCIIOJB30BaH IS LIMPOKOrO Kjacca CTallMo-
HapHBIX OJHOPOAHBIX CUCTEM, IS KOTOPBIX CYILECT-
ByeT uHTerpaji cBeptku [1]. Kpome Toro, B jaHHOM
cilyyae oTnajgaeT HeoOXOAMMOCTh OOPaTHOIO IMepexo-

Ja OT M300pakeHU K OPUTMHAYy TPU COXPaHEHUU
KOJIMYECTBEHHBIX OLIEHOK TOYHOCTH, IIOMEXOYCTOMYM -
BOCTH MPOCTPAHCTBEHHBIX pacIipeie/ieHIi, roKa3aTe-
Jiel KauecTBa U T. 1. Mcrnoab3oBaHKe MeTOAA MpOoje-
MOHCTPHUPOBAHO Ha MIPOCTOM U ITPO3PAYHOM ITPHUMEpE.
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Gyroscope through Constructing Amplitude-Spatial Frequency Characteristics
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In article assessment of dynamic properties of the sensitive element (SE) of beam-type of a micromechanical gyroscope as the
distributed system is considered. Such approach allows to receive mathematical model for the analysis and synthesis not only fre-
quency properties, but also to estimate wave processes in a sensitive element of a micromechanical gyroscope. For simplicity of state-
ment in article flexural fluctuations of a sensitive element of the micromechanical gyroscope presented in the form of a thin core ac-
cording to the classical theory of Euler-Bernoulli are considered. As base model, the defining equation of flexural fluctuations of a
thin beam in a dimensionless form subject to only internal damping is used.

Requirements of the specification when developing similar systems most often are set in frequency (temporary) area. At the same
time, the possibility of casual sensors placement or the actuation mechanism in a nodal point of wave process is ignored. In article
the way of assessment the quality indicators based on continuous Fourier's transformation and discrete transformation on spatial var-
iables is used. Besides, the system with the distributed parameters can be spread out in a row on orthogonal functions, not being own
Sfunctions of this system. As system linear, such transformation can be realized termwise, and then to summarize received resullt.
Therefore this method of transformation can be applied to a wide class of objects with the distributed parameters for which it is pos-
sible to construct Green's function.

Application of such generalized transformations is possible to other systems with distributed parameters, for example, to optical
aberrations and to tasks of control by vibration's activators of an object, description of that is founded on the transfer function of
device. In the space equipment are often used light flexible structure for precision orientation of the antennas transferring information
from the spacecraft to Earth, pointing the optical equipment to study the space object, etc. Placement of various sensors and actuation
mechanisms has to consider a spatial arrangement of knots and antinodes of wave processes to avoid placement in these knots of
the measuring or transferring equipment.

Besides, the method used in this work does not demand the return transformation from the image to the original because the image
already contains all necessary dynamic characteristics of an object.

Keywords: micromechanical gyroscope, sensitive element, Fourier transform, Green's function, amplitude-frequency character-
istic, transfer function
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Consider the sensitive element (SE) of a microme- another of the convolution integral [1, 2] of the follow-
chanical vibratory gyroscope with input and output ing form:
functions u(x, 7) and y(x, 7), respectively, as a system k o )
with distributed parameters. FR(k, )} = [ [ fix, Dsin(k, x)e”""dxdt,
Let these scalar functions be defined in region D, 0
where they describe the disturbing influences and the
corresponding movements of the system as a function
of time within the entire region occupied by the object.
But the vibrations of such an object are also charac-
terized by spatial distribution. Therefore, the mathe-
matical models of such objects are partial differential

k= 2n/\, (1)
where F{(k, o)} is the image of the system when de-
composed into orthogonal functions in spatial varia-
bles, f(x, ) is the original, k is the wave number, o is
the frequency, and A is the wavelength.

From this it follows that the expansion in a series of
) orthogonal functions that are not eigenfunctions of
equations. these systems (the Green function) is applicable to such
For the one-dimensional case, u(x, ) is the input | a system with distributed parameters. In other words,
and y(x, f) are the output variables associated with one such an approach reduces to a formal replacement in
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the defining equations of the time derivatives with the
operator p = iw, and the derivatives with respect to the
spatial variables by the operator k (k is the wavenum-
ber — a quantity inversely proportional to the spatial
period).

As an example, for clarity and simplicity, we use
such an approach to analyzing the dynamics of a beam
SE of a micromechanical gyroscope (MMG) [3, 4] by
obtaining its amplitude-frequency spatial characteristic
(AFSC). To do this, we consider a model of a uniform
elastic thin beam. We believe that the length of the
beam is large compared with the width and height. In
addition, for simplicity, we confine ourselves to the
square cross section of such a beam, i.e. we use the SE
model (fig. 1) in the framework of the classical Euler —
Bernoulli theory [5, 6].

Then the determining equation of motion of a sen-
sitive element in a dimensionless form can be written in
the following form:

o'y 4 Oy &
4+ks 5 + 3 = u(x, 1), )
ox ox” ot or
where k; — the coefficient of internal damping; y —
the transverse displacement of the point of the beam,;
u(x, f) — the input disturbance.

A sine transform with finite limits in space variables
and an interval Fourier transform in time of the form
Kk, o) are acceptable to this equation [7, 8], i.e. we
obtain equation (2) in the images, replacing the de-
rivative with respect to the spatial variable by k, and in
time by p:

(K + kJPp + phy(x, B = u(x, D). (3)

After the classical replacement p = iw, we write the
transfer function of the beam type SE of vibrating mi-
cromechanical gyroscope in the form

1
Hk o)== —————.
Ko = ik ko

Getting rid of irrationality in the denominator of the
transfer function by multiplying by the complex conju-
gate expression, we get

Hk, o) =

_ K o? ¥
2
(k47032) +k4k§m2

ko

)
2
(k470)2) +k4k30)2

From (4) we finally obtain the expression for the
AFSC of the sensitive element:

1
(k4k§c02 + (k4 - 032)2)0’5 ,

where k is the wave number; k; — reduced internal
damping coefficient; ® — reduced frequency.

Wk, o) = (5)

On the basis of function (5), the AFSC of the sen-
sitive element of MMG for various values of k and k;
[1] are constructed and are presented graphically in
figs. 2, 3.

Thus, the function (5) obtained in the space of fre-
quencies and wave numbers (figs. 2, 3) determines the
dynamic characteristics of the forced oscillations of the
considered system with distributed parameters (beam
sensitive element of MMG), caused by both temporal
and spatial effects and allows us to estimate wave proc-
esses in SE.

Conclusion

To analyze the dynamic properties of systems with
distributed parameters, the paper considers the method
of space-time transformation, with which you can di-
rectly obtain dynamic characteristics if there are either
controlling or disturbing influences in such systems. In
this case, after the transition from the original to the
image, these systems are space-time filters.

The spatial distribution of exciters and pickup sen-
sors of the useful signal complements the original sys-
tem. This approach is based on the use of the Green
function and can be used for a wide class of stationary
homogeneous systems for which there is a convolution
integral [1]. In addition, in this case, there is no need
to reverse the transition from images to the original
while maintaining quantitative estimates of accuracy,
noise immunity of spatial distributions, quality indica-
tors, etc. The use of the method is demonstrated in a
simple and transparent example.
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CHUTDBIBAIOLWAA SAEKTPOHUKA AASl CKBUA-MATHUTOMETPOB
NMOCTOAHHOIO TOKA. YHACTb 1. MATHUTOMETPbI NMOCTOAHHOTIO TOKA

"M X OrPAHUYEHUA

ITlocmynuna 6 pedaxyuro 26.09.2018

Ilpeonpunsma nonvimka anaiu3a mexyujeeo COCMOAHUs U NPOBOOUMbBIX UCCAe008AHUL U PA3PAOOMOK 8 00AACMU CHUMbBIBA~-
fowetl 1eKmpoHUKYU 04 C8epXNPoBoOsUX Keanmogulx urnmepgepomempos (CKBHI[-maeHumomempog) nOCMOSHHO20 MOKA
(nm-CKBHJI). Paboma cocmoum uz mpex wacmei. B wacmu 1 pabomwt npoarnanuszuposarst ocHogHble oepanuternus nm-CKBHlos,
He N03604A10WUe UCN0Ab308aMb UX KAK OKOHEUHble YCMPOUCcmea 045 0emeKmupoeanus cAadbix MacHumubsix noaei. llpuuunot oe-
PAHUYEHULL C6A3AHbL: C HEAUHEUHOCMbIO €20 nepedamo4Hol XapaKmepucmuku, 3HAYUMeAbHO YMeHbuaouell AUHelnbll 0uana3on
UMepsaeMblX CUCHANA08; C MAAOU HAOWAObI0 CAMO20 PeUCMmPUpyioujeeo YCmpoucmea, 4mo CHuUdcaem 4yecmeumenbHoCmsb
nm-CKBHJla k machHumnomy noar; c¢ auxkep-uiymom nm-CKBHla, komopulii He no3eonsem 6 nOAHOU Mepe pacKpblms HO-

MeHyual 4yecmeumenbHocmu maxKux MacHumomempos.

Karoueenie caoea: cencopvl MacHUmMHbIX NOACU, MACHUMOMEMPbL HA OCHOBE CE8EPXNPOGOOAUUX KBAHMOBLIX UHMEPhHepOMempos
(CKBHIlos) nocmosnHo2o moka, oepanu4enus Ha ucnoavioseanue CKBHU/os

BBenenue

HccnenoBaHue ciiabblX MarHUTHBIX TOJIEH SIBJISIET-
CS KJIIOYEBOM 3a1ayvyeid psgaa NPUIOXKEHUM, TaKUX KakK
reoyioropaseaka [1], oumomenuuuHa [2, 3], 6eCKOH-
TaKTHBIE METOIbI KOHTpOJS [4], METOObI MCClIenoBa-
HUSI MATHUTHBIX CBOMCTB ITOBEPXHOCTH |5, 6], KproreH-
HOe JeTeKTupoBaHue yactull [7], u 1. n. Yaue Bcero
HcclieoBaTeNIeil MHTEpeCcyeT He M3MepeHne COOCTBEH -
HO MarHWUTHBIX TIOJIEH, a MCCIIeNOBaHNe CIa0bIX DJIeK-
TPUUYECKUX TOKOB, MX ITOpoXAaoiux. M3 n3BeCTHBIX
Ha HACTOSIIMA MOMEHT BpPeMEHU CEHCOPOB MarHuT-
HOTO T0JI1 (MarHUTOMETPOB) HanboJee YyBCTBUTEb-
HBIMU SIBJISTIOTCSI MArHUTOMETPBI HA OCHOBE CBEPXIIPO-
BOJSILIMX KBAHTOBBIX MHTEP(hEPOMETPOB, TaK Ha3biBa-
emble CKBU b (ot anri. Superconducting QUantum
Interference Device — SQUID). CpaBHeHUE 1eTeKTU-
pyeMoro jauamna3oHa MarHUTOMETPOB Pa3UYHBIX THU-
OB MPUBEACHO Ha pUC. 1, MOCTPOEHHOM 10 JAHHBIM
paboThl [8], U3 HEro BMAHO 3HAYMUTEIBHOE IPEUMY-
mwectBo CKBU/I-MarHuToMeTpoB IJisl U3MEPEHUIl B
00J1aCT MajibIX U CBEpPXMajblX MarHUTHBIX IOJEH.
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bavxaitmum "Konkypentom" CKBUW/I-marHuromer-
POB IO YYBCTBUTEIBLHOCTH SIBJISIIOTCS TAK Ha3blBa€MbIe
MMOUCKOBbIe KaTyluKu (search coil). OgHako paspele-
HUE MOJOOHBIX YCTPOMCTB Ha MOPSIAOK XYK€ U COCTaB-
aser necsatku T/ /T [9]. K Tomy e yacToThl cpesa
(bmkkep-1IyMma MarHUTOMETPOB HA OCHOBE IMOVMCKOBBIX
Katyuek 6onblue, yeM y CKBU/I-MarHuToMeTpoB 1
COCTaBJISIOT ACCATKU KUJIOTEPIl, UTO CyKaeT 00JIacTh
MIPUMEHEHUS MTOA00HBIX ycTpoicTB [10]. DTO 00BsiC-
HseT uHTepec K Tematruke CKBWJ/IoB pa3HbIX TpyIn
uccaeaoBaTeseid, mpeacraBieHHbIX B 003ope [11].

MarunutomeTp Ha ocHoBe CKBHM/Ia, KoHCTpyKLUMs
KOTOpOTro Obljia BIEpBbIe mpemioxkeHa B 1964 r. [12],
MpeaCTaBIsieT cO00 CBEPXMPOBOASIINI 3aMKHYThIN
KOHTYp, TIPepPBaHHBIN OTHMM WJIM HECKOJBKUMU TaK
HasbIBaeMbIMU Tepexonamu JIxo3edcoHa (Josephson
Junction, JJ). Cxema Takoro yctpoiictBa (CKBHUJI)
TIpUBeIeHa Ha pUC. 2, a, TOCTPOSHHOM MO JaHHBIM pa-
60THI [13], a ero 3KBUBaJIecHTHAsI cxeMa — Ha puc. 2, b.
JOCTOMHCTBOM TaKOi KOHCTPYKIIMU SIBJISICTCSI OYEHbBb
BBICOKAsl YYBCTBUTEIbHOCTb K UBMEHEHUIO MATHUTHO-
ro MOTOKA, MPOHU3BIBAIOLIETO 3TOT KOHTYp, U 3TO 00-




CTOSITETLCTBO SIBJISIETCSI ICTOYHUKOM OOJIBIIIOTO MHTE-
peca K TakoMy TUITy NpruOOpPOB.

OpHako B cBsi3u ¢ TeM, yTo CKBU/I-marnuromeTp
SIBJISIETCSI TIPUOOPOM CBEPXIIPOBOTHUKOBOM 3JIEKTPO-
HUKU 3TO HaKJIaablBaeT OINpeneSieHHbIe OrpaHUYCHMSI
Ha TeMIIepaTypy, Ipu KOTOPOi (YHKIITMOHUPYET CeH-
cop. Haubonee uysctButenbHbie CKBW/I-Marnuro-
MeTpHl ("HU3KOTEeMIIepaTypHbIe") paboTaloT B TeIHe-
BoM aMamna3oHe Temiepatyp <4,2 K, Tak Kak ypo-
BeHb cobcTBeHHBIX 1ymMmoB CKBWJla moHuxaercs: ¢

Cencopsl Xoina

Hall effect sensors

CeHcopbl Ha TUTAHTCKOM
MarHUTOPE3HCTUBHOM 3 dekTe [ ]

Giant magneto-resistive sensors

Cencopst MOMC (cuna Jlopenia)

MEMS sensors (Lorentz force sensors)

MarHVITOpEMACTVIBHLIe CEHCOpPBI

Anisotropic magneto-resistive sensors

OnTOBOJIOKOHHEIE CEHCOPEBI ]

Optical fiber sensors

I/IHJ_’[yKL{I/IOHHLIe CEHCOPBI

Fluxgate

TlouckoBast karymika [ ]

Search coil

CKBU/L
SQUID

L ] L] L] L] L] L]
Jlnanazon marautHoro nons (Tecna) 10 101 10° 10 10° 10°
Magnetic field range (Tesla) /T pT nT ul mT T

Puc. 1. CpaBHuTe/IbHAS YYBCTBUTEJIBHOCTh PA3JIMYHBIX THIOB JAT-
YMKOB MArHHTHOTO TOJISA

Fig. 1. Comparison of different kinds of magnetic sensors by sensitivity

Puc. 2. CKBU/I-cencop (a) n ero 3kBuBajienTHas cxema (b): [ —
nepexon Jxko3edcoHa; 2 — CBepXIPOBOISAIICE KOIbIO

Fig. 2. SQUID-sensor (a) and its equivalent schematic (b): 1 —
Josephson junction; 2 — superconducting ring

yMeHbllIeHeM TemiiepaTypbl [14]. CooTBEeTCTBEHHO,
takne CKBU/I-MarHUTOMETpHI TTOMELIAIOT B CIIEIN-
aJibHble KpMOCTAThl (CM., Harpumep, [15]).

Kak u n1060it ceHcop, MarHUTOMETPbl HA OCHOBE
CKBMH/la TpeOyoT NpUMEeHEeHUS DJIEKTPOHHOI 00BSI3-
KU (KaK MUHUMYM — YCWJINTEJSI CUTHAJIA) JJISI CYUTHI-
BaHUS U AajibHeulIeil 00paboTKu ¢cj1aboro AeTeKTupy-
eMoro curHaia. OnmHa U3 OCHOBHBIX MPOOJIEM 3aKJIIO-
4aeTcs B TOM, YTO pabOTOCIOCOOHOCTh HEOOXOIUMOI
mng cuntbiBanusa curHaiia co CKBUWJIoB 31eKTpoH-
HO¥ KOMITOHEHTHOM 0a3bl IMMUTAPOBAaHA CTaHIAPTH-
3UPOBAHHBIM IJI51 DJIEKTPOHHBIX KOMIIOHEHTOB TEMIIE-
patypHBEIM auarazoHoM —60...125 °C. Pemenue atoif
MPOOJAEMbl BO3MOXHO ABYMSI MyTSIMU: 1) HCIIOJIB30-
BaHUEeM oOpabaThiBaloOlllell CUTHAN 3JIEKTPOHUKU TIPU
CTaHIAPTU3UPOBAHHBIX TEMIIEPATYPHBIX YCIOBUSIX BHE
KpuocTaTa, 4To TpeOyeT NPUMEHEHUST JIMHHBIX KOM-
MYHHMKALIMOHHBIX IIPOBOIHWUKOB M, CJIEIOBATEIbHO,
MPUBOAMT K MOBBILIEHUIO 1ITyMa; 2) MCIIOJb30BaHUEM
BJIEKTPOHHBIX YCTPOWCTB B KPMOTEHHBIX YCJIOBUSX,
MakcuManbHo npubmmkeHHbx K CKBU/ly, uTo ra-
paHTUPYEeT MUHUMAJIbHbIN YPOBEHb LLIYMOB Ha BXOJIE
o0OpabaThiBalolleid JIEKTPOHUKM.

Bropoii BapuaHT npeacTaBisieTcsl HauboJiee Iepc-
MEeKTUBHBIM. MI3BeCTHBI UCCefoBaHUsI pabOTOCITOCO0-
HOCTH 3JIEKTPOHHBIX KOMIIOHEHTOB B YCIOBUSIX UX OX-
JaxnaeHus Xkuakum azotoM (77,4 K) [16—19], B nenom
MOKa3aBIl1e BO3MOXHOCTb TAKOTO TTpuMeHeHus1. [1po-
BOIMJIMCH TaKKe MCCleqoBaHUSI (GYHKIMOHUPOBAHUS
BJIEKTPOHHBIX KOMITOHEHTOB MPU I'eJIMeBbIX TeMITepa-
typax (4,2 K) (cm., Hannpumep, [20, 21]. OcobeHHOC-
TU GYHKLIMOHUPOBaHUS 0a30BbIX BJIEKTPOHHBIX KOM-
MOHEHTOB — TPaH3UCTOPOB IPHU TEeMIIepaType KU -
KOTI'O rejivsl Takke ObUTM OTMMCaHbl B psiie UCTOYHUKOB
[22—25].

OnHako mo cocTosiHUio Ha Havajo 2018 r. kakux-
JINOO CUCTeMaTU3MPOBAHHBIX WM OOOOIIEHHBIX daH-
HBbIX 00 OCOOEHHOCTSIX (DYHKIIMOHUPOBAHUSI MUKPO-
BJIEKTPOHHBIX KOMIIOHEHTOB B TEJIMEBOM IMaIta3oHe
TeMIeparyp, Kak 1 choOpMyJIMPOBAHHBIX TEXHUYECKUX
TpeOOBaHMIT K TTapaMeTpaM M METOMOJIOTUM ITPOEKTH -
pOBaHUS U TECTMPOBAHUIO CUMTHIBAIOLIMX 3JIEKTPOH-
HBIX YCTPONCTB, B TOCTYMHBIX MH(OPMALIMOHHBIX UC-
TOYHUKAX HE OOHapYKEeHO.

ITocTanoBka 3amaun

Takum oOpasom, ucciaemoBaHue U pa3paboTka
3JIEKTPOHHBIX YCTPOMCTB CUMTBHIBAHUSI U 0O0pabOTKHU
CJIa0bIX CUTHAJIOB C MAarHUTOMETPOB IIPHM TEJIHMEBBIX
TeMIepaTypax SIBISIIOTCSI COBPEMEHHOUN aKTyaJlbHOM
3agayeit. B HacTosieit 0630pHOI paboTte mpeanpuHs-
Ta MOMBITKA aHaJIM3a TEKYIIEero COCTOSIHUSI U MPOBO-
JUMBIX UCCIEIOBAaHUM U Pa3pab0TOK B 0OJACTHU CUUTHI-
Batoleit anekrpoHuku wisi CKBUI-MarHuToMeTpoB
noctosiHHoro Toka (maiee nT-CKBHWJ/I). KoneuHoit
LieAbl0 paboThl sIBIsIeTCS (POpMUpPOBaHUE IIEpEYHs
TpeOOBaHUI, KOTOPLIM JTOJIKHBI YAOBJIETBOPSTh COB-
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peMeHHbIe 3JIeKTPOHHBIE YCTPOMCTBa IJisd 00paboTKuU
manHeix CKBUJIoB 1 MX MUKPO3JIEKTPOHHBIE KOM-
TTOHEHTHI.

PaGora coctout u3 Tpex yacreit. B yactu 1 paboThl
paccMOTpPEHbl OCHOBHBIE OTpaHUYEHUS] HU3KOTEMITe-
patypubix nT-CKBWJ/I0oB, KOTOphiEe HE ITO3BOJISIIOT
HCIOJIb30BaTh UX KaK OKOHEUHbIE YCTPOWCTBA IS Je-
TeKTUPOBAHUsI MarHUTHBIX nosei. B uvactu 2 pac-
CMOTPEHHBI 00CYKAaeMbIe B IUTepaType 0a30BbIE dJIEK-
TPOHHBIE CXE€Mbl CUMTHIBAHUS IOJIE3HOTO CUTHaja C
nT-CKBWIoB 1 pacCMOTpPeHbl OCHOBHbIE OrpaHUYe-
HUSI, BHOCUMBbIE TOMOJHUTEbHOMN 3JIEKTPOHHOI 00BSI3-
Koil. B 3akimiounTenbHOM YacTu paboThl IIpeaCTaBICH
aHaIu3 00CYXIAaeMbIX pelIeHU B 007aCTU 3JEKTPO-
HUKM JJI1 KPUOTEHHBIX MPUMEHEeHN I KaK KJII0U4eBOro
3BeHa B mepcrnekTuBHbIX cuctemax CKBUI-maruu-
TOMETPOB.

B naHHOM HOMepe XypHasa MmyOauKyeTcs JacThb 1
paboTHI.

Kparkaa xapakrepuctuka nT-CKBH/la

Huxxe kpaTko paccCMOTpeH IIPUHLUII pabOThI
nT-CKBU/la u ¢dyHmameHTabHbIE KBAHTOBBIC SIBJIE-
HUs, JIeXalllue B OCHOBE €ro paboTHl, a UMEHHO —
CBEPXIPOBOAMMOCTb 1 3 dekT JIKozedcoHa.

Heaenue ceepxnposodumocmu 3aK0UYAETCSI B CBOM-
CTBE HEKOTOPBIX MAaTepUaioB MMETh HYJIEBOE DJICKT-
pUYECKOE COMPOTUBJICHUE TPU TEMIepaTypax HUXKe
KpuTh4eckoi (7,). D10 sABlIeHNE ObUIO OTKPHITO 3M-
mupudecku B 1911 r. X. Kamepimunr—OHHecoM [26].
st 06ObsICHEHUS IBJICHUSI CBEPXITPOBOANMOCTH TIEPBO-
HayaJIbHO MCIOJb30BaTM (DEHOMEHOJOTMYECKU IO -
xon (Teopust opaTtheB JIoHmoHoB [27]) 1 Oojiee 001ILyIO
teoputo I'mu3zbypra—Jlangay [28]. B 1957 r. 6bu10 110-
JIy4eHO TeopeTUUecKoe 000CHOBaHME TaHHOTO SIBITE-
HHUS Ha MHUKPOCKOITMYECKOM ypPOBHE, M3BECTHOE KaK
teopust BKIII — bapauna, Kynepa, [puddepa [29].

Heo6XoamMo OTMETHTD, UTO SIBIIEHUE CBEPXITPOBO-
MTUMOCTH HOCHUT KBAHTOBBIN XapakTep M HE MOXET B
MOJTHOM Mepe BOCIIPMHUMATBCS KakK sIBIeHUEe Oe3auc-
CHTIAaTUBHOTO TIPOXOKICHUS TOKa (MaeabHasT TIPOBO-
IUMOCTh). [ToMUMO OTCYTCTBUSI MTOTEPh (3IEKTpUYEC-
KOTO COIIPOTUBJICHMST) MaTepHall B CBEPXITPOBOASIIEM
COCTOSTHMU XapaKTepU3yeTCsl CBOMCTBOM BBITECHEHMS
MarHUTHOTO TOJIs1 U3 cBoero oobeMa (apdexT B. Meii-
cHepa [30]), uTo mpUOAaeT CXOKECTb CBEPXIIPOBOIHUKA
C JIVaMarHeTUKOM. DTOT 3¢pQeKT SBISIeTCSI 0COOEH-
HOCTBIO UMEHHO CBEPXITPOBOIHUKOB, MOKA3bIBasl W3-
MeHeHMe (a30BOro COCTOSIHUS 3JIEKTPOHHOM MOACUC-
TeMbl. 1o cTereHM BBITECHEHHMSI MArHUTHOTO TOJIS
(4acTMYHOE WU TIOJHOE) CBEPXIIPOBOAHUKU JEISATCS
Ha CBEPXITPOBOIHUKHU TICPBOTO M BTOPOTO poja: Tep-
BbIe — TIPEUMYIIIECTBEHHO YMCThIe METAJUIbI, BTOPhIE —
pa3nmm4IHbIe crutaBbl. OTPOMHBIN BKJIAI B Pa3BUTHE TEO-
puX CBEPXIIPOBOIHUKOB BTOPOro pojaa BHec A. AOpu-
KocoB [31].
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Hau6oap1mii nHTEpec M IPpaKTUYeCKOro IMpruMe-
HEHUSI UMEIOT CBEPXIIPOBOJHUKU BTOPOro poja, Tak
KaK 3HaYeHUS KPUTUUYECKUX TeMITepaTyp, Ipu KOTO-
pPbIX BO3MOXeH (ha30BbIi Mepexo] MeXAy HOopMasb-
HBIM UM CBEPXIPOBOISIIIUM COCTOSIHUSIMM, IJISI HUX
3HAYUTEIBHO BBIILIE, YEM IIJISI YUCTHIX METa/UIOB. Tak,
XapaKTepHble 3HAUEHUsI OTUX TeMIIepaTyp JexXaT BbIllle
20 K 1711 cBepXIpOBOIHUKOB BTOPOIro pojaa, B TO Bpe-
Ml Kak JUISl YUCTBIX METAJIOB 9TU TeMIIepaTyphl CO-
CTaBJISTIOT €AWHUIIBI KeJbBMH. OIHAKO 3HAYMTEJIbHBIC
TEXHOJIOTMYECKHUE TPYAHOCTU LIMPOKO UCIOJIb3yEeMOM
B HacTos1Iee BpeMsi MUKPORJIEKTPOHHOM TeXHOJIOTUH,
BO3HMKAIOIIME MPU M3TOTOBJIEHUM CTPYKTYP CBEpX-
MPOBOISIIEH BJEKTPOHUKU U3 CBEPXITPOBOAHUKOB C
MOBBILLIEHHOM KPUTUYECKON TeMIIEpaTypOil, IPUBOASIT
K TIPUMEHEHUIO B paMKax JaHHOU TeXHOJOI'MU, B OC-
HOBHOM, IBYX MaTepuajoB: Huoous (7.~ 9 K) u amro-
munus (7T, = 1 K).

Appexm Jlucozegpcona (otkpuiT b. JIxko3zedcoHoM
B 1962 1. [32]) mMeeT ocoboe 3HaAUYeHME B HAyKe U TeX-
Huke. CyTtb 3¢deKTa 3aKiioyaeTrcsl B IPOTEKaHUU
CBEPXITPOBOISIILIETO TOKA Yepe3 MOTeHIMATbHbINA Oaphb-
€p B OTCYTCTBUM TIPUJIOXKEHHOTO BHEIITHETO HAIIPSIKe-
HUSI, YTO OTJIMYAET €ro OT TPMBUAIbHOIO KBAHTOBOTO
TyHHeJupoBaHuUs. TeopeTuyeckoe 000OCHOBAaHUE TaH-
HOTO SIBJICHUSI CTPOUTCS HA PACCMOTPEHUU BIUSHUS
pasHoCTH (a3 mapaMeTpoB (¢, — ¢;) MOPsAIKA CUCTEMBI
(A) nis1 AByX CBEPXIIPOBOIHUKOB CO CJ1a0O0Ii CBS3BIO.
Eciu ¢BA3b CBepXITPOBOAHUKOB APYT C APYTOM JOCTa-
TOYHO Maja (rpaHulia Oapbepa MayloIpo3payHa), TO
BO3HUKAET CBEPXIIPOBOAALLUI TOK /¢ uepe3 maxosed-
COHOBCKUI Tepexoll, JaXe B OTCYTCTBUM IPUJIOXKEH-
HOI Pa3HOCTU MOTEHLIMAJIOB;

Ig= Icsin(dy — ¢y), (1)
A2
e Io = élchR — KPUTHUYECKHUI TOK JIKO3edco-

HOBCKOTO Iepexoja, MpU KOTOPOM ellle COXpaHsIeTCs
CBEPXIIPOBOAMMOCTD KOHTAKTa; e — 3apsii SJIEKTPOHA;
T — xpuTuyecKas TemIiepaTtypa nepexoaa; R — co-
TIPOTUBJICHNE KOHTAKTA.

ITo cytu adpdexT Hxo3edcoHa — 3TO TYHHEJIUPO-
BaHNE CBEPXITPOBOMSIIINX HOCUTEJIEH 3apsiaa, KOTOPhIE
M0 CBOEil TIpHUpoje TIPEACTABISIOT CO00i 603e-KOH-
JMEHCUPOBAaHHYIO KOT€PEHTHYIO DJIEKTPOHHYIO CHCTe-
My, COCTOSIIIYIO M3 KYMEPOBCKHMX Tap (KBa3WMYacTUII,
00pa30BaHHBIX IBYMSI CBSI3aHHBIMH 3JICKTPOHAMM).

HaunGonee monynsgpHbie TUITBI CTPYKTYP st pop-
MMPOBaHUS TK03e(PCOHOBCKOTO TTEPEX0Ia:

1) SIS-mepexon (ot Superconductor-Insulator-
Superconductor) [33];

2) SNS-nepexon (ot Superconductor-Normal Me-
tal-Superconductor) [34];

3) bridge-niepexon Uau Nepexoa MOCTUKOBOIO THU-
ma [35].




IlepcneKTUBHBIMUA C TOYKM 3pe-
HUS XapaKTePUCTUK SIBJISTIOTCS CTPYK-
TYpBI TIEPBOTO THUIIA, peaTu30BaHHEIE,
HampuMep, B BUIE MEPEXon0B Ha Oc-
HOBe Huobus [36].

Ceepxnpoeodsauue Keanmoevie UH-
mepghepomempur CKBH /ot siBASIIOTCS
OMHMM M3 HamboJjiee pacrpocTpa-
HEHHbIX MPUMEHEHUI CTPYKTYyp Ha
OCHOBE TXK03¢(DCOHOBCKUX IIePEXO-
JoB. JlaHHBI KJ1acc MPUOOPOB IO CY-
IIECTBY SIBJISIETCSI CBEPXITPEIIN3UOH-
HBIM CEHCOPOM MAarHUTHOTO IOTOKa,
CITOCOOHBIM JeTeKTHPOBATh CBEPXCIa0ble MAaTHUTHBIC
TOJISI TIOPSIAKA 1071 B6.

IToMuMo BhILIETIEpEUNCICHHBIX 3(PDeKTOB (CBEPX-
nmpoBoguMocTh, 3ddekT Ixo3zedcona), B CKBMdax
WCTIONb3YETCS SBJIEHUE KBAaHTOBAaHWS MAarHUTHOIO
IMOTOKa, KOTOPOEe 3aKiIovaeTcs B ciemyromieM. ToK B
CBEPXITPOBOISIILIEM KOJIbLIE TTOACTPAaUBAETCsl TAKUM 00-
pa3oM, 4TOOBI MarHUTHBIN TTOTOK, TTPOHMU3BIBAIOIINIA
KOJIBIIO, ObUT KpaTeH KBAaHTy MarHMUTHOIO TMOTOKa —
¢dmokcony (Dg):

Dy =1 =207-10715 Bg, )
2e

rae & — MOCTOsSIHHAS TUTaHKa.

DTO CBSI3aHO C TEM, YTO HOCUTENM 3apsiia B CBEPX-
MPOBOJHUKE — "KYNEePOBCKME IMapbl’ — KOTePEHTHBI
MeXIy coOoii, 1 MEHSIIOT CBOE COCTOSIHME OIHOBpEe-
MEHHO M MX COCTOSHHE TIPU 3TOM OIMCHIBaeTCS 00-
el BoimHOBOW QyHKumeil [37]. MarHutHoe moJje
BiIMsIET Ha (pa3y BOJIHOBOM (PYHKIIUM KYIIEPOBCKUX Map
yepe3 U3MeHeHue UX uMmityjibca. OMHO3HAYHOCTh BOJI-
HOBOI (byHKIIMU B 3aMKHYTOM KOHTYpe TpeOyeT KBaH-
TOBaHUS MMITyJbca. KBaHTOBaHME WMHTerpajza Mar-
HUTHOTIO ToJisi H Mo 3aMKHYTOMY KOHTYpY ds BAaiu
OT BHYTPEHHEro Kpasi CBEpXIIPOBOIHUKOBOTO KOJIblIa
OT 000OILEHHOrO MMITYJIbCa KyNEPOBCKUX Iap IO Cy-
IIECTBY SIBJIIETCSI KBAHTOBAaHHBIM MarHUTHBIM TTOTO-
KoM @ [38]:

[[Hds=®=mL, (3)

rmem=20,1, 2,3, ...

Paznmuuaror asa Tuna CKBHW/10B: mOCTOSIHHOTO TO-
ka (nT-CKBW/I) u BbicokoyacToTHbIe (Bu-CKBUJI).
ITepBbie COCTOST U3 ABYX JXK03€(DCOHOBCKUX KOHTaK-
TOB, 3aMKHYTBIX B CBEPXIPOBOSIIEE KOJIbIO, a BTO-
pble — 13 OTHOTO KOHTaKTa, TAKXXe 3aMKHYTOTO B CBEPX-
npoBopsiiee Koablo. IIpeumyiectsom nT-CKBU/Ia
SIBJISIETCS TIOBBILLIEHHAs, B cpaBHeHUU ¢ BY-CKBU/lomM,
YYBCTBUTEJBHOCTh K MarHUTHOMY TOTOKY. Jlojiroe
BpeMs1 HemoctatkoM nT-CKBW/la sBiasiioch yxya-
LIeHWE YYBCTBUTEJILHOCTU, OOYCIOBIEHHOE aCUMMET-
pueii ey nHTepdepomeTpa (Hen30exXHOe TeXHOJIO-
TMYECKOe paccorjiacoBaHMe IapaMeTpoB IKo3edco-
HoBckux IepexonoB), Bu-CKBU bl nuilleHBl 3TOr0

O, = ndy

I,
[ .
@, = (n+ 1/12)Dy T T

Puc. 3. Crpykrypnas cxema nt-CKBU/I (@), ero BosbT-amnepnas xapakrepuctuka (b) u
(¢) BOJILT-NOTOKOBAsA XapaKTepucTHKa (pabouas Touka OP umeer mecro npu (n + 1/4)®)

Fig. 3. Structural scheme of dc-SQUID (a), its current-voltage diagram (b) and voltage-flux
diagram (operating point (OP) is situated at (n + 1/4)®,)

HegocTtaTka. CTOUT OTMETUTh, UTO COBPEMEHHbBIE TEX-
HOJIOTUM MO3BOJISIIOT B 3HAYUTEJIBHON CTETIEHU TOYHO
OCYILECTBJISITh JBa COMIACOBAHHBIX MEXIY COOOM KOH-
TakTa, OTKyIa clieAyeT HauOoJIblas IepCreKTUBHOCTh
nT-CKBH/loB B cvny MX HNOBBIIIEHHON YyBCTBUTEb-
HOCTH K MarHUTHOMY NoToKy [39]. JlanpHelunit aHa-
M3 B 063ope otHocuTes K nT-CKBU Jam.

Ha puc. 3, a mpeacraBieHa CTpyKTypHas cxema
nT-CKBH/la (1o paHHbIM [40]), KOTOPBII COCTOUT U3
CBEPXIIPOBOJSIIETO KOJIbIIA C CUMMETPUYHBIMU JIKO-
3edconoBckuMu nepexonamu (J; u J,). Yepes nByx-
koHTakTHHI nT-CKBWJI mpomyckaeTcsl ITOCTOSIH-
HBIII TPAHCIOPTHELIM TOK, OoJjiee, 4YeM BIBOE, IMpe-
BBILIAIOIIMA KPUTUYECKUI TOK JXKO3€(PCOHOBCKOIO
nepexona (/> 21). Ilpy n3MeHEHUU NPUIIOKEHHOTO K
nr-CKBW]ly MarHuTHOToO NOTOKa BO3HUKAET SKPaHU-
pyomuii ToK Ig, KOTOPBIA IMONIEPXKUBAET MATHUT-
HBIN TTOTOK BHYTPM KOJIblia, paBHBIM KPAaTHOMY YHCITY
(IIOKCOHOB D) (3KPAHUPYIOLLMIA TOK ITPOTEKAET B Ta-
KOM HaIpaBJIeHUU U C TaKUM 3HAYEHHEM, TPU KOTO-
POM pe3yIbTUPYIOIIUI MAaTHUTHBII MOTOK OyneT Kpa-
TeH ®). DTO SIKBUBAJIEHTHO U3MEHEHUIO KPUTUYECKO-
ro TOKa J03e(PCOHOBCKOro Iepexona (pe3ucTUBHOE
COCTOSIHME OyneT HacTymaTb NPU MEHbIIUX/00Jb-
IIMX TOKaX B 3aBUCMMOCTU OT MarHUTHOTO IOTOKA).
Takum o06pa3oM, BoJIbT-aMIEpHasl XapakKTepUCTHUKA
nT-CKBHW]la (puc. 3, b) OygeT ocumuiMpoBaTh IIpU
W3MEHEHUU MarHUTHOTO MOTOKA, YTO MPUBEIET K U3-
MeHeHMIO IMaaeHus HanpskeHus V Ha nTt-CKBU/e.
HNHbIMM cllOBaMU, UMEET MECTO Clieaylolee npeoopa-
30BaHUE:

Bo>d—> 1>V “)

@DyHaaMeHTAJIbHbIE OTPAHMYEHHS] MATHUTOMETPOB
Ha ocuose nT-CKBHJla

ITpu pa6ote ¢ nT-CKBUW /oM, Kak 1 ¢ TI0OBIM CEeH-
COPOM, HEOOXOAMMO MpeEXKae BCEro 3aAaThCsl BOIPO-
coM BbIOOpa paboueil TOYKM Ha MNeperaTOYyHOM Xa-
paxkrepucTtuke. Paboyas Touka, mo cyTd, OnpencsseT
JVUHAMUYECKUI AMana3oH U YyBCTBUTEJIbHOCTb U3Me-
puTeabHOM cucTeMbl. OUeBUAHO, YTO HAWTyYlllee Mec-
TO sl paboyeid TOUKM HaXOaUTCsl Ha HauboJsiee Kpy-
TOM U JIMHEMHOM Y4YacCTKe I1€peIaTOYHOM BOJILT-IIOTO-
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KOBOW XapaKTepUCTUKM, a MMEHHO B (n + 1/4)d
Toukax (puc. 3, ¢).

Oczpanuuenus, ceéazamnnsvie ¢ AUHEHHbIM OUANA30HOM
nm-CKBHJJa. Vicxonst U3 TIpOBEIEHHOTO BBIIIE aHAa-
JI3a MOXET ToKa3aTbCsl, YTO, B NMPUHIMIIE, JOCTa-
TOYHO JINIIb YCUJIWUTH BBIXOMHOM CHUTHAJ W IOJyYaTh
“H@OpMALINIO O MATHUTHOM T0JIe, MPOHU3bIBAIOIIEM
nT-CKBUJI. OpHako BXOmZHOE 3HAYEHUE CUTHAaIa
JOJIKHO ObITh MeHbLIE @) (ropsaka 0,01 @), 4ToObI
n36eXaTh HEIMHEWHBIX UCKAXXeHWI BBIXOTHOTO CHT-
HaJjia, IIOCKOJIbKY paboyasi TouKa OyJaeT JABUraThCs 110
BOJILT-TIOTOKOBOI XapaKTEepUCTUKE TIPU W3MEHEHUU
BXOIHOTO TTOTOKA W JOCTaTOYHO OBICTPO TTOKUHET JIM-
HEUHBIN y4yacToK.

OrpaHmyeHNs, BHOCUMBIC HETMHEHBIMU MCKaXKe-
HUSIMU, He TMO3BOJISIIOT B TAKOM ciiydyae (pMKCUpPOBATh
Oosiee MolIHbIe MarHUTHBIE noisl. bosee Toro, cylie-
CTBOBaHWE TMApPa3sUTHBIX BHEITHUX MATHUTHBIX TTOJIEH
MPUBOAUT K HEOOXOAMMOCTH CUMTHIBAHUS CIA0BIX CUT-
HaJIOB JINIIb B SKPaHWPOBAHHBIX MTOMeIIeHMAX. s
TOrO YTOOBI MPEONOJeTh OrPAaHUYEHUSI, CBSI3aHHbIE C
JuHeltHbiM auanaszoHoM NT-CKBW/la, Ha mpakTuke
KCIIOJIB3YIOT TaK Ha3blBaeMy0 "TIET/II0 (pUKcalMU I10-
TOKa" UM OTPULIATEJIbHYIO OOpaTHYIO CBSI3b MO Mar-
HUTHOMY TOTOKY (flux locked-loop) [41].

Ocepanuuenus, ceazannsie ¢ 1/f~wymom. 1llymonas
XapakKTepUCTUKA BCeX JIEKTPOHHBIX TPUOOPOB U CEH-
copoB (B ToM unciae u CKBU/IoB) B 4acTOTHOi1 00-
JIaCTU CKJIabIBaeTCsl B OOLIEM Cilyyae U3 Oes1oro iyma
(paBHOMEpEH I10 YacTOTe) M TaK Ha3bIBa€MOTO (DJIMK-
kep-muyma (flicker noise), KOTOpBI YBEJIMUMBACTCS C
MMOHMXKEHWEeM 4JacToThl, win 1/f~myma. Ecim Genbrit
IIYyM B OCHOBHOM OJHO3HAYHO CBS3BIBAIOT C LIYMOM
>xoHCOHA (TETIJIOBBIM IIIyMOM, KOTOPBIH ITPOITOPIIHO-
HaJIeH TeMIeparype M He 3aBUCHUT OT YacTOThl), TO
npupoja GIMKKep-1IyMa B KaxJI0M OTAEIbHO B3SITOM
npudope pasznuyHa. OObIYHO (IMKKEpP-IIyM Xapak-
TEPU3YETCA YaCTOTOM cpe3a f-. MeHblle 3TOi YacTOThI
IIyMOBasl XapaKTepUCTUKA MOTINHSICTCS 3aKOHY 1/f.
TunuyHbIE YAacTOTHI Cpe3a y HU3KOTeMIIepaTypHbIX
nT-CKBHJIoB cocTaBisitoT €AWHMIBLI UM AOJU Tepll
(6o7ee moapoOHYI0 MHGOPMALIMIO MOXHO HATH B UC-
TouHUKax [42—45]).

Hns BbicokotemnepatypHbix nT-CKBHWJIoB ad-
(exThl QIMKKep-lIyMa MpOSIBISIIOTCS B Oojiee 3Ha-
YUTEJIbHOM CTETICHN M BBI3BAHBI (DIIYKTyaIllUSIMHU KPH-
THYecKoro toka. OCHOBHONM MeTOJ MUHUMU3ALUU
(IMKKep-1IyMOB B 3TOM CIy4yae 3aKJIHYaeTcs B MOIY-
ssauuu Toka cMenieHuss CKBW/a [46]. Takum obpa-
30M, (IUKKEP-IIyM SBISICTCS OTpaHWYCHUEM IS
U3MEpPEeHUN MEUICHHO MEHSIOIIMXCSI CUTHAJIOB BBUILY
3HAYUTEJILHOTO BIMSIHUSI HU3KOYACTOTHBIX LIYMOB. JLJ1st
HuzkotemnepaTypHbix CKBWJIoB 3TH 111yMbl MPOsIB-
JISIIOTCSI B MEHbIIIEH CTeNeHu, YeM ISl BbICOKOTeMITe-
patypHbix CKBH/losB.

Ozpanuvenus, cesizannsie ¢ naoujadvro nm-CKBH/la.
XOTs1 caM CEHCOp, MPEACTaBISIIOIIMI COOOM MeTITo
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Puc. 4. CunuThIBaHHE MATHUTHOTO MOJIS Yepe3 KOJIbIO 3aXBATA CHTHAA
Fig. 4. Magnetic field reading with pick-up coil

CBEPXIIPOBOJHMKA, MOXET JETEKTUPOBATh MATHUTHBIN
MOTOK TMOpsiiKa nojei (JIIOKCOHA, ero AeTeKTUPYIo-
11ask CITOCOOHOCTb MATHUTHOTO TOJIS, BCIEICTBUE €rO
MaJIOi TUIOIIAAU, OCTaBIISIET XKeJlaTh JYYIIero.
Hecmotpst Ha TO UTO 1IIyM MarHUTHOTO MOTOKA Sq>, S0
OYeHb HU3KHWM, IIIYyM MarHUTHOIO ITOJS S B.50 Oymet
orpanmyeH ruromanesio camoro nT-CKBWIa A SO

S,
Sp.so = j’—SQ : &)
S0

st yaydineHus ITyMOBBIX XapaKTepHUCTUK UCIIONh-
3yIOT TaK Ha3biBaeMble "KOJIblla 3axBaTa cMrHaia"
(pick-up coil) ¢ GonblIel TIOLIAABIO, YeM ILIOLIAdb
nerin nT-CKBWda (puc. 4, mocTpoeH u najee Iosic-
HSIeTCSI 110 JaHHBIM paboThl [45]). TpaHcasiLus BHeL -
Hero noroka @, B nT-CKBHW]le ocyuiecTsisieTcs ye-

pe3 CBSI3aHHYIO C HUM MHAYKTUBHOCTD:

Lp+ L Lp+ L
N AT P AL TP ©)
IN IJLpLy

rae Lpu Ly — MHIYKTUBHOCTb KOJIbLIA 3aXBaTa U CBS-
3aHHoi ¢ nT-CKBW/loM BXOgHO# KaTyIIKX COOTBET-
cTBeHHO; My — B3aumonHaykuus nr-CKBW/la u ka-
TYLIKKW; Kk — KO3GhGULMEHT CBSI3H; Oy, — MarHUTHBIN
MoToK, npoHusbiBatowmuii nr-CKBU/I.

Hns Hawnydirero a¢gp@ekTa 4acTo UCIONb3YIOT CO-
racoBaHue uHaykTuBHOCTei NT-CKBW/a 1 kosbla
3axBaTa MOCPEeACTBAM IMPOMEKYTOUHOTO TpaHCchopma-
Topa. Mcnonb3oBaHue KoJjell 3axBaTa MO3BOJISIET 0-
CTUTaTh pa3pellieHUs] CUCTeMBbI 10 MAarHUTHOMY IOJTIO
BIUIOTb 10 (DUTOTECIOBOrO AMara3oHa.

3akimoueHue

Haubonee mnpely3MOHHBIMU CEHCOpaMU MarHUT-
HOTO TTO0JIST Ha CeTOOHSIHUMI neHb saBgoTcess CKBU /I -
marautoMeTpbl. CKBU]I mpencraBiseT coboil mpu-
0Op CBEPXIIPOBOMASIICH 2JIEKTPOHUKM, KOTOPBINA I103-
BOJISIET C KOJIOCCAJIbHOI YYBCTBUTEJIbHOCTBIO IETECK-
TUPOBaTh cjabble U3MEHEHWSI MarHUTHOTO I10TOKA.
Cdepa npuMeHEHUST CBEPXIPELM3UOHHBIX JATYMKOB
MarHUTHOTO MOJISI IIMPOKa M pa3HOOOpa3Ha: OECKOH-
TaKTHbIE METOAbI KOHTPOJISI; OMOMEINIINHA; Te0JI0T0-
pa3Benka u T. 1. Haubosee 4yBCTBUTEbHBIMU SIBJISI-
orcs CKBUBpI MOCTOSHHOTO TOKa, COCTOSIIIIME U3
CBEPXIPOBOJSIIEro KOJblia, TPpepBaHHOTO ABYMS Iie-




pexomamu JIxko3epcoHa. HecMoTpst Ha TO YTO B JaH-
HbIi MOMEHT CYLIECTBYIOT CBEPXITPOBOIHUKHU C BbICO-
KO KpUTHMUYECKOU TeMmepaTypoii, HauboJiee YyBCTBU -
TeJbHbIE MAarHUTOMETPhl M3rOTaBJIMBAIOT Ha OCHOBE
nt-CKBW]I0B ¢ HU3KOI KpUTUYECKOI TeMIEpaTypoit,
KOTOpbIe paboTaloT B TeJIMEBOM dvarna3oHe TemIlepa-
Typ. HecMOTpst Ha BBICOKYIO UyBCTBUTEIbHOCTb, CAMU
nT-CKBUJIpI MMEIOT HEKOTOphle OrpaHMYEHMsI, HE
MO3BOJISIOIIME UCIOJb30BaTh UX KaK CAMOCTOSITENb-
HBbIE CEHCOpHBIE YCTpOIicTBa. JlaHHBIE OrpaHWYCHMS
CBg3aHbl: 1) ¢ HEJIMHEHHOCThIO MepeaaTOYHOM Xapak-
tepuctuku nT-CKBW/a, KoTopasi 3HauUTeIbHO OTpa-
HUYMBAET JIMHEWHBIN OUana3oH U3MepsieMbIX CUTHa-
JIOB; 2) ¢ MaJIO¥ MJIOLIAAbBI CAMOr0 TaTYMKa, KOTopast
OrpaHUYMBAET €r0 YyBCTBUTEIbHOCTH K MAarHUTHOMY
nojto; 3) ¢ paukkep-mymamu nt-CKBHW/la, koTopbie
HE TIO3BOJISIIOT B TIOJIHOM Mepe pacKpbITh MOTEHIINAIT
YYBCTBUTEJIbHOCTU TaKMX MAarHUTOMETPOB.

B uyactu 2 paboThl OydeT mpeacTaBieH aHaIu3 Cy-
LIECTBYIOIIMX PEeILIeHUI, TTO3BOJSIIOIIUX TPEOa0JeTh
OIMMCaHHBIC OTPAaHNYCHUS.

CHmcoK JuTepaTypbl

1. Chwala A., Stolz R., Schmelz M. et al. SQUID Systems
for Geophysical Time Domain Electromagnetics (TEM) at IPHT
Jena // IEICE Trans. electron. 2015. Vol. E98-C (3). P. 167—173.
doi: 10.1587/transele.E98. C. 167.

2. MacaennukoB 0. B. MarHutoMmeTpuueckue CUCTeMbl Ha
ocHoBe CKBHW/I0B 111 OMOMEAMIIMHCKUX TPUMEHEHUIA: JuC. ...
I-pa TexH. HayK. Mockga, 2016. 295 c.

3. Vettoliere A. SQUID based multichannel system for brain
functional imaging: Ph. D. dissertation. Naples, 2012. 86 p.

4. Faley M. 1., Kostyurina E. A., Kalashnikov K. V. et al. Su-
perconducting Quantum Interferometers for Nondestructive
Evaluation // Sensors. 2017. Vol. 17, no. 12: 2798. 16 p. doi:
10.3390/s17122798.

5. BesmkanoB JI. A. BbICOKOYYBCTBUTETbHBIE METOABI MC-
CJIeIOBaHMST MATHUTHBIX CBOMCTB KPUCTAUTUIECKUX U TICHOY-
HBIX MATHUTHBIX CUCTEM: JUC. ... I-pa ¢.-M. HayK. KpacHosipck,
2017. 436 c.

6. Lee S.-Y. Multi-channel scanning SQUID microscopy:
Ph. D. dissertation. College Park, 2004. 255 p.

7. Sakai K. A Frequency-Division Multiplexing Readout
System for Large-Format TES X-Ray Microcalorimeter Arrays
towards Future Space Missions: Ph. D. dissertation. Tokyo, 2014.
120 p.

8. Herrera-May A. L., Aguilera-Cortés L. A., Garcia-Ram-
irez P. J. et al. Resonant Magnetic Field Sensors Based On
MEMS Technology // Sensors. 2009. Vol. 9 (10). P. 7785—7813.
doi: 10.3390/s91007785.

9. Matlashov A. N., Schultz L. J., Espy M. A. et al. SQUIDs
vs. Induction Coils for Ultra-Low Field Nuclear Magnetic Res-
onance: Experimental and Simulation Comparison // IEEE
Transactions on Applied Superconductivity. 2011. Vol. 21 (3).
P. 465—468. doi: 10.1109/TASC.2010.2089402.

10. Tumanski S. Induction Coil Sensors — a Review // Meas-
urement Science and Technology. 2007. Vol. 18 (3). P. R31—R46.
doi: 10.1088/0957-0233/18/3/R01.

11. Bouapos JI. 1O., Maasnes II. II. OcHoBHbIE HampaBiie-
HUSI U TIEPCIIEKTUBBI PAa3BUTHSI KBAHTOBBIX MHGMOPMAIIMOHHBIX
TEXHOJIOTHI 3a pyoexkoM // HaHo- 1 MUKpOCUCTeMHasl TEXHHUKA.
2007. Ne 5. C. 2—10.

12. Jaklevic R. C., Lambe J., Silver A. H. et al. Quantum In-
terference Effects in Josephson Tunneling // Physical Review

Letters. 1964. Vol. 12 (7). P. 159—160. doi: 10.1103/PhysRev-
Lett.12.159.

13. Granata C., Vettoliere A. Nano Superconducting Quan-
tum Interference device: A powerful tool for nanoscale investi-
gations // Physics Reports. 2016. Vol. 614. P. 1—64. doi:
10.1016/j.physrep.2015.12.001.

14. Faley M. 1., Poppe U., Urban K. et al. Noise properties of
direct current SQUIDs with quasiplanar YBa,Cu30; Josephson
junctions // Appl. Phys. Lett. 1995. Vol. 67 (14). P. 2087—2089.
doi: 10.1063/1.115087.

15. Houkos U. JI., UBanos b. U., Kpusenkmnii A. B. u n1p.
DKcnepuMeHTaAIbHOE UCCIeN0BAaHNUE IITyMOBBIX CBOMCTB U3Me-
PUTEILHOTO MMKPOBOJTHOBOTO TpaKTa CBEPXIPOBOASIIAX KBaH-
TOBBIX Lienei // Jlokmanbl AkagemMuu Hayk BbICIIEH HIKOJIBI
Poccuiickoit  ®epmepaumu. T. 26. 2015. C. 52—65. doi:
10.17212/1727-2769-2015-1-52-65.

16. Swenson J. A., Baker K. D. CMOS operational amplifier
performance at cryogenic temperatures // Cryogenics. 1993.
Vol. 33 (2). P. 215—221. doi: 10.1016/0011-2275(93)90140-J.

17. Chen T., Zhu C., Najafizadeh L. et al. CMOS reliability
issues for emerging cryogenic Lunar electronics applications //
Solid-State Electronics. 2006. Vol. 50 (6). P. 959—963. doi:
10.1016/j.sse.2006.05.010.

18. Yangbo Y., Zhe G., Haisong L. Modeling and Parameters
Extraction Technique for the MOSFETs at Liquid Nitrogen
Temperature // Chinese Journal of Electronics. 2009. Vol. 18 (2).
P. 215—219.

19. Hoff J. R., Arora R., Cressler J. D. et al. Lifetime Stud-
ies of 130nm nMOS Transistors Intended for Long-Duration,
Cryogenic High-Energy Physics Experiments. // IEEE Nuclear
Science Symposium Conference Record. 2011. 9 p. doi:
10.1109/NSSMIC.2011.6154083.

20. Miick M., Korn M., Mugford C. G. A. et al. Cryogenic
direct current superconducting quantum interference device re-
adout circuit // Review of Scientific Instruments. 2005. Vol. 76:
074701. S p. doi: 10.1063/1.1947880.

21. Badenhorst L. R. Cryogenic Amplifiers for Interfacing Su-
perconductive Systems to room temperature electronics: Master
of Science dissertation. Stellenbosch, 2008. 93 p.

22. Buchanan E. D., Benford D. J., Forgione J. B. Cryogenic
Applications of Commercial Electronic Components / NASA
Technical report. 2012. 13 p.

23. Ying H., Wier B. R., Dark J., et al. Operation of SiGe
HBTs Down to 70 mK // IEEE Electron Device Letters. 2016.
Vol. 38 (1). P. 12—13. doi: 10.1109/LED.2016.2633465.

24. Najafizadeh L., Adams J. S., Phillips S. D., et al. Sub-1-K
Operation of SiGe Transistors and Circuits // IEEE Electron
Device Letters. 2009. Vol. 30 (5). P. 508—510. doi:
10.1109/LED.2009.2016767.

25. Cressler J. D. Operation of SiGe bipolar technology at
cryogenic temperatures // Journal de Physique IV Colloque.
1994. Vol. 4. P. C6-101—C6-110. doi: 10.1051/jp4:1994616.

26. Kamerlingh-Onnes H. Further experiments with Liquid
Helium. D. On the change of Electrical Resistance of Pure Met-
als at very low Temperatures, etc. V. The Disappearance of the
resistance of mercury // KNAW Proceedings. 1911. Vol. 14,
P. 113—115.

27. London F., London H. The Electromagnetic Equations of
the Supraconductor // Proc. Roy. Soc A. 1935. Vol. 149 (866).
P. 71—88. doi: 10.1098/rspa.1935.0048.

28. Ginzburg V. L., Landau L. D. Zh. Eksp. Teor. Fiz. 20,
1064 (1950). English translation in: L. D. Landau, Collected pa-
pers (Oxford: Pergamon Press, 1965). 546 p.

29. Bardeen J., Cooper L. N., Schrieffer J. R. Theory of Su-
perconductivity // Phys. Rev. 1957. Vol. 108 (5). P. 1175—1204.
doi: 10.1103/PhysRev.106.162.

30. Meissner W., Oschsenfeld R. Ein Neuer Effekt bei Eintritt
der Supraleitfahigkeit // Naturwissenschaften. 1933. Vol. 21 (44).
P. 787—788. doi: 10.1007/BF01504252.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 1, 2019 45




31. Abrikosov A. A. On the Magnetic Properties of Supercon-
ductors of the Second Group // Sov. Phus. JETP. 1957. Vol. 5 (6).
P. 1174—1182.

32. Josephson B. D. Possible new effect in superconductive
tunneling // Phys. Lett. 1962. Vol. 1 (7), P. 251—253. doi:
10.1016/0031-9163(62)91369-0.

33. Nevala M. Development of Niobium-Based Supercon-
ducting Junctions: Ph. D. dissertation. Jyviskyld, 2012. P. 78.

34. Lacquaniti V., Maggi S., Polcari A. et al. Fabrication and
Characterization of SNS Josephson Junctions with an Aluminum
Barrier // IEEE Transactions on Applied Superconductivity.
2001. Vol. 11 (1). P. 1130—1133. doi: 10.1109/77.919547.

35. Ramzia A., Charleboisa S. A., Krantz P. Niobium and
Aluminum Josephson Junctions Fabricated with a Damascene
CMP Process // Physics Procedia. 2012. Vol. 36. P. 211—216.
doi: 10.1016/j.phpro.2012.06.148.

36. Drung D. Introduction to Nb-Based SQUID Sensors //
IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FO-
RUM. 2016. 16 p. URL: http://snf.iceecsc.org/sites/ieeecsc.org/
files/documents/snf/abstracts/Drung_IntroductionToNb-Based-
SQUIDsensors_Corrected.pdf.

37. Doll R., Nibauer M. Experimental Proof of Magnetic
Flux Quantization in a Superconducting Ring // Physical Review
Letters. 1962. Vol. 7 (2). P. 51—52. doi: doi.org/10.1103/Phys-
RevLett.7.51.

38. Auronos 10. ®@., Tannnesny f. B. CBepXnpoBOTHUKO-
BBIE TOTOJIOTMYECKUE 3JICKTpUUecKre MammHbl. M.: dusmar-
qar, 2009. 368 c.

39. Fagaly R. L. Superconducting quantum interference de-
vice instruments and applications // Review of Scientific In-
struments. 2006. Vol. 77 (10). P. 101101—101101-45. doi:
10.1063/1.2354545.

40. Clarke J., Braginski A. I. The SQUID Handbook. Vol. 1
Fundamentals and Technology of SQUIDs and SQUID Systems.
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 2004. 409 p.

41. Torrioli G., Bastia P., Piroc L., et al. A cryo-amplifier
working in a Double Loop-Flux Locked Loop scheme for SQUID
readout of TES detectors // Proc. of SPIE. 2010. Vol. 7732:
77324. P. 8. doi: 10.1117/12.856430.

42. Anton S. M., Birenbaum J. S., O’Kelley S. R. et al. Mag-
netic Flux Noise in dc SQUIDs: Temperature and Geometry De-
pendence // Phys. Rev. Let. 2013. Vol. 110: 147002. P. 5. doi:
10.1103/PhysRevLett.110.147002.

43. Faley M. 1., Poppe U., Urban K. Noise properties of di-
rect current SQUIDs with quasiplanar YBa,Cu30; Josephson
junctions // Appl. Phys. Lett. 1995. Vol. 67 (14). P. 2087—2089.
doi: 10.1063/1.115087.

44. Miick M., Korn M., Mugford C. G. A. et al. Measure-
mentsof 1/f noise in Josephson junctions at zero voltage: Impli-
cations for decoherence in superconducting quantum bits // Ap-
plied Physics Letters. 2005. Vol. 86: 012510. P. 3. doi:
10.1063/1.1846157.

45. Wellstood F. C., Urbina C., Clarke J. Flicker (1/f) noise
in the critical current of Josephson junctions at 0.09—4.2 K //
Applied Physics Letters. 2004. Vol. 85 (22). P. 5296—5298. doi:
10.1063/1.1826236.

46. Fogbetti V. A Novel Modulation Technique for 1/f
Noise Reduction in dc SQUIDs // IEEE Transactions on
Magnetics. 1987. Vol. 23 (2). P. 1150—1153. doi:
10.1109/TMAG.1987.1065126.

47. Quantum Design. SQUID Application Note 1052-202:
Coupling Magnetic Signals to a SQUID Amplifier. 2001. URL:
https://www.qdusa.com/sitedocs/appNotes/squids/1052-202.pdf.

A. A. Cherepanov, Postgraduate, Student, Design Engineer, SibIS LLC, 630082, Novosibirsk,

Russian Federation, Novosibirsk State Technical University, Novosibirsk, 630073, Russian Federation,
cherepanov@sib-is.ru, I. L. Novikov, Ph. D., Senior Researcher of Quantum Cryogenic Electronics Lab.,
Novosibirsk, Russian Federation, Novosibirsk State Technical University, Novosibirsk, 630073, Russian
Federation, ilya_novikov@mail.ru, V. Yu. Vasilyev, D. Sc., Professor, Deputy Director General, SibIS LLC,
Novosibirsk, 630082, Russian Federation, Novosibirsk State Technical University, Novosibirsk, 630073,

Russian Federation, vasilev@sib-is.ru

Corresponding author:

Cherepanov Anton A., Design Engineer, SibIS LLC, 630082, Novosibirsk, Russian Federation, Postgraduate Student,
Novosibirsk State Technical University, Novosibirsk, 630073, Russian Federation, cherepanov@sib-is.ru

Read-Out Electronics for dc-SQUID Magnetometers.
Part 1. Dc Magnetometers and their Limitations

Received on September 26, 2018
Accepted on October 30, 2018

This review deals with up to date researches and developments in the field of read-out electronics for dc Superconducting Quan-
tum Interference Devices (dc-SQUID). This work consists of three parts. In the first one, some limitations of dc-SQUIDs, which
do not allow to use these devices as finite magnetic weak field sensors, are considered. Causes of such limitations are related to non-
linearity of transfer characteristic, that significantly reduces linear range of measureable signals, to tiny area of sensor, that reduces
sensitivity of dc-SQUID to magnetic field, and to flicker noise of dc-SQUID, that does not allow to manifest all advantages of such
magnetometers. In the second part, basic read-out electronic schemes are showed. Some limitations introduced by additional elec-
tronic schemes are examined. The third part of the work presents an analysis of some solutions in the sphere of cryogenic electronics
as key elements in perspective magnetometer systems based on dc-SQUID:s.

Keywords: magnetic field sensors, dc-SQUID-magnetometers, limitations of SQUIDs

For citation:
Cherepanov A. A., Novikov I. L., Vasiliev V. Yu. Read-Out Electronics for dc-SQUID Magnetometers. Part 1.
Dc Magnetometers and their Limitations, Nano- i Mikrosistemnaya Tekhnika, 2019, vol. 21, no. 1, pp. 40—51.

DOI: 10.17587/nmst.21.40-51

46 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 1, 2019



Introduction

The study of weak magnetic fields is a key task of a
number of applications, such as geological exploration
[1], biomedicine [2, 3], contactless control methods
[4], methods for studying magnetic surface properties
[5, 6], cryogenic particle detection [7], and etc. Most
often, researchers are not interested in measuring the
actual magnetic fields, but in studying the weak elec-
trical currents that generate them. Of the currently
known magnetic field sensors (magnetometers), the
most sensitive are magnetometers based on supercon-
ducting quantum interferometers, the so-called SQUIDs
(from the English. Superconducting QUantum Inter-
ference Device — SQUID). A comparison of the de-
tected range of magnetometers of various types is shown
in fig. 1, constructed according to the data of [§8], from
which one can see a significant advantage of SQUID
magnetometers for measurements in the region of low
and ultralow magnetic fields. The closest "competitor"
of SQUID magnetometers in sensitivity are the so-
called search coils (search coil). However, the resolu-
tion of such devices is much worse and amounts to tens
of fT//Hz [9]. In addition, the cut-off frequency of the
flicker noise of magnetometers based on search coils is
greater than that of a SQUID magnetometer and is tens
of kilohertz, which narrows the scope of application of
such devices [10]. This explains the interest in the sub-
ject of SQUIDs of different research groups presented
in the review [11].

The SQUID-based magnetometer, the design of
which was first proposed in 1964 [12], is a supercon-
ducting closed loop interrupted by one or more so-
called Josephson Junction transitions (JJ). The scheme
of such a device (SQUID) is shown in fig. 2, a, built ac-
cording to the data of [13], and its equivalent circuit is
shown in fig. 2, b. The advantage of this design is the
very high sensitivity to changes in the magnetic flux
penetrating this circuit, and this circumstance is the
source of great interest in this type of instrument.

However, due to the fact that the SQUID magne-
tometer is a device for superconducting electronics, this
imposes certain restrictions on the temperature at
which the sensor operates. The most sensitive SQUID
magnetometers ("low temperature") operate in the he-
lium temperature range <4.2 K, since the SQUID in-
trinsic noise level decreases with decreasing tempera-
ture [14]. — Accordingly, such SQUID magnetometers
are placed in special cryostats (see, for example, the
source of information [15]).

Like any sensor, SQUID-based magnetometers re-
quire the use of electronic scheme (at least a signal am-
plifier) for reading and further processing of a weak de-
tected signal. One of the main problems is that the op-
erability of the electronic component base required for
reading the signal from the SQUIDs of the electronic
component base is limited to the temperature range —
60...125 °C, standardized for electronic components.
The solution to this problem is possible in two ways:

1) using signal processing electronics under standard-
ized temperature conditions outside the cryostat, which
requires the use of long communication wires and
therefore increases noise, 2) using electronic devices in
cryogenic conditions as close as possible to SQUID,
which guarantees the minimum noise level at the input
of the processing electronics.

The second option seems the most promising. There
are studies of the performance of electronic compo-
nents under the conditions of their cooling with liquid
nitrogen (77.4 K) [16—19], which generally showed the
possibility of such an application. Studies of the func-
tioning of electronic components at helium tempera-
tures (4.2 K) were also conducted (see, for example,
sources of information [20, 21]. Features of the func-
tioning of basic electronic components — transistors at
liquid helium temperature were also described in a
number of sources [22—23].

However, as of the beginning of 2018, no systematic
or generalized data on the features of the functioning of
microelectronic components in the helium temperature
range, as well as the formulated technical requirements
for the parameters and design methodology and testing
of readout electronic devices, were found in available
information sources.

Formulation of the problem

Thus, the research and development of electronic
devices for reading and processing weak signals from
magnetometers at helium temperatures is a modern ac-
tual problem. In this review, an attempt has been made
to analyze the current state and ongoing research and
development in the field of reading electronics for direct
current SQUID-magnetometers (further, dc-SQUID).
The ultimate goal of the work is to formulate a list of re-
quirements that modern electronic devices for processing
SQUID data and their microelectronic components
must meet.

The work consists of three parts. In part 1 of the work,
the main limitations of low-temperature dc-SQUIDs are
considered, which do not allow using them as terminal
devices for detecting magnetic fields. In part 2, the ba-
sic electronic circuits for reading a useful signal from
dc-SQUIDs discussed in the literature are considered
and the main limitations introduced by additional elec-
tronic strapping are considered. The final part of the pa-
per presents an analysis of the discussed solutions in the
field of electronics for cryogenic applications, as a key el-
ement in promising SQUID-magnetometer systems.
This issue of the journal publishes part 1 of the work.

A brief description of the dc-SQUID

The following is a brief overview of the principle of
the dc-SQUID and the fundamental quantum phe-
nomena underlying its work, namely, superconductiv-
ity and the Josephson effect.

The phenomenon of superconductivity is the property
of some materials to have zero electrical resistance at
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temperatures below the critical (7). This phenomenon
was discovered empirically in 1911 by Kamerlingh-
Onnes [26]. To explain the phenomenon of supercon-
ductivity, a phenomenological approach was initially
used (the theory of the London brothers [27]) and the
more general Ginzburg-Landau theory [28]. In 1957, a
theoretical substantiation of this phenomenon was ob-
tained at the microscopic level, known as the BCS the-
ory (Bardeen, Cooper, Schrieffer) [29].

It should be noted that the phenomenon of super-
conductivity is of a quantum nature and cannot be fully
perceived as a phenomenon of non-dissipative current
flow (ideal conductivity). In addition to the absence of
losses (electrical resistance), the material in the super-
conducting state is characterized by the property of dis-
placing the magnetic field from its volume (the effect of
Meissner [30]), which makes the superconductor sim-
ilar to a diamagnetic. This effect is a feature of super-
conductors, showing a change in the phase state of the
electronic subsystem. According to the degree of extru-
sion of the magnetic field (partial or complete), super-
conductors are divided into superconductors of the
Type I and Type II: the former includes mostly pure
metals, the latter — various alloys. Abrikosov [31] made
a great contribution to the development of the theory of
the Type II superconductors.

For practical application, Type II superconductors
have the greatest interest, since the values of the critical
temperatures, at which a phase transition between the
normal and superconducting states is possible for them
are much higher than those for pure metals. Thus, the
characteristic values of these temperatures lie above
20 K for superconductors of the Type 11, while for pure
metals these temperatures are in units of Kelvin. How-
ever, the significant technological difficulties of the
currently widely used microelectronic technology, aris-
ing in the manufacture of superconducting electronics
structures from superconductors with an increased crit-
ical temperature, lead to the use of two materials in the
framework of this technology: niobium (7, = 9 K) and
aluminum (7, = 1 K).

Josephson effect (discovered by B. Josephson in 1962
[32]) is of particular importance in science and tech-
nology. The essence of the effect lies in the flow of su-
perconducting current through the potential barrier in
the absence of an applied external voltage, which dis-
tinguishes it from the trivial quantum tunneling. The
theoretical substantiation of this phenomenon is based
on the consideration of the influence of the phase dif-
ference (¢, — ¢,) of ordering parameters of the system
(A) for two superconductors with weak coupling. If the
connection of superconductors with each other is suf-
ficiently weak (the barrier is slightly transparent), then
a superconducting current occurs through the Joseph-
son junction, even in the absence of an applied poten-
tial difference:

IS = ICSin(¢2 - (I)]), (1)
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TEA2
4eT-R
Josephson junction, in which the superconductivity of
the contact still remains; e — electron charge; T —
critical transition temperature; R — contact resistance.

In essence, the Josephson effect is the tunneling of
superconducting charge carriers, which by their nature
are a Bose-condensed coherent electron system con-
sisting of Cooper pairs (quasi-particles formed by two
bound electrons).

The most popular types of structures for forming the
Josephson junction are:

1) SIS transition from Superconductor-Insulator-
Superconductor [33];

2) SNS transition from the "Superconductor-Nor-
mal Metal Superconductor” [34];

3) bridge-transition or bridge-type transition [35].

Perspective from the point of view of characteristics
are structures of the first type, realized, for example, in
the form of niobium-based transitions [36].

Superconducting quantum SQUID interferometers
are one of the most common applications of structures
based on Josephson junctions. This class of devices is
essentially a super-precision magnetic flux sensor ca-
pable of detecting super-weak magnetic fields of the or-
der of 10715 Wh.

In addition to the above effects (superconductivity,
the Josephson effect), the effect of quantization of the
magnetic flux is used in SQUIDs, which consists in the
following. The current in the superconducting ring is
adjusted in such a way that the magnetic flux pene-
trating the ring is a multiple of the magnetic flux quan-
tum — the fluxon (®):

Dy =21 =2,07-10715 W, )
2e

— the critical current of the

where - =

where & — Planck constant.

This is due to the fact that charge carriers in a su-
perconductor — "Cooper pairs" — are coherent with
each other and change their state simultaneously, and
their state is described by a common wave function
[37]. The magnetic field affects the phase of the wave
function of Cooper pairs through a change in their mo-
mentum. The uniqueness of the wave function in a
closed loop requires the quantization of the pulse.
Quantization of the magnetic field integral over a
closed contour far from the inner edge of a supercon-
ducting ring from the generalized momentum of Coop-
er pairs is essentially a quantized magnetic flux ® [38]:

[[Hds =& =m! 3)
2e
where m =0, 1, 2, 3, ...

There are two types of SQUIDs: direct current
(dc-SQUID) and radio frequency (rf-SQUID). The
former consist of two Josephson junctions closed in a
superconducting ring, and the latter from a single junc-




tion, also closed in a superconducting ring. The advan-
tage of the dc-SQUID is increased sensitivity to mag-
netic flux in comparison with the rf-SQUID. For a long
time, the deficiency of the dc-SQUID was the deteri-
oration of sensitivity due to the asymmetry of the inter-
ferometer arms (the inevitable technological mismatch
of the parameters of the Josephson junctions), but the
rf-SQUIDs are devoid of this disadvantage. It is worth
noting that modern technologies allow, to a significant
degree, to make two mutually consistent contacts, from
which follows the highest prospects for dc-SQUIDs due
to their increased sensitivity to magnetic flux [39]. Fur-
ther analysis in the review refers to dc-SQUIDs.

In fig. 3, a a block diagram of a dc-SQUID (ac-
cording to [40]) is presented, which consists of a su-
perconducting ring with symmetric Josephson junc-
tions (J; and J,). Through a two-junction de-SQUID,
a constant transport current is passed, more than twice,
exceeding the critical current of the Josephson junc-
tion (/ > 21). When the magnetic flux applied to the
dc-SQUID, a shielding current arises that maintains
the magnetic flux inside the ring equal to a multiple of
the number of fluxons (the shielding current flows in
such a direction and with such a value that the resulting
magnetic flux will be a multiple @). This is equivalent to
a change in the critical current of the Josephson junction
(the resistive state will occur at lower/higher currents de-
pending on the magnetic flux). Thus, the volt-ampere
characteristic of a dc-SQUID (fig. 3, b) will oscillate with
a change in the magnetic flux, which will lead to a change
in the voltage drop across the dc-SQUID. In other
words, the following transformation takes place:

B> IV 4)

Fundamental limitations of dc-SQUID based
magnetometers

When working with a dc-SQUID, as with any sen-
sor, it is first necessary to ask the choice of operating
point on the transfer characteristic. The operating point,
in fact, determines the dynamic range and sensitivity of
the measuring system. It is obvious that the best place
for the working point is located on the most steep and
linear part of the transfer volt-current characteristic,
namely at the points (fig. 3, ¢).

Limitations associated with the linear range of a
dc-SQUID. Based on the above analysis, it may seem
that, in principle, it is sufficient only to amplify the out-
put signal and obtain information about the magnetic
field penetrating the dc-SQUID. However, the input
value of the signal should be less (about 0.01 ®;) to
avoid nonlinear distortion of the output signal, since
the operating point will move along the volt-current
characteristic when the input flow changes and leaves
the linear section rather quickly.

The restrictions imposed by nonlinear distortions do
not allow in this case to fix more powerful magnetic
fields. Moreover, the existence of parasitic external
magnetic fields makes it necessary to read out weak

signals only in shielded rooms. In order to overcome
the limitations associated with the linear range of a
dc-SQUID, in practice they use the negative magnetic
flux feedback (flux locked-loop) [41].

Limitations related to 1/f noise. The noise charac-
teristic of all electronic devices and sensors (including
SQUIDs) in the frequency domain is composed in the
general case of white noise (uniform in frequency) and
so-called flicker noise, which increases with decreasing
frequency, or 1/fnoise. If white noise is mainly unique-
ly associated with Johnson noise (thermal noise, which
is proportional to temperature and does not depend on
frequency), then the nature of flicker noise in each in-
dividual device is different. Usually flicker noise is char-
acterized by the cut-off frequency f~. Less than this fre-
quency, the noise characteristic obeys the 1/flaw. Typ-
ical cut-off frequencies for low-temperature dc-SQUIDs
are units and fractions of Hz (for more information, see
the sources [42—43]).

For high-temperature dc-SQUIDs, the effects of
flicker noise are more pronounced and are caused by
fluctuations of the critical current. The main method of
minimizing flicker noise in this case is to modulate the
bias current of the SQUID [46]. Thus, flicker noise is
a limitation for measurements of slowly varying signals
due to the significant influence of low-frequency noise.
For low-temperature SQUIDs, this noise is less pro-
nounced than for high-temperature SQUIDs.

Restrictions associated with the area of dc-SQUID.
Although the sensor itself, which is a superconductor
loop, can detect magnetic flux on the order of fractions
of fluxon, its detecting ability of the magnetic field, due
to its small area, leaves much to be desired.

Although the magnetic flux noise Sq, g is very low,
the magnetic field noise Sp g will be limited by the ar-
ea of the dc-SQUID itself Ag:

So, s
Sp.so = —j:gQQ. (5)

To improve the noise characteristics, so-called "sig-
nal (pick-up coils") are used, with a larger area than the
area of a dc-SQUID loop (fig. 4, constructed and fur-
ther explained according to the data of [45]). Trans-
mission of the external flow @, in the dc-SQUID is
carried out through the inductance connected with it:

_ Lpt Ly

_ Lpt Ly
ext M sq
IN

L[LpLiy "

where Lpand Ly — inductance of the capture ring and
the input-coil connected with the dc-SQUID, respec-
tively; M,y — mutual induction of a dc-SQUID and a
coil; k — coupling coefficient, @y, — input magnetic
flux of dc-SQUID.

For the best effect, the inductance matching of a
dc-SQUID and a gripping ring by means of an inter-
mediate transformer is often used. The use of capture
rings allows us to achieve a system resolution in a mag-
netic field down to the femto-Tesla range.

® (6)
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Conclusion

The most precise magnetic field sensors today are
SQUID magnetometers. SQUID is a device of super-
conducting electronics, which allows detecting weak
changes in magnetic flux with colossal sensitivity. The
scope of application of super precision magnetic field
sensors is wide and varied — contactless control meth-
ods, biomedicine, geological exploration, etc. The most
sensitive are SQUIDs of direct current, consisting of a
superconducting ring interrupted by two Josephson
junctions. Despite the fact that at the moment there are
superconductors with a high critical temperature, the
most sensitive magnetometers are made on the basis of
dc-SQUIDs with a low critical temperature, which op-
erate in the helium temperature range. Despite the high
sensitivity, the dc-SQUIDs themselves have some limi-
tations that do not allow using them as independent sen-
sory devices. These limitations are related to: 1) the non-
linearity of the transfer characteristic of a dc-SQUID,
which significantly limits the linear range of the meas-
ured signals; 2) a small area of the sensor itself, which
limits its sensitivity to a magnetic field; 3) flicker noise
of a dc-SQUID, which does not allow to fully reveal the
potential of sensitivity of such magnetometers.

Part 2 of the paper will present an analysis of existing
solutions to overcome the described limitations.
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IAEKTPOCTATUYECKMIN MUKPOSAEKTPOMEXAHUYECKUIN TEHEPATOP
C HEMPEPbIBHOM FEHEPALIMEN TOKA B PEEXMUME ABTOCTABUAU3ALIMU

Ilocmynuna 6 pedakyuro 02.10.2018

IIposodumcs anaausz pabomol 31eKMPOCMAMUHECK020 MUKPOINCKMPOMEXAHUMECKO20 2eHEPAMOpPA HA OCHO8e OYNAUKAMOpA
bennema ¢ 00HUM nepemMeHHbIM KOHOEHCAMOpOM, COOePIHCAuUM BCMPOCHHbI 3aps0, U Pe3UCOPOM HAZPY3KU 6 Uenu HAKOoNnu-
menvHo2o KoHdencamopa. [lokazano, wmo nooKAOUeHue HaAepY3Ku NapaiileibHo HAKONUMENbHOMY KOHOeHCamopy Mojcem npu-
6800UMb K pedcumy asmocmabuiu3ayuu 8 MoOUDUYUPOBaHHOL cXxemMe MUKpPO2eHepamopa Ha ocHose dynaukamopa bennema, dasice
npu enyouHe MoOYAAUUYU eMKOCIU nepeMeHH020 KoHdeHcamopa 11 > 2. Tloay4enut vbipaxcenus 045 pacuema 0CHOBHbIX NAPAMEMPOs
MUKDPOEHEPAMOpA 6 IMOM pedcume agmocmaduiuzayuu. YcmanoeaeHo, Ymo pexlcum agmocmaouiuzayuu npu 1 > 2 u 3a0aHHOM
COnpomueaenuly HazpysKu HACMYnaem, moavko ecau 2AyOuHa MOOYAAYUU eMKOCIU 1] MEHblie HeKOMOopo20 KPUmu4ecKoeo 3Ha-
YeHUsL 1], NPeBbIUEeHUe KOMOPO20 npueeden K 60300H06ACHUIO PelCUMA He0ePaHUHEHHO20 MOHOMOHHO20 POCIA HANPANCEHUT U 34~
pa0oé ¢ cxeme. [lokazano, umo 6 omautue om cayyas ¢ n < 2, é cayuae n > 2 8 YCMAaHOBUBUIEMCS Pedcume amocmaduiu3auuu
MOK 4Yepe3 COnpomueéeHue HazpysKu He npeKpauaemcs. YcmanoeaeHo, Ymo 3Ha4eHUs: 6ceX OCHOBHbIX XAPAKMEPUCMUK MUKDO-
2eHepamopa npu 3a0aHHOU 2AYOUHe MOOYAAUUYU eMKOCMU YMEHbUAMCS NPU YMEHbUEHUU CONPOMUBACHUS HAZDY3KU.

Karoueevie caoea: MOMC, MOMII, dynaukamop bennema, pexcum asmocmabuiuzayuu, MUKpo2eHepamop, Kpumuieckue
3HA4eHUs
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BBenenune

Bor yxxe Heckonbko IecsSTUJIeTHil HaOJromaeTcs
HEYKJIOHHBIM M OBICTPBII POCT KOJIMYECTBA 1 HOMEH-
KJIaTypbl U3AETUNA MUKPOCUCTEMHOI TEXHUKU. 3HAUM -
TEJIbHYIO 4acCTh U3AECIUNA MUKPOCUCTEMHOW TEXHUKU
COCTaBJISIIOT MUKPODJIEKTPOMEXaHUYECKHE CUCTEMBI
(MBMC). IlpuyeM cpeaHEerogoBOii pOCT MUPOBOTO
pbiHKa MOMC, B KOTOpBIX peanu3yeTcsl U UCIIOJb3Y-
€TCSI COBOKYITHOCTb MEXaHUUECKUX U IEKTPUYECKUX
B3aUMOIEUCTBUA U CBS3EH, daxe OIepexXaeT poCT PhIH-
Ka 3JIEKTPOHHBIX KOMITOHEHTOB. TeXHOJIOrMY MUKPO-
CHCTEeMHON TEXHUKN OTKPBIBAIOT HOBBIE BO3MOXKHOC-
TH, CIIOCOOCTBYIOLLIME MTOBBIIIEHUIO YYBCTBUTEILHOCTH,
HaIeXXHOCTH, OTKA30yCTOMYMBOCTH ¥ CHIDKEHUIO SHEP-
ronoTtpedyieHust u3aeanit Ha ocHoee MOMC. B HacTto-
siee Bpemst MOMC HaxoadT MpMMeHEHUE B TPOMBbILL -
JneHHolt anekTpoHuke, BIIK u aspokocmuyeckoi
TeXHUKe, B cUCTeMaX 0e30MacHOCTU, aBTOMOOUIBLHOMI
3JIEKTPOHUKE, CBETOTEXHMKE, TTOTPEOUTETHLCKOMN 1 Me-
JMUIIMHCKOM 3JIEKTPOHUKE, B TOPTOBOM O0OPYAOBaHUMU.
[Tpu 5TOM 3HAYMTETBbHAS YACTh TEXHOJIOTUYECKIX Ha-
npasieHuit MOMC HaxoguTcsg Ha paHHUX dTamax
pa3BUTHS "XKW3HEHHOTO IUKIIA". CeTomHsT TIpUMepHO
MoJIoBMHA HampasieHuit MOMC HaxoguTcsl Ha 3Ta-
max "Brenpenmne” u "Passurme” [1].

OnHUM M3 MHTEHCUMBHO Pa3BUBAIOIIMXCSI HalpaB-
JICHUU SJIGKTPOHUKM B HACTOSIIEE BpeMs SIBISIOTCS
becnpoBoaHbIe ycTpoiicTBa u ceHcopHbie cetu (BCC)
Ha ux ocHoBe. O6yactu mpumeHeHus1 BCC HenpepbIB-
HO PacCHIUpPSIIOTCS, a caMU YCTPOMCTBA M CETH Ha UX
OCHOBE COBEPIICHCTBYIOTCS M YCIOXHsIOTCS [2, 3].

B HacTosiiee BpeMs Haubosee pacnpocTpaHeHHbI-
MU ucTouHMKaMM nutaHus mist bCC sgBnsiorcst Tpa-
IUILMOHHbIE O0aTaped U aKKyMYJISITOPHI, TpeOyollue
MepUOANYECKOM 3aMEeHbl WJIM 3apsia, YTO HE BCerma
BO3MOXHO WJIM 9KOHOMUYECKHU LiejecoobpasHo. s
pellleHUsl JaHHOU MpoOJeMbl aKTUBHO MCCIEAYIOTCS
IIyTH YBEJIMICHUSI SHEPTOEMKOCTH TPATUIIMOHHBIX UC-
TOYHUKOB [4, 5], a Takke pa3pabaThIBaIOTCS U UCCIe-
IYIOTCSI HOBBIE BUIBI aBTOHOMHBIX UICTOYHUKOB TTUTA-
HUSI, IPeoOpa3yolIX SHEPIUI0 OKPYKAIOLIEH Cpeabl
B BJIEKTPUUECKYIO SHEPTUIO HETTOCPEACTBEHHO Ha MeC-
Te pasMelneHus y3na bBCC [6, 7].

BcnenctBue DOCTYIMTHOCTH M JOCTAaTOYHOM Yaelb-
HOU MOIIHOCTU MEPCINEKTUBHBIM HallpaBJIeHUEM SIB-
JisieTcs pa3paboTKa mpeobpazoBartelieil, UCIOoIb3yIo-
LIMX SHEePryui0 MEXaHMYECKUX KojaeOaHuid 1 BUOpaLuid,
a Oiarogapsi COBMECTUMOCTU C MHTErpaIbHOM TeXHO-
JIOTUEN HauOOJBILIMK MHTEpPEC MPEACTaBISIOT 2JIEKT-
pOCTaTUYECKUE MUKPOINEKTPOMEXaHUYECKUE Mpeood-
pasoBarenn (MOMII) [8, 9].

Yto0Bbl mepenaTh IOJIYYCHHYIO BJIEKTPUYECKYIO
9HEpruio B Harpy3ky MOMII Bki1oyaloT B cOCTaB CO-
OTBETCTBYIOIIUX 2JIEKTPUUECKUX CXeM (CXEeM COTpsi-
xeHus) [10, 11]. Takas cucTtema B LIeJIOM MpeACTaB-
JisieT coboil cBoeoOpa3HbIit MuKporeHepaTop (MI) [8].
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ITapameTpsl MI' cyliecTBEHHO 3aBUCST KakK OT
KOHCTPYKUMU U XapakTepucTuk MOMII, Tak u ot
CXeMbI COIpsDKeHMsI. BBIOOp CXeMBbI COIPSDKEHMS Ha
sTane npoektupoBanus MI siBisieTcsl BaXXHENIIEH 3a-
Jlayen.

OgHuMM U3 Haubosiee MEePCIEeKTUBHBIX CXEM CO-
MPSDKEHUS IS 3JIeKTpocTatuyeckux MI' B HacTosiiee
BpeMsl SIBJISIIOTCSI cxema AyIuimkatopa beHHeTa u ee
Moaudukauuu [12—17]. JaHHBIE CXEMBI TTO3BOJISIOT
CYIIECTBEHHO YBEJIMYUTH BbIPaOaThIBAEMYIO SHEPTHUIO,
HO UMEIOT PsiJl HEJOCTATKOB: HEOOXOAMMOCTb COODIIIE-
Hus MOMII HavanbHOTO 3apsiga, 4TO TpedOyeT IMpU-
MEHEHUs CMeluaJbHBIX CXeM YyIpaBjieHUsl, ToTpeo-
JISIOIIMX 9HEPrUI0; HEKOHTPOJIMPYEMBII POCT Hampsi-
>KEHUM, MPUBOISIIIUI K MPOOOIO BJIEMEHTOB CXEMbI, U
BO3MOXXHOCTb (DYHKIIMOHUPOBAHUS TOJIBKO TPU TIy-
OVHE MOIYJISALUN EMKOCTH TMEPEMEHHOIO KOHAEHCa-
T0pa N = Crax/ Crin > 2 (U1 OIHOKOHIEHCATOPHOTO
npeodpa3oBaresisl), YTO OCTAHABJIMBAET PAOOTY CXEMBI
MPU YMEHbILIEHUU aMILIMTYIbl MEXaHUYECKUX KoJieha-
HUil. Bce 3TO CTUMYJIMpPYeT MOMCK HOBBIX PELICHMI,
JIMIIEHHBIX JAHHBIX HEJTOCTATKOB.

B pabore [18] Obu1a TIpemioskeHa cxeMa COMpsiKe-
HUS Ha OCHOBe nyruinkaropa beHHeTa ¢ mepeMeHHBIM
KOHAEHCATOPOM, COAepXKallMM BCTPOCHHbIN 3apsif,
YTO MCKJIIOYAI0 HEOOXOAMMOCTh COOOIIEHUST Hayallb-
Horo 3apsima MOMII. B pabore [19] 6bU10 Takke IO-
KazaHo, YTO JaHHasl cXeMa COXpaHseT paboTOCIIOCO0-
HOCTb U TIpH 1 < 2, TIPUYEM B 3TOM CJIydyae peau3yercs
peXUM aBTOCTAOVIIM3AINN HAMPSKEHWI W 3apsiioB.
Takum o0pazoM, Ha OCHOBE CXEMBI, IIPEIJIOXKEHHON B
[19], mosiBunach BO3MOXHOCTh co3aaBaTh MI', paGo-
TaIIMe MPU MaJbIX aMIUIMTYAaX BHEITHUX MEeXaHU-
YecKMX KojebaHuii, Koraa riayoMHa MOIYJISUMU eM-
koctu MOMII n < 2 [20]. OnHaKo HEKOHTPOJIUPYEMBbIiA
pOCT HaNpsi>KeHWUM, MPUBOISIINIA K MPOOOIO J1EMEH-
TOB CXeMBI TIPM BO3pacTaHWM aMIUIMTYIBI BHEIITHUX
MeXaHMYECKUX KoJiebaHuii, B cxemax pador [18] u [20]
ocraJcs.

Llenbro naHHOW pab®OTHI SIBISIETCS aHAIW3 MOAM-
¢uLIMpOoBaHHOMI cXeMbI ayIinKaTopa beHHera ¢ nepe-
MEHHBIM KOHAEHCATOPOM, COJEPXKAILIMM BCTPOCHHBIM
3apsill, U JOTOJTHUTEIbHBIM PE3UCTOPOM B 11eTI HAKO-
MUTEJbHOTrO KOHAEHCcAaTopa, JUILIEHHONW YKa3aHHOTO
BblllI€ HEAOCTATKA.

Mopean

MomuduuupoBaHHast 3aekTpudeckas cxema MI
Ha OCHOBe AyIjMKaTopa beHHeTra ¢ ogHUM Tmepe-
MEHHBIM KOHIIEHCATOPOM, COJepKaIllMM BCTPOCHHBIN
3apsin, mpeacTtaBieHa Ha puc. 1. Cxema COOEpKUT:
nepeMeHHbIi KoHaeHcarop C,,, — MOMII; nBa nmoc-
TOSHHBIX KOHIeHcaTopa C; (HaKONUTENbHbIA KOH-
aencarop) u Cy; tpu auona Dy, 3. Jna cozganus
BCTPOCHHOTO 3JIEKTPHYECKOTO OIS B Cyqr MCIIOJND-
3yeTCsl DJIEKTPET — MMINEKTPUK CO BCTPOCHHBIM 3a-
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Puc. 1. Dnekrpuueckas cxema MTI ¢ anekrperom
Fig. 1. Electret microgenerator electrical circuit

pSIIOM, PacTONIOKEHHBI Ha OJIHOM M3 BJIEKTPOJOB
MepeMEeHHOro KOHAeHcaTopa. DKBUBAJIEHTHAsI cXeMa
KOHJIEHCaTopa C 3JIEKTPETOM MpeAcTaBieHa Ha puc. 1
monyneMm C,, M UCTOYHUKOM NuTaHud Vj B Lenu rme-
peMeHHOro KonuaeHcaropa. Harpyska Ry,,q MOIKIIO-
yeHa rnapajuiejbHo KoHnaeHcaropy Cj.

IIpeoOpa3zoBanne MeXaHUUYECKOM SHEPIUU B 3JIEK-
TPUYECKYIO MPOUCXOOUT MPU MEPUOAUYECKOM U3ME-
HEHUM NOJ ACVCTBUEM BHEIIHEW MEXaHUYECKOUN CHU-
JIbl EMKOCTH TIEPEMEHHOTO KoHaeHcaropa C,. MEXIy
Cmax n Cmin'

IMonHbIi UK mpeodpa3oBaHKs SHEPTUU Y JaHHOMU
CXeMbl BKJIIOUAET JIBe Yepeaytoluecs ¢asbl: (asy 3apsi-
na u ¢asy paspsiza nepeMeHHoro konaeHcaropa C, ..

B dase zapana C,,, Korna noa AeiMCTBUEM BHELI-
HEW MEXaHUYECKOM CUJIbI €r0 EMKOCTh YBEJIMUUBACTCS,
avonbl Dy u D, 0Ka3bIBalOTCA BKJIIOYEHHBIMU B IIpsi-
MOM HalpaBjIeHUH, a auod D; B 06paTHOM, 110 LENsAM
VO - C2 - Dl - Cvar n VO _>DZ - (CI’ Rload) - Cvar
MIPOTEKAIOT TOKM, 3apspkaroine C,,. 1 pa3psKaoLme
Cl n Cz.

B ¢ase paspsma xonzmencaropa C,., Koraa Iom
JIECTBUEM BHEIIHEH MEXaHWYECKOW CHJIBI €ro €M-
KOCTb YMEHbIIAETCSA, AMOAbl D U D, OKa3blBAOTCS
BKJIIOYUEHHBIMU B OOpaTHOM HampaBJIeHUH, a auox Dy
B npsiMoMm, 1o uenu Cy,. — (€, Rigq) > G = W)y
NIPOTEKAET TOK, paspsxaromuil Cy, 1 3apsKaioluii
Cl n C2.

ITocne aToro uMKI NMpeodpa3zoBaHUs MTOBTOPSIETCS.

Cucrema ypaBHEHUI, OIMMCHIBAIOLIAS padOTy JaH-
HOM CXE€MBbI, MOXET OBbITb MpPEACTaBJ€Ha B CJIEAYIO-
1eM BUje:

dg _ _ .
7 102 ID3 + ID1 ;
dqc
2 — _ .
7 1[)3 IDI s (1)
dq
— =1y Iy Iy,
dt 3 2 load
rae g — 3apsn KoHzaeHcaropa C,.; dc, M qc, — 3a-

psiabl KonaeHcatopoB G, u €y, COOTBETCTBEHHO; [, —
1
TOKU nuonos Dy, D, u Ds.

Ananuz cxemvr 6 omcymcemeuu Haepysku. CHavaia
MpoBeJeM aHaIU3 pabOThl reHepaTopa B KBa3UCTaTH-
YECKOM PEXUME B OTCYTCTBUU HATPY3KU (Rjy,q = ).
3aMeHUM TaKKe MOl UAcAIbHBIMU KTIoYaMu (puc. 2),
COITPOTUBJICHNE KOTOPBIX B pa30MKHYTOM COCTOSTHUU
paBHO OECKOHEYHOCTH, a B 3aMKHYTOM COCTOSIHUU —
HeCcKOJIbKMM AecsTkam oM. Pazy paspsna C,,. Oynem
0003HavYaTh UHAEKCOM A, a (pa3bl 3apsiia — MHIEKCa-
Mu(n—1)u(n+1).

B dase 3apsna xonaeHcaropa C,, ., KOTIa €ro eM-
KOCTb YBEJIMYMBAETCH, B JAHHOM CXeMe KIIIOU Sws pa3-
MBIKA€eTCH, KJIII0YU Swy U Sw, 3aMBIKAIOTCS U 110 LIEMsM
Vo= G = Swy = Gy, 11 Vg = Swy > € = Cy TIpO-
ucxonut nonzapan C,,. Ilpu sToM snexkrpuyeckas
cxXeMa reHepaTopa MPWHMMAET BUI, MMOKA3aHHBIN Ha
puc. 3, a.

B konue ¢asel 3apsana C,,, korna C,. = C .\, Ha-
MIpsDKeHUe Ha TIepeMEeHHOM KOHIeHCAaTOpe IPUHUMAET

MUHMMaJIbHOE 3HayeHue V.. IIpu sTtoM, cormacHo
puc. 3, a,

Vinin = VCI,char th= VC2, char T Vos (2

rae VCl,char u ch, char — HATPSDKEHUS Ha KOHIEH-

caropax C; u C, B KoHue ¢asbl 3apsaa C,;.
B dase paspsana konnencaropa C,., KOraa ero eM-

KOCTb YMEHBILUAETCH, KJIIOYU Sw; U Sw, pa3MbIKaIOT-

| SWI |
| |
| |
| I
| —_—— N \
I var V. o [
| | Q| || \
| —» |
| I
| |
+ =y
i O |
| F— Sw, Sw, |
| - |
| |
| |

Puc. 2. Daekrpuyeckas cxema MI ¢ 2/1eKTpeTOM M KJII0YaMH BMECTO
JIMOJ10B

Fig. 2. Electret microgenerator electrical circuit with switches instead of
diodes

| | | |
I I 1
i wly o |
: C1 CZ C2 ju— :
Yo Y l
| |
: a) b) 1

Puc. 3. DiekTpuueckas cxeMa 3JIeKTPOCTATHYECKOT0 MUKPOreHepa-
TOPA C HACAIbHBIMHA KJIIOYAMH B OTCYTCTBHM HATPY3KH: @ — IS (Das3bl
3apsna; b — daspl paspsana kongeHcaropa Cy,.

Fig. 3. FElectrical circuit of the electrostatic microgenerator with ideal
switches and without load: a — charging stage, b — discharging stage
of Cvar
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Cs1, 3aMBIKAETCA K04 Swy U Npoucxoaut paspan C,.
no nytu C,, —» C; - Swy - G, - V. Ilpu stom
SJIeKTpUYeCcKasl cxeMma TeHepaTopa IMPWHUMAeT BUII,
NOKa3aHHbIN Ha puc. 3, b. B dase paspana C,,, Korna
Cyar = Cinin» KoHzeHcatopel C; n €, OKa3bIBaIOTCH
BKJIIOYEHHBIMU ITTOCJICIOBATEIbLHO, a HaIpsDKeHUe Ha
TepeMeHHOM KOHZIECHcaTope B KoHIe (a3bl paspsima
JOCTUTaeT MaKCUMaJIbHOIO 3HayeHus V... B xoHue
JIIaHHOM (pa3bl IIpeodpa30BaHUS COTIACHO puc. 3, b,

v

max = Vepdis T Ve, dis T Vo €)

31€Ch VC,,dis " VC27 dis — HATPSKEHUST Ha KOHIEH-

caropax C; u C, B KoHue (dasbl paspsana C,;,.

AHanu3 nokasbiBaeT [19], yto B KoHUE n-ii (a3bl

paspana C,. M3MEHEHMs 3HAYEHMIi 3apA10B Ha KOH-

nencaropax Cy,., C; u C, OyayT paBHbI MEXIY COOOIA:
(n)

8¢ | = 1808 =104 | = Ag™ u

(n-1) (n-1) (n-1)
qcvar qcl qCZ V
- - -V
g = Coin G Gy ’ @)

Cm%n + Cl 1+ CZ1
rue q%) — 3apsAAbl Ha KOHJIEHCAaTOpaxX CXeMbl B KOHLIE
Jj-it daswl 3apsina C,,.
B cBoio ouepenn B koHle (n + 1)-i1 ¢da3wl 3apsiaa
Cyar BPIDAXEHMS JUI OUEHKU U3MEHEHUs 3apsALoB Ha
KoHzeHcaropax C; u €| NIPUHUMAIOT BUL:

(n+1) _ 2
A = (Aq + Aq)) —————; 5
9c, Cn*tre—Cve,  ©

(n) (n) (n+1

A
n+1y _ (9¢c, 4c,  Adc,

A =| A=+ |C, 6
9c, {Cl G G ) ©

me Agy = (4¢)/Cy = 4¢)/CDCy a gy = (Fy +

(n) (n)
+q C, /C—¢q Cvar/ Cinax) Cmax-

IMomyyeHnbie BeIpaxkeHN (4)—(6) TTO3BOJISIOT CBSI-
3aTh UBMEHEHUS 3apsIOB KOHIEHCATOPOB C TTapaMeT-
pamu 31eMeHTOB cxeMbl (C, Gy, Chin, N U V).

Komounupyst (2) u (3), MOXHO TOKa3aTh TakXe,
4TO

max min

=2Vpin = Vo) T 8¢"(CT + G+ T,

min

Tae V(”) Vé’:) "u V(CZ) — HaIpsSKeHUST B KOHIIE n-1

max >
Ha koHgeHcaropax C,., C; u G,

dassl paspsga C vars

var
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COOTBETCTBECHHO, V(nil) — HaIIps2K€HUE Ha C B
> "min p var

KoH1e (n — 1)-i1 (aswl ero 3apsiga, a UISMEHeHUe 3a-
psiia Ha TepeMeHHOM KOHeHcaTope B n-ii ¢ase (ase
paspsana C,,,.) onpenensercs BoIPaKeHUEM

1
v Dm-2)+ ¥,

min

(n) =
Ag -1 -1 1’ (7)
Cnint € + G,
yn-0 _ 4 =D e
e ¥imin 0t dc, /C| — MMHMMAaJIbHOE Ha-

npsbkeHue Ha KonzaeHcartope C,. B KoH1e (n — 1)-ii da-
3bl 3apsja.

N3 BeipaxeHus (7) cieayer, 4To Ha HayajlbHOM
aTare padboTa MeXaHMYECKOW CUJIBI BCErna BHI3BIBAET
yBEJIMUCHUE HaIpsDKEHUs W 3apsiia KOHIEHCAaTOpOB,
OIHAKO MPOILIECC POCTa HAMPSDKEHMST U 3apsiia KOH-
JIEHCATOPOB TPU TIyOrHE MOAYISALUU eMKOCTU 1 < 2
U m > 2 OymeT mpoTeKkaTh Mo-pa3HOMY.

IIpu n < 2 geidicTBUEe MeXaHWYECKON CWJIbI XOTh
TTepBOHAYAJIEHO 1 BBI3BIBACT YBEJTMUEHME 3apsiaa v Ha-
npsbkeHus Ha Konnencaropax C,,, Cy n C,, HO npu-
paleHue 3apsiia MepeMEeHHOro KOHJeHcatopa Ag B
KaxKJIOM IIOC/IEAYIOIIEM LIMKJIEe IIpeo0opa3oBaHus OyaeT
MOCTENeHHO YMEHbIIAThCS, YTO, B UTOre, MPEeKpaTUT
YBEJIMYCHNE 3apsiga M HalpsDKeHUS Ha KOHIEHCATO-
pax C; u C; — IpoMCXOOUT aBTOCTAOWIN3aLUs Ha-
npskeHust (HacoileHue). Ha puc. 4 npuBeneHsl Q— V-
JUarpaMMbl, WUTIOCTPUPYIOLLIME MTPOLECC U3MEHEHUS
3aps1a M HanpsbkeHHMs Ha KonuaeHcarope C,. npu
YBEJIMYEHUU YrCJia HMKIOB Mpeodopa3oBaHus u n < 2.
BunHo, 4TO B TAaHHOM cliy4yae MpU YBEJIMISCHUH YMCTia
LIMKJIOB MpeoOpa3oBaHMs ILIOLIAAb, OXBaTbiBaeMasi
Q— V-guarpaMmoii, yMeHbIIIaeTCS ¥ B KOHIIE KOHIIOB
Q—V-anarpaMma CTATUBAeTCs B MIPSIMYIO, Tapaljieib-
HyI0 ocH HampspkeHui. [1pu 3TOM TIpoTeKaHWe TOKOB
B LIETISIX TIpeoOpa3oBaTelIs mpeKpalaeTcs.

ITpu n > 2 peiicTBUE MeXaHWYECKOM CHUJIbI TakKXKe
BBI3BIBAET YBEJIMUYEHNME 3apsiaa U HaNPSIKeHUsT Ha KOH-
aeHcaropax C,., C; u C,. OnHako yBenuyeHue 3apsana
nepemennoro konmeHcaropa Ag” T D B ¢ase sapsiza
C,,r Beerna OyzeT npeob1anaTh Hajl yMEHbIIEHUEM 3a-
psina Ag"™ B dase paspsiza Cyar» UTO TIPUBOIMT K MO-
HOTOHHOMY POCTY 3apsijia Ha KOHIEHCATOpax U YBETU-
YEHWIO0 HANIPSIKeHUST Ha HUX B KaXKIIOM TTOCIIEAYIOIIeM
LUKJIE TIPeoOpa3oBaHUSI — PEaTU3yeTCs PeXUM He-
OTPaHWYEHHOTO POCTa HAIMPSIKEHUS U 3apsia Ha KOH-
neHcartopax (puc. 5). B jaHHOM ciyyae ruiomangb, Ox-
BaThiBaeMasi (—V-nuarpaMMoil, TNpU yBEIUYEHUU
YUCIa UUKJIOB MPeoO0pa3oBaHus Bce BPpeMs MOHOTOH-

HO pacTeT.

JIoCTOMHCTBO AJAHHOI CXEMbI, B OTJIMYME OT 0a30-
BOM cxeMbl AyriMKaropa beHHeTa, COCTOUT B TOM, YTO
MpU JeUCTBUU HEOOJbIION MeXaHUYeCKOW CUJIbI, BbI-
3pIBaolleit Monyasaumuio eMmkoctu C,, MeHee 2, paboTa
Mpeodpa3oBaTeisl IHEPIUM He MpeKpalaeTcs.




AHanu3 mokasblBaeT, 4To B pe-
KMME aBTOCTAOM/IM3ALIMU BbIpaxe-
HUE I OLUEHKM HAalpsKeHWs Ha
MOCTOSIHHBIX KoHIeHcaTopax Cy u G,
MOXET OBITb IPEICTABIEHO B CIIEY-
IOLLEM BUIE:

Vcl,stab - VCZ, stab

= %= I ®
rne Viin = Vo/(2 — n) — MunHm-

MaJIbHOE HaIpsikeHWe Ha KOHAEH-
carope C,. B peXuUMe CTabMIM3a-
LIMY HAMpSKeHUsT Ha TIOCTOSTHHBIX
KOHJIEHCATOpax, T. €. MUHUMAJIbHOE
HanpskeHue Ha KonaeHcatope C,,
U HANPDKCHUA VCI,stab VC2, stab
Ha TOCTOSAHHBIX KOHIeHcaTtopax C)
u C, B pexXuMe aBTOCTAOMIM3ALNN
OTPEIENSIOTCS TOJBKO UCTOYHUKOM
nuTanus Vv iyOuHON Mooy I LMn
eMKocTH KoHzaeHcaropa C,..

Kaxk yxe ormeudanoch, B ciydae
OOJIBILION aMIUIATYAbl BHEUIHETO
BO3JICCTBUS, BbI3bIBAIOILIECH MOIY-
Jnauuio emkoctu C,. Gonblue 2, xa-
pakTep W3MEHEHUWS HAIpSKEHUS U
3apsila Ha KOHJeHcaTopax TpeOyer
BBEJAEHUS CPEICTB OTpPaHUYEHUS
npoiiecca. st orpaHUYeHUsT pocTa
HamnpsikeHus W 3apsna B JaHHOM
ciyyae OyaeM HMCIoab30BaTh COMpPO-
TUBJIEHWE HArpy3Ku, MOAKJIIOUEH-
HOe TapaJljieJJbHO HaKOMUTEJIbHOMY
KoHzeHcaropy Cj.

Anaau3z cxemol ¢ yuemom Hazpy3Ku.
AHanu3 paboThl reHeparopa ¢ yye-
TOM Harpy3ku (cM. puc. 1) Kak u B
MpeablAyLIeM cliydae TMpPOBEAEM B
KBa3UCTaTUUECKOM PEXUME, 3ame-
HSISl AMOABI MACATbHBIMU KJIIOUaMU
(cMm. puc. 2). bynem Takke mosaraTh,
YTO TOJ AECTBMEM BHELIHEN Mexa-
HUYECKOW CUJIBI €eMKOCTb MepeMeH-
Horo kKoHaeHcaropa C,,, U3MEHsET-
ca B npepenax or Cp,. 10 Cpip, a
Mepuoj U3MEHEHUS BHEIIIHEN Mexa-
HUYECKOW cuiibl T MeHbllle MOCTO-
SIHHOW BpEMEHM pa3psaa KOHAeHCa-
TOpa Cl T= Rloadcl'

PacyeTsl mokasbiBaloT, YTO MpU
MOJKIIOYEHNU COMPOTUBJIEHUS Ha-
IPY3KM CKOPOCTh pOCTa Harpsixe-
HUS U 3apsila Ha KOHIeHcaTopax
3aMeISIeTCS U MOXKeT BOOOIIe Tpe-
KpatuThcsi. Ha puc. 6 mpuBeneHbl

- F,

c.V

1,6

16 17 18 19 20 21 22 23 24 20
c) v,V

-

Puc. 4. N3menenne Q— V-nuarpaMMbl MHKPOreHEPaTOPa MO Mepe YBeJIMYEHHS YHC/IA IUKIOB
npeodpasosanus npu | = 1,5: ¢ — Ut nepBbIX 5 MUKIOB; b — st LUKiIoB 20—24; ¢ — mist
1ukioB 40—44; d — B HaChILIEHUN

Fig. 4. Q-V diagram of the microgenerator as the number of conversion cycles increases at n = 1.5:
a for the first 5 cycles, b for 20-24 cycles, c for 40-44 cycles, d for the steady-state regime

Puc. 5. N3venenne Q— V-auarpaMMbl MUKPOTE€HEPATOPA MO Mepe YBEJIMYEHHs YHC/IA LHUKJIOB
npeodpa3oBanus npu M = 2,15: ¢ — U151 nepBbIX 5 LMKIOB; b — 11s1 LUKI0B 20—24

Fig. 5. O-V diagram of the microgenerator as the number of conversion cycles increases at
n = 2.15: a for the first 5 cycles, b for 20—24 cycles

i K
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&‘? N
10,5 F--}. A

|

10,0 Hooo oo CV - :

: L AR

70 80 90 100 110 120 130 140

b) v,V |

Puc. 6. isamenenne Q— V-auarpaMmMbl MEKPOTEHEPATOPA 110 MEPE YBETHUYEHHS YMCIA IUKIIOB
npeo0pa3oBaHus NPH HAJMYHAMA CONPOTHBIICHUST HATPY3KH M | = 2,15: @ — 17151 IEPBBIX TpeX
LIMKJIOB; b — B YCTAHOBMBILEMCS PEXUME

Fig. 6. O—V diagram of the microgenerator as the number of conversion cycles increases at
n = 2.15 and taking into account the load resistance: a for the first 3 cycles, b for the steady-
state regime
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O—V-nuarpaMmbl, WUIIOCTPUPYIOLIME IIPOLIECC MU3-
MEHEHUs 3apsiia M HalpsKeHUsl Ha KOHAeHcaTope
Cyar TIPDY YBEJIMYEHUU 4YKCJIa LIMKIOB IIpeobpa3oBa-
HUSI, pacCYUTaHHbIE C MCIOJb30BaHUEM cucTeMbl (1),
mpu 0 = 215, € = € =5-10° 0@, 1, = 10 B,
Rioaq = 10° Om, T = 0,02 c. Bunno, uTo B TaHHOM
ciIydae TIpY YBEJIMYCHUHN YMCIIa IIUKIIOB ITpeodpa3oBa-
HUS TUIOIIAaab, oOxBaThiBaeMas (Q— V-guarpamMmoit,
Bo3zpactaeTr. OnHAKO MpPU YBEJWUYECHUU YMCIIA LIMKIOB
IMpeobpa3oBaHUs POCT IUIOIIAAN 3aMEJISIETCSI U B YC-
TaHOBMBIIEMcS pexkume Q— V-nmrarpaMMbl, COOTBETCT-
BYIOIIIIE Pa3HBIM IIMKJIAM, HAKJIAIbIBAIOTCS IPYr Ha
npyra (puc. 6, b). [1pu 5ToM U3MEHEHHUS 3apsIIOB KOH-
JeHcaTopoB B (ase paspsana C,,. TOYHO KOMIIEHCUDY-
I0TCSl UBMEHEHUAMMU 3apsA10B B ase 3apsana C,,. [Tpo-
HMCXOIMWT aBTOCTAOMIIM3AIMs TIpollecca, HO TMPOTeKa-
HHE TOKOB B IIEIISIX IpeoOpa3oBaresis MpU 3TOM He
MpeKpauiaeTcs.

PacdeTsl TTOKa3bIBAIOT, YTO TPU CIAETAHHBIX TOITY-
LIeHUAX B KoHUe (a3 3apsana u paspana C,, BbIION-
Hs1roTCs cooTHoweHus (2) u (3), coorBeTcTBeHHO. Of-
HaKo B KOHLE n-i ¢aspl paspsana C,, U3MEHEHHE 3a-
pana xkonaeHcaropa €| He OyIeT paBHO M3MEHEHUSAM
3ap9m013 KOH;[eHcaTopOB CVar u C,. B nanHoMm ciyuae,
|ch | < |Aq(c | = |AqC |, Tak Kak yacTtb 3apsima, OT-
JIABAGMOTO Conrs npoiineT yepes Rioad-

AHanu3 paboTbl MUKpOreHepaTopa Mpu CASTaHHbIX
JOITYIICHWSIX TTOKa3bIBaeT, YTO B yCTAHOBUBIIEMCSI

pexkuMe HaIpsDKeHUe Ha IepeMEHHOM KOHIEeHCaTope

Cyar OVIET UBMEHATHCS OT
Vimin = Vo %
20,(Ci + cg‘)sh(o,s T/v)+ exp(0,5T/7) o)
1=+ 2C;(Cypi + €5 )sh(0,5T/7) +exp(0,5 T/x)
B KOHLe ¢asbl 3apsana C,, 10
Vinax = Viin = A4/ Crnin (10)

B KOHLIe (a3bl paspsina C,,,, T
Ag = 2C,(Viyin — V)sh(0,5T/x) (11)

— usMmeHeHue 3apsana C,. B KOHLE (as3bl ero paspsa.

Hcnonb3ys (9)—(11), MOXHO MOJYy4YUTh BbIpaxke-
HUS JUId pacyeTa HanpsKeHWi Ha KoHnaeHcatopax Cj
n C, B ycranoBuleMcs pexume. Tak, B KoHIe (as3bl
sapana C,,, HanpsokeHus Ha KoHzaeHcatopax Cp u G,
OyayT paBHbI MEXIy COOOIA:

Vemin = Veymin = Viin = Yo (12)

AHaJIOTMYHO MOXHO T0Ka3aTh, YTO B KOHLE (asbl
paspana C,. HanpspkeHus: Ha KonaeHcatopax Cy u G,
OyayT paBHbI COOTBETCTBEHHO

VClmax = Vinax = Vinin — A4/ Cy; (13)

VCQmax - VCzrnin + AQ/CT (14)
B YCTaHOBUBILIEMCA PCXKHUME IO COIIPOTUBJICHUIO
Harpy3kKu B CpeaHeM OyIeT IMPOTeKaTh TOK

]Rload =G VClmax [1 — exp(—=T/0)]/T. (15)

AHaJIM3 MOJYYEeHHBIX Pe3yJIbTATOB

Ha puc. 7 mpuBeneHBbl 3aBUCUMOCTA W3MEHEHUSI
HanpsKEHUA Ha IepeMeHHOM KoHaeHcarope C,. B
YCTaHOBMBIIEMCS PEXKMME OT CONTPOTUBIICHUSI HATrpy3-
KM B KoHLEe (a3 paspana v 3apsaa C,., pacCYUTaH-
HbIE C UCTIOJIb30BAHUEM Bpra}KeHI/Iﬁ (9) u (10). B pac-
yerax nojaram C; = G, = 5+ 10710 o, Vo = 10 B,
Coin = 74+ 10711 @, Cmax— 1,59-1071®, 7=10,02¢
un = 2,15. I ollgHKU aJeKBATHOCTU TMOJYyYEHHbIX
BbIpaXXCHUI ObUT MPOBEJACH pacyeT 3TUX XK€ 3aBUCU-
MOCTEl C Ucmosb30BaHueM cucteMbl (1). BumHo xo-
poiliee COBIaaeHNEe Pe3yJbTaTOB 000MX pacueToB.

Ha puc. 8 npuBeaeHbl 3aBuUcCH-

MOCTHU M3MCHCHMUA HAIIPAKCHHUA Ha

KoHzeHcarope C, OT CONpOTUBIIE-
HUST HaTPY3KU, PAaCCUUTAHHBIE C MC-
MOJIb30BaHUEM BbIpaxkeHuii (12),
(14) u (1) B ycTaHOBUBIIEMCSI pe-
XKMMe B KOHIIe (a3 paspsiaa u 3apsi-
na C,,. 31ech Takxe Habonaercsa
,Z[OCTaTO‘{HO XOpolliee COBManeHUe

pe3ynbpTaToB 000oux pacyeToB. On-

Puc. 7. 3aBucMMOCTH M3MEHEHHs HANPSIKEHUS HA MEPeMEHHOM Konaencarope C,
HOBMBILIEMCS peKuMe B KoHue (ha3 paspsana (a) n 3apana (b) C,, . OT CONPOTUB/ICHHs HATPY3KH
s = 2,15. Mapkepsl — pacuer ¢ ucnonb3oBanneMm (9) u (10), cruiomnas 1uanst — pacyer

¢ ucnosab3oBanueM cucremsl (1)

Fig. 7. Dependences of the variable capacitor C,,,, voltage for the steady-state regime at the end
of discharge (a) and charge (b) cycles versus load resistance at n = 2. 15. Circles is the calculation

using (9) and (10), solid line is the calculation using (1)
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HaKo MU Ripyg < 5+ 107 Om pe-
3yJbTaThl PAaCYETOB HAUMHAIOT pa3-
JIMYAThCSI, YTO CBSI3aHO C HEBBIIIOJ -
HeHueM gonyiueHust 7/t < 1.

DTO pa3nyre CTAaHOBUTCS OCO-
OEHHO 3aMETHBIM IIpU CpPaBHEHUU

oT

var B YCTa-

3aBUCUMOCTEN VC1 max 4 I Ring
oa

CONPOTHMBJIEHUS HArpysku Ry.q,




BeipaxeHus (1). Ha satom xe pu-

CYHKE NPUBCACHbBI 3HAYCHUA TO-

Ka, PACCYUTAHHBIE C UCTIONb30Ba-
HueM (15) mna Rig,g = 5 108 u
Ripaqg = 5+ 107 Om.

IIpu cpaBHeHum puc. 10 u 11

BUIHO, YTO yBeJUYeHUe 1 oT 2,15
10 2,455 npuBesIo K pocTy CpeaHe-
ro Toka yepes3 Ry .4 = 5°10° Om B

Puc. 8. 3aBucuMoCTH H3MEHEHAs HaNPSKEHNs HA KonaeacaTope C, B yCTaHOBHBIIEMCS pe-
XKume B Konue (a3 paspana (a) u 3apana (b) C,,, 0T conpoTuBIeHns HArpy3Ku 1 n = 2,15,

Mapkepsl — pacyer ¢ ucnoJib3opanueM (12) u (14), ciiomHas JMHASA — PacyeT C UCHOJb-
3oBaHueM cucrembl (1)

Fig. 8 Dependences of the capacitor C, voltage for the steady-state regime at the end of the
variable capacitor C,,,. discharge (a) and charge (b) cycles versus load resistance at n = 2.15.
Circles is the calculation using (12) and (14), solid line is the calculation using (1)

paccuuTaHHBIX ¢ ucnoab3oBaHueMm (13), (15) u (1).
CoOOTBETCTBYIOIINE 3aBUCUMOCTH TIPHUBEICHBI Ha puc. 9
u 10.

AHaM3Upys TIpUBEIeHHBIC 3aBUCUMOCTH B 1IEJIOM,
BUIMM, YTO 3HAYEHHS BCEX OCHOBHBIX XapaKTEPUCTUK
MHKpOTeHepaTopa YMEHBINAIOTCS TIPU YMEHBIICHUN
COIPOTHUBJICHMST HArpy3Ku. Takoe MoBeAeHUE CBI3aHO
C YBEJIMYEHHEM CKOPOCTH pa3psiia HaKOIMUTEJIbHOIO
KoHIeHcaTopa C) U, KaK CJIEICTBUE, C YMEHBLIEHUEM
€ro CpeJHero 3apsiia U HarnpspKeHUsl TPU CHUXKEHUU
COTTPOTUBJICHMST HArPy3KHU.

ToK Mo CONPOTUBJIEHNIO HATPY3KH MOXHO yBEJIU-
YUTh, TOBHIIIAS TIIYOMHY MOIYISIINN eMKOCTH 1. Ha
puc. 11 mpuBeneHa 3aBUCHUMOCTb CpeIHEro TOKa,
MPOTEKAIIIEro Mo COMPOTUBIEHUIO HAarpy3ku B ycC-
TaHOBMBIIEMCSI PEXUME, OT COMPOTUBJICHMSI HATPy3-
KU 1151 = 2,455, paccunMTaHHasi ¢ UCMOJIb30BaHUEM

| : : |
‘ ki + 3 i H I
[ 60 /’ I
\ - |
\ 50 F / |
| L _ |
[ > 40 F I
! % !
| E 30 - fueet |
| 5] g H i |
I =~ a0k |
I L: |
\ 10 L ' /'/ |
1 107 10* 10° :
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| load |

Puc. 9. 3aBucumocTh HanpsKeHHsi HA KOHAeHcaTope C; B ycTaHo-
BHBLIEMCS pexuMe B Konue ¢aspl paspsaga C,,,. OT CONPOTHBIEHHAS
Harpy3ku Juia n = 2,15. Mapkepbi — pacyer ¢ ucnosb3oBanuem (13),

CIUIOMHASA JIMHASI — pacyeT ¢ MCNoJb3oBanuem cuctembl (1)

Fig. 9. Dependence of the capacitor C;voltage for the steady-state regime
at the end of C,,, discharge cycle versus load resistance at n = 2.15.
Circles is the calculation using (13), solid line is the calculation using (1)

2,8 pa3za.

Crnenyer OTMETUTb, 4TO IS
KaXJI0ro 3HaueHusl Ry ,q MMeEETCs
CBO€ KPUTHUYECKOE 3HAYEeHHUE TIIy-
OMHBI MOIYJISIIMKA EMKOCTH 1, TIpe-
BBILLIEHNE KOTOPOTO TMpPHUBEIET K
BO30OHOBJICHUIO PEeXMUMa Heorpa-
HUYEHHOTO MOHOTOHHOIO pOCTa
HaNpsDKEHUI U 3apsiioB B CXEME.

HMcnonb3ys (9) nosyunm, 4yto

1+ ¢y )sh(0,5T/r) +
+ exp(0,5T/x). (16)

Takum obOpa3zom, 3HaYEHUE NOMYCTUMOM IJIyOMHBI
MOJYJIALMU EMKOCTH 1., 3aBUCUT OT BCEX ITapaMETPOB
reHepaTopa.

B cnyyae, xorna rnepuoa M3MEHEHUsI BHELIHEH Me-
XaHW4YecKol cuiibl T MHOTO 00JIblilie MOCTOSIHHOM Bpe-
MeHU t paspsiga Cp, T. e. T/t > 1, BeipaxeHust (9)—(16)
CYILLIECTBEHHO YIPOULIAKOTCs. BbIpaxkeHus i1 OLEHOK
Vinins Ag, 1 Riyg ¥ Mor TPMHMMAIOT CIENYIOLINHA BUL:

Nee = 1+2C,(C1

1+ (Cot + C3) T/ Ryguq + 0,5 T/
Vmin =" 1 1 5
2-n+(Cpint C3)T/Ryyq+0,5T/c

Aq = (Vinin = Vo) T/ Riags

nA

Rload®

Puc. 10. 3aBucumocTb cpeiHero ToKa, NPOTEKAIOLIEro MO COMPOTHB-
JIEHHIO HArpy3KH B YCTAHOBHBIIEMCS PelKMMe, OT CONPOTHBJIEHHUS Ha-
rpy3ku nas = 2,15. Mapkepsl — pacyer ¢ ucnosab3oBanuem (15),
CILUIOUIHAS JIMHUSL — PacyeT C MCHoJib30BaHueM cuctemsl (1)

Fig. 10. Dependence of the average current flowing through the load
resistance for the steady-state regime versus load resistance at n = 2.15.
Circles is the calculation using (15), solid line is the calculation using (1)
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Puc. 11. 3aBucuMOCTh CpeTHETO TOKA, MPOTEKAIOIIETO MO CONPOTHB-
JICHHIO HATPY3KH B YCTAHOBUBIIEMCS PEXKMME, OT CONPOTHBJICHUS HA-
rpy3Ku 1A | = 2,455. Mapkepsl — pacueT ¢ ucnoJb3opanuem (15),
CIUIOIIHASA JIMHUS — PacyeT C Mcnojb3oBanueM cucremst (1)

Fig. 11. Dependence of the average current flowing through the load
resistance for the steady-state regime versus load resistance at n = 2.455.
Circles is the calculation using (15), solid line is the calculation using (1)

IRload = VClmax / Rload;

Ner =2+ (Cot 4 Cy )V T/Ripg + 0.5T/1.

min
Ecnu x Tomy xe u Cy/Cppi, > 1, 4TO OOBIYHO U ObI-
BAET, TO MOJIyYHUM, YTO

o 1+ T/(Rload Cmin)
" 02- n+ T/(Rload Chnin) ,

MNer = 2+ T/(Rload Cmin)7

T. €. 3HaUEHUsI OCHOBHBIX ITapaMETPOB CXEMbI B 3TOM
cliydae OomnpeaessiioTCs OTHOLIEHUEM eproaa U3MEHe-
HUS BHEUIHEeH MeXaHW4YeCKOU cuiibl T U TOCTOSTHHOM
BpeMeHU Rj,,qCpnin- B 2TOM ciiydae konaencaropsl C;
n C, He ycnesaloT nepesapskarbcd. Ecau npu atom
emwe U Ryy,qCrin > T, TO Hanmuue R4 nepecraer
BJIMATH Ha npouecchl npu n > 2, V.. — Vy/(2 — n),
a Mg — 2, T. €. HECMOTPS Ha MPUCYTCTBUE Ry, 4, pe-
KMM aBTOCTAOMJIM3AlIMM B 3TOM CJIy4ae MOXET OBITh

peaau3oBaH TOJbKO MpU 1 < 2.

Vm

3akmouenue

ITpoBeaeHHBIN aHaNXU3 MTOKAa3asl, YTO NOAKIIOUYEHNE
Harpysku TapajjiejibHO HaKOIUTEJIbHOMY KOHJEHCca-
Topy C| MOXET IPUBOIUTH K OCTAHOBKE MOHOTOHHOTO
HEOrpaHWUYEHHOTro pOoCTa HaIpSIKEHUI U 3apsiioB U K
pPEeXUMY aBTOCTAOMIW3ALIMU TIPU 1 > 2 B MOIUDUILIU-
poBaHHO¥M cxeMe MI' Ha ocHOBe myruiMkatopa beHHe-
Ta C OJHUM MEPEMEHHBIM KOHJIEHCATOPOM, colepkKa-
IIIMM BCTPOEHHBIN 3apsi.

Pexum aBTOCTAOMAM3AlMU MPU M > 2 HACTYIIAET,
TOJIBKO €CJIM pa3psii HAKOMUTEJIbHOIO0 KOHIEHcaTopa
C| MOXET CKOMIIEHCUpPOBaTh pocT 3apsna C;. s
STOTO IPU 3aTaHHOM R|,,4, ONPENENAIOIIEM CKOPOCTh
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paspsna C|, IyOMHa MOLYJISILIUN €EMKOCTHU 1|, OIIpee-
Jso11asa cKopocTh 3apsna C, NOJKHA ObITh MEHBbLLIE
HEKOTOPOTO KPUTUYECKOTO 3HAYEHUS 1., NPEBBILIE-
HUE KOTOPOro NpHUBEIET K BO30OHOBJEHMIO pexuma
HEOrpaHMYEHHOTO MOHOTOHHOIO POCTa HaIpsiKeHUI
1 3apsIiOB B CXEMe.

YCTaHOBJIEHO, YTO B OTJIMUME OT ciaydas ¢ | < 2, B
cllyyae m > 2 B YCTAaHOBMBILEMCSI peXXUMe aBTOCTaOu-
JIN3alluM U3MEHEHUS 3apsiioB KOHJAEHCATOPOB B UC-
cJemyeMoil cxeMe He MpeKpalialTcs, a CTaOUIu3upy-
torcst. [Ipy 3ToM M3MEHEHMS 3apsiioB U HaTpsSIKEHU I
B (haze paspsaa nepeMeHHOro KOHIeHcaTopa KOMITeH-
CUPYIOTCSl TIPOTHUBOIOJOXHBIM MU3MEHEHUEM 3apsiiOB
1 HanpsbkeHui B dase 3apsana C,.. B pesynbrare B yc-
TaHOBMBILIEeMCsI pexume (Q— V-auarpaMmbl, COOTBET-
CTBYIOIIIME Pa3HBIM IIUKJIAM IIPH 1 > 2, HE CTATUBAIOT-
cs B JIMHMIO, a HaKJIaJbpIBalOTCs ApYyr Ha Apyra. [lpu
5TOM TOK 110 COMPOTUBJIEHWIO HArpy3KHU, AaXe B ycTa-
HOBMBILEMCSI PEXMME, He MpeKpalaeTcs.

[TonyyeHsl aHaTUTUYECKUE BbIpAaKEHUS IJIs1 OLIEH-
KW OCHOBHBIX XapaKTepUCTUK MUKpPOTreHepaTopa B pe-
KUMe€ aBTOCTaOMIM3aluU MpU n > 2.

[TokazaHo, 4TO 3HAUEHUST BCEX OCHOBHBIX XapaKTe-
PUCTUK MUKPOTEHEpATOpa MPU 3aJaHHO TITyOMHE MO-
OyJISILUA €MKOCTU CHUXKAIOTCSI MPU YMEHBILIEHUU CO-
MPOTUBJIEHUS] HATPY3KHU.
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The operation of the single-capacitor electrostatic microelectromechanical generator based on the Bennet doubler with built-in
voltage and a load resistor in the storage capacitor branch is analyzed in this work. It is shown that the connection of the load resistor
in parallel to the storage capacitor can lead to the autostabilization regime in the modified Bennet doubler based circuit even for
variable capacitance modulation depth n > 2. The equations that enable to evaluate the microgenerator main parameters in this
autostabilization regime are obtained. It is established that the autostabilization regime at > 2 and defined load resistor is occurred
only if the capacitance modulation depth n is less than some critical value n,,. But when the value of 1 is higher than 1., one can
observe the monotonous unlimited growth of the voltages and charges in the circuit. It is demonstrated that in contrast to the case
with n < 2 for the case when n = 2 in the steady-state autostabilization regime the current does not stop to flow through the load
resistance. It is revealed that the values of the main microgenerator parameters at a specified value of the capacitance modulation

depth are decreased as the load resistance decreases.
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Introduction

A steady increase in the number and range of mi-
crosystem technology products is observed. A signifi-
cant part of the products of microsystem technology is
made up of a microelectromechanical systems (MEMS).
Moreover, the average annual growth of the global

MEMS market, which uses a combination of mechan-
ical and electrical interactions and connections, even
outpaces the growth of the market of electronic com-
ponents. Microsystems technology open up new possi-
bilities, to increase sensitivity, reliability, resiliency, and
reduce consumption of energy use of products based on
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MEMS. Currently MEMS are used in the industrial
electronics, aerospace and defense industry, in security
systems, automotive electronics, light engineering,
consumer electronics, commercial equipment. At the
same time, a significant part of the technological direc-
tions of MEMS is in the early stages of the development
of the "life cycle". A half of MEMS directions are in
steps "introduction" and "development" [1].

One of the rapidly developing areas of electronics cur-
rently are wireless devices and sensor networks (WSN)
based on them. The areas of application of the WSN are
continuously expanding, and the devices themselves
and networks based on them are improved and com-
plicated [2, 3].

Currently, the most common power sources for
WSN are conventional batteries requiring periodic re-
placement or charge that is not always possible or eco-
nomically feasible. To resolve this issue researchers ex-
plore ways to increase energy capacity of conventional
sources [4, 5], as well as develop and explore new types
of self-contained power supply, converting directly en-
vironmental energy into electrical energy on-site as-
sembly of the WSN placement [6, 7].

Due to availability and sufficient power density, the
development of converters using the energy of mechan-
ical vibrations is promising, and due to compatibility
with integrated technology, electrostatic microelectro-
mechanical converters (MEMC) are of most interest
[8, 9].

In order to transfer the harvested electric energy to
the load, the MEMC is included in the composition of
the corresponding electric circuits (interface circuits)
[10, 11]. Such a system as a whole is a kind of micro-
generator (MGQG) [8].

MG parameters essentially depend both on the de-
sign and characteristics of the MEMC, and on the in-
terface circuit. The choice of the interfacing scheme at
the MG design stage is the most important task.

One of the most promising interface circuits for
electrostatic MGs is currently the Bennet doubler
scheme and its modifications [12—17].

These schemes can significantly increase the gener-
ated energy. However, the need to give an initial charge
to MEMC, which requires the use of special control
circuits that consume energy, as well as uncontrolled
voltage growth, leading to breakdown of circuit ele-
ments, and the ability to operate only when the capac-
itor of the variable capacitor isn = C,,,/ Crin > 2 (for
a single-capacitor converter), which stops the operation
of the circuit with a decrease in the amplitude of me-
chanical oscillations, stimulate the search for new so-
lutions devoid of these shortcomings.

In [18], an interface circuit based on a Bennet dou-
bler with a variable capacitor containing a built-in
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charge was proposed, which eliminated the need to give
the initial charge of the MEMC. In [19], it was also
shown that this scheme retains the workability even
with n < 2, and in this case the mode of autostabiliza-
tion of voltages and charges is realized. Thus, on the ba-
sis of the scheme proposed in [19], it became possible
to create MGs operating at small amplitudes of external
mechanical vibrations, when the modulation depth of
the MEMC capacitance n < 2 [20]. However, the un-
controlled increase in voltages, leading to breakdown of
circuit elements with increasing amplitude of external
mechanical oscillations, remained in the schemes of
[18] and [20].

The purpose of this work is to analyze a modified
Bennett duplicator circuit with a variable capacitor
containing a built-in charge, and an additional resistor
in the storage capacitor circuit, devoid of the above dis-
advantage.

Model

A modified MG circuit based on a Bennett dupli-
cator with one variable capacitor containing an inte-
grated charge is shown in fig. 1. The circuit contains a
variable capacitor C,,, — MEMC, two constant capac-
itors C; (storage capacitor) and C,; three diodes D, , 3.
To create a built-in electric field, C,,, uses an electret —
dielectric with a built-in charge, located on one of the
electrodes of the variable capacitor. The equivalent cir-
cuit of a capacitor with an electret is shown in fig. 1 by
the C,,, module and the V[ power supply in the variable
capacitor circuit. Load Ry,,4 is connected in parallel
with capacitor C;.

The conversion of mechanical energy into electrical
energy occurs at a periodic change under the action of
an external mechanical force of the capacitance of the
variable capacitor C,. between C,,, and C ;..

The full cycle of energy conversion in this circuit in-
cludes two alternating phases: the charge and discharge
phases of the variable capacitor C,,,.

In the phase of C,,, charge, when under the action
of an external mechanical force, its capacitance in-
creases, the diodes D; and D, turn on in the forward di-
rection, and the diode Ds in the opposite direction, along
the circuits Vy - C;, - D; - C,,, and V) - D, —
— (C}, Ryipaq) = Cyy, currents flow, charging C,,. and
discharging C; and G,.

In the discharge phase of the capacitor C,,, when
its capacitance decreases under the action of an exter-
nal mechanical force, the diodes D and D, are turned
on in the opposite direction, and the diode D5 in the di-
rect, through the circuit C,. — (C}, Rgq) = G, = ¥
flows a current discharging C,,. and charging C; and G,.

After this, the conversion cycle is repeated.




The system of equations describing the operation of
this scheme can be represented as follows:

dg _ —
2t o, 7 Ip, T p;
dqc
2 — _ .
=0y Iy (M
dqc
1 — _
dt 1D3 IDz IRload ’

where ¢ is the charge of the capacitor C,,, qc, and ¢ C,
are the charges of capacitors C, and Cj, respectlvely,
Ip, are the currents of the diodes D;, D, and D;.

'Analysis of the circuit in the absence of load. First,
we analyze the generator operation in a quasistatic
mode in the absence of load (R,,q = ). Let us also re-
place diodes with ideal switches (fig. 2), whose resist-
ance in the open state is infinity and in the closed state
is to several tens of ohms. The phase of the discharge
C,or Will be denoted by the index (n), and the phases of
the charge by the indices (n — 1) and (n + 1).

In the charge phase of the capacitor C,,,, when its
capacity increases, in this scheme the switch Swy is
opened, the switches Sw; and Sw, are closed and C,,
is charged through the Vy) — G, —» Sw; —» C,,, and
Vo = Swy, > €| — C,, circuits. In this case, the electric
circuit of the generator takes the form shown in fig. 3, a.

At the end of the phase of C,, charge, when
Cyar = Cmax, the voltage on the alternating capacitor
takes the minimum value V, At the same time, ac-

min*
cording to fig. 3, a,

Vmin = VCI,char + VO = VC2, char + VO’ (2)

where Vcl’ char and VCz’ char are the voltages on the ca-

pacitors C; and C, at the end of the phase of C

var
charge.

In the discharge phase of the capacitor C,,, when
its capacitance decreases, the switches Sw; and Sw,
open up, the switch Swj closes and C,,, is discharged
along the path C,, — C; - Sw3 - G, > V. In this
case, the electrical circuit of the generator takes the
form shown in fig. 3, b. In the discharge phase C,,,
when C,,. = C,,;,, the capacitors C; and C, turn on se-
quentially, and the voltage on the alternating capacitor
at the end of the discharge phase reaches the maximum
value V... At the end of this phase of conversion ac-

cording to fig. 3, b

Vinax = VCl,dis + VCZ, dis * Vos 3)

here VC1 dis and ch dis are the voltages on the ca-

pacitors C; and C, at the end of the discharge phase
of C

var:
The analysis shows [19] that at the end of the n-th

phase of C,,, discharge, the changes in the values of

charges on the capacitors C,,,

C; and C, will be equal
to cach other: [aq) | =184 | = [aq)| = g™ and

equal to
(n-1) (n-1) (n-1)
q Cyar q C q G, v
C., €6 C 0
Aq(n) — min — 1 — %1 , (4)
Coint €1 +C
where q(é) are the charges of the circuit capacitor at the

end of j-th phase of C,, charge
In turn, at the end of the (n + l)th phase of C,

VaI'
charge, the expressions for estimating the change in

charges on capacitors C, and C| take the form:

(n+1) _

2
A = (Aq; + AQ)) ——— 2 5
qc, (Agq; + Agy) C 707G ®)
(ny  (m) (n+1
w+ny _[(9¢ 9c Aqc, c ©)
€ ¢ G G v

where Ag| = (q(Cn)/Cz - qc /Cl)Cl, and Agy = (V) +

+ g2 cy - 42 /c

/ max) max-*

The obtained expressions (4)—(6) allow us to relate
the changes in the charges of the capacitors with the pa-
rameters of the circuit elements (C}, G,, C;,, nand V).
By combining (2) and (3), it can also be shown that

V(n) — V(n V(”) + V(n) + I/O —

max min

Aq(n) lel’l

= 2Vain = Vo) T 8¢N(C + G+ Ty,

min

where V") (") and V( ) are the voltages at the end

max >

of the n-th phase of Cyy, dlscharge on capacitors C,,

C, and G,, respectively; Vénn is the voltage on C,;,

at the end of the (n — 1)-th phase of its charge, and the
change in charge on a variable capacitor in the n-th
phase (C,,, discharge phase) is determined by the ex-

presswn

y=De, 2)+ V0

Aq(”) min (7)
Cmm + Cl + C2
where Vxn D= =V, + q -D /C| is the minimum volt-

age on the capacitor CVar at the end of the (n — 1)-th
phase of the charge.

From the expression (7) it follows that at the initial
stage, the work of the mechanical force always causes

an increase in the voltage and charge of the capacitors,
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however, the process of increasing voltage and charge
of the capacitors with a modulation depth of n < 2 and
n = 2 will proceed differently.

When n < 2, the effect of mechanical force, al-
though initially causes an increase in the charge and
voltage on capacitors C,,, C; and C,, but the incre-
ment in charge of the variable capacitor Ag in each sub-
sequent conversion cycle will gradually decrease, which
will eventually stop increasing charge and voltage on
capacitors C; and C, — voltage is automatically stabi-
lized (saturation). Fig. 4 shows the Q—V diagrams il-
lustrating the process of changing the charge and volt-
age on the capacitor C,,, with an increase in the
number of conversion cycles and n < 2. It can be seen
that in this case, as the number of conversion cycles in-
creases, the area covered by the OQ— V' diagram decreas-
es and eventually the Q—V diagram is pulled in a
straight line parallel to the voltage axis. In this case, the
flow of currents in the converter circuits is terminated.

When n > 2, the action of the mechanical force also
causes an increase in charge and voltage on the capac-
itors C,,, C; and C,. However, an increase in the
charge of a variable capacitor Aq(” 1D in the charge
phase of C Var will always prevail over a decrease in
charge Aq( in the discharge phase of C,,, which leads
to a monotonic increase in charge on the capacitors and
an increase in the voltage on them in each subsequent
conversion cycle — the mode of unlimited growth of
voltage and charge on capacitors is realized (fig. 5). In
this case, the area covered by the Q—V diagram, as the
number of conversion cycles increases, monotonically
increases all the time.

The advantage of this scheme, in contrast to the ba-
sic Bennet doubler scheme, is that under the action of
a small mechanical force that causes modulation of the
capacitance C,,.less than 2, the operation of the energy

var
converter does not stop.

The analysis shows that in the autostabilization
mode, the expression for estimating the voltage on the
constant capacitors C; and C, can be represented as
follows:

— — —n-1
VCI,stab - VCZ, stab — Vmin — V0 = g__n T )
where V,;, = V/(2 —n) is the minimum voltage on the

capacitor C,,, in the mode of stabilization of the voltage
on the constant capacitors, i.e. the minimum voltage on
the capacitor C,, and the voltage on the constant ca-
pacitors C; and C, in the autostabilization mode are
determined only by the power supply V|, and the mod-
ulation depth of the capacitor C,;.

As already noted, in the case of a large amplitude of
an external influence that causes a modulation of a C,,,
capacitance equal to more than 2, the behavior of the
voltage and charge changes on the capacitors requires

the introduction of means to limit the process. In order

62 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 1, 2019

to limit the voltage and charge growth in this case, we
will use the load resistance connected in parallel with
the storage capacitor C;.

Analysis of the circuit with the load. Analysis of the
generator operation taking into account the load (see
fig. 1), as in the previous case, will be carried out in a
quasistatic mode, replacing the diodes with ideal
switches (see fig. 2). We will also assume that under the
action of an external mechanical force, the capacitance
of the variable capacitor C,,, varies from C,, to C iy,
and the period of change of the external mechanical
force T'is less than the time constant of discharge of the
capacitor Cy t = Ry ,4C.

Calculations show that when a load impedance is
connected, the rate of voltage and charge growth on ca-
pacitors slows down and may stop at all. Fig. 6 shows
Q—V diagrams illustrating the process of changing the
charge and voltage on the capacitor C,,. with increasing
number of conversion cycles, calculated using system
(), w1thn—215 C,=C=510""F =10V,
Rigaq = 10° Q, T=10.02 s. It can be seen that in this
case, as the number of conversion cycles increases, the
area covered by the O—V diagram increases. However,
as the number of conversion cycles increases, the area
growth slows down and in the steady state Q—V dia-
grams, corresponding to different cycles, overlap each
other (fig. 6, b). In this case, changes in the charges of
capacitors in the discharge phase CVar are exactly com-
pensated by changes in charges in the charge phase
C,q Autostabilization of the process occurs, but the
flow of currents in the converter circuits does not stop.

Calculations show that under the assumptions made
at the end of the charge and discharge phases of C,

var’
relations (2) and (3) are satisfied, respectively. Howev-
er, at the end of the n-th C,, discharge phase, the

var
change in charge of capacitor C; will not be equal to the

change in charge of capacitors C,,,

and C,. In this case
|Aq(")| < |Aq(") | = |Aq(C"2)|, since a part of the charge

given off by C,

var Will pass through R4

Analysis of the microgenerator under the assump-
tions made shows that in the steady state the voltage
across the variable capacitor C,,. will vary from

Vmin = VE) X
20,(Coi + c;l)sh(o,s T/v)+ exp(0,5T/7)
1= +2Cy(Ci + €, Hsh(0,5 T/x) +exp(0,5T/x)

)

at the end of the phase of C,;,
Vinax = Vinin — A4/ Crnin 10)

at the end of the discharge phase of C

charge to

Cyar» Where

Ag=2C;(Voin — Vo)sh(0,5T/7) (11)




is change in the charge of C,, at the end of'its discharge
phase.

Using (9)—(11), it is possible to obtain expressions
for calculating of voltages on capacitors C; and C, in
the steady state. So at the end of the charge phase of

C,,r Voltages on the capacitors C; and C, are equal:

var
VClmin - VCZmin = Viin — Vo (12)

ar

Similarly, it can be shown that at the end of the dis-
charge phase of C,,, the voltages on the capacitors C|
and C, will be equal to

VClmax = Vinax = Vinin — A4/ Cy; (13)
and
chmax - VCZmin + A9/ Gy (14)

In steady state, the current will flow through the
load resistance

IRload =C VCImax [1 — exp(=T/v)]/T. (15)

Analysis of the results

Fig. 7 shows the dependences of the change in voltage
on the variable capacitor C,,, in the steady state on the
load resistance at the end of the discharge and charge
phases of C,,, calculated using expressions (9) and (10).
In the calculations, we assumed C; = C, =5+ 10710 F,
Vo=10V, Cpiy=74-10"1F, C ., = 1.59- 10710 F,
T=0.02 s and n = 2.15. To assess the adequacy of the
expressions obtained, the same dependencies were cal-
culated using system (1). One can see a good coinci-
dence of the results of both calculations.

Fig. 8 shows the dependences of the voltage change
on the capacitor C, on the load resistance, calculated
using expressions (12), (14) and (1) in the steady state
at the end of the discharge phases and the charge of
Cyqr- There is also a fairly good agreement between the
results of both calculations.

However, with Ri,,q < 5+ 107 Q, the results of the
calculation begin to differ, which is due to the non-ful-
fillment of the assumption 7/t < 1.

This difference becomes especially noticeable when

comparing dependencies VClmax and / Ri,q O0 the load
oat

resistance Ry,,4, calculated using (13), (15) and (1).

The corresponding dependences are shown in figs. 9
and 10.

Analyzing the given dependences as a whole, we see
that the values of all the main characteristics of the mi-
crogenerator decrease with decreasing load resistance.
This behavior is associated with an increase in the dis-
charge rate of the storage capacitor C; and, as a result,
with a decrease in its average charge and voltage with
a decrease in the load resistance.

The load resistance current can be increased by in-
creasing the modulation depth of capacitance n. Fig. 11
shows the dependence of the average current flowing
through the load resistance in the steady state versus
the load resistance for n = 2.455, calculated using
expression (1). The same figure shows the current val-
ues calculated using (15) for Ry,q = 5 10% Q and
Rigaqa =5 107 Q. When comparing figs. 10 and 11, it
can be seen that an increase in n from 2.15 to 2.455
led to an increase in the average current through
Rigaq = 5+ 108 Q by 2.8 times. It should be noted that
for each value of Ry, there is a critical value of the
modulation depth of capacitance n, the excess of which
will lead to the resumption of the mode of unlimited mo-
notonic growth of voltages and charges in the circuit.

Using (9) we get that

N = 1+ 2C,(Ct + Cy)sh(0,5T)7) +

+ exp(0,5T/7). (16)

Thus, the value of the permissible modulation depth
of the capacitance n. depends on all parameters of the
generator.

In the case when the period of change of the external
mechanical force T is much longer than the time con-
stant t of the discharge of Cy, i.e. T/t > 1, expressions
(9)—(16) are greatly simplified. The expressions for
;he estimates Viyin, Ag, Ip and n_, take the following

orm:

-1

14 (Cot + Cy) T/ Rigyq + 05T/
Vmin -0 1 1 >
2o+ (Cpi + Cy )T/ Ry + 0,5T/
Ag = (Vinin = V0) T/ Ripads
IR]Oad = VC,max/Rload;
-1 -1
Ner =21 (Criin T C5 )T/ Rigpq + 0,571,

If, moreover, C,/C,,
case, we obtain that

> 1, which is usually the

in

1+ T/(Rloadc in)

m

.= | s
. 02 -n+ T/(Rload Cmin)

Ner = 2+ T/ (Rload Cmin)’

i.e. the values of the main parameters of the circuit in
this case are determined by the ratio of the period of
change of the external mechanical force T and the
time constant Rj,,qCpi,- In this case, capacitors C;
and C, do not have time to recharge. If, in addition,
RioadCmin > T is also present, then the presence of
Rioaq ceases to influence the processes at n > 2,
Viain = Vo/(2 — 1), and n,, — 2, i.e. despite the pres-
ence of Ry,,4, the autostabilization mode in this case
can only be implemented with n < 2.

Vm
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Conclusion

The analysis showed that connecting the load in par-
allel with the storage capacitor C; can lead to stopping
the monotonous unlimited growth of voltages and
charges and to the auto-stabilization mode at n > 2 in
the modified MG scheme based on the Bennet doubler
with one variable capacitor containing an integrated
charge.

The autostabilization mode at n > 2 occurs only if
the discharge of the storage capacitor C; can compen-
sate the growth of the charge of C. To do this, for a giv-
en R,,q, Which determines the discharge rate of Cy, the
modulation depth of capacitance 1, which determines
the charge rate of C;, must be less than a certain critical
value n,, exceeding which will lead to the resumption
of the mode of unlimited monotonic increase in volt-
ages and charges in the circuit.

It was established that, in contrast to the case with
n < 2, in the case of n > 2, in the steady-state autosta-
bilization, changes in the charges of capacitors in the
circuit under study do not stop, but stabilize. In this
case, changes in charges and voltages in the discharge
phase of an alternating capacitor are compensated by
the opposite change in charges and voltages in the
charge phase of C,. As a result, in the steady-state
mode, the O—V diagrams, which correspond to differ-
ent cycles with n > 2, do not tighten into a line, but
overlap each other. In this case, the current through the
load resistance, even in the steady state does not stop.

Analytical expressions for estimating the main char-
acteristics of a microgenerator in the autostabilization
mode with n > 2 are obtained.

It is shown that the values of all basic characteristics
of a microgenerator at a given modulation depth of ca-
pacity decrease with decreasing of the load resistance.
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